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Abstract Lung cancer mortality in the period of 1948-
2002 has been analysed for 6,293 male workers of the
Mayak Production Association, for whose information on
smoking, annual external doses and annual lung doses due
to plutonium exposures was available. Individual likeli-
hoods were maximized for the two-stage clonal expansion
(TSCE) model of carcinogenesis and for an empirical risk
model. Possible detrimental and protective bystander ef-
fects on mutation and malignant transformation rates were
taken into account in the TSCE model. Criteria for non-
nested models were used to evaluate the quality of fit. Data
were found to be incompatible with the model including a
detrimental bystander effect. The model with a protective
bystander effect did not improve the quality of fit over
models without a bystander effect. The preferred TSCE
model was sub-multiplicative in the risks due to smoking
and internal radiation, and more than additive. Smoking
contributed 57% to the lung cancer deaths, the interaction
of smoking and radiation 27%, radiation 10%, and others
cause 6%. An assessment of the relative biological effec-
tiveness of plutonium was consistent with the ICRP rec-
ommended value of 20. At age 60 years, the excess relative

P. Jacob (X)) - R. Meckbach

GSF National Research Center for Environment and Health,
Institute of Radiation Protection, 85764 Neuherberg, Germany
e-mail: Jacob@gsf.de

M. Sokolnikov - V. V. Khokhryakov
Southern Urals Biophysics Institute, Ozyorsk 456780, Russia

M. Sokolnikov
e-mail: Sokol@fib.ozersk.ru

E. Vasilenko
Mayak Production Association, Ozyorsk 456780, Russia
e-mail: npp@po-mayak.ru

risk (ERR) per lung dose was 0.20 (95% CI: 0.13;
0.40) Sv!, while the excess absolute risk (EAR) per lung
dose was 3.2 (2.0; 6.2) per 10* PY Sv. With increasing age
attained the ERR decreased and the EAR increased. In
contrast to the atomic bomb survivors, a significant ele-
vated lung cancer risk was also found for age attained
younger than 55 years. For cumulative lung doses below
5 Sv, the excess risk depended linearly on dose. The excess
relative risk was significantly lower in the TSCE model for
ages attained younger than 55 than that in the empirical
model. This reflects a model uncertainty in the results,
which is not expressed by the standard statistical uncer-
tainty bands.

Introduction

Empirical risk models in radiation epidemiology reflect
radiobiological processes by simple linear or quadratic
dose responses, possibly modified by an exponential term.
For example, a damage caused by one hit to a cell is as-
sumed to be associated with a linear term, one caused by
two hits with a quadratic term, and an effect caused by cell
killing with an exponential term. During the last two dec-
ades, however, the situation has become increasingly
complicated by the discovery of nonlinear inter-cellular
effects in the low-dose responses of various biological
indicators of cellular damage.

It is by no means clear how such nonlinear effects
should be accounted for in empirical risk models [1].
Models of carcinogenesis, however, provide a useful ap-
proach for helping to shed some light on these issues [2].
Dose-response characteristics of inter-cellular radiation
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effects can be integrated in the equations of such models in
a straightforward way. Nonlinear effects on mutations, e.g.,
influence the conversion rates between different stages of
cells during the development to a cancer cell. Nonlinear
cell inactivation effects influence the number of cells at the
different stages. Within the framework of the two-stage
clonal expansion (TSCE) model for carcinogenesis [3, 4], it
has been shown that accounting for radiation-induced
inactivation of intermediate cells improves the modelling
of the age-at-exposure dependence on lung cancer inci-
dence among the atomic bomb survivors [5]. If low-dose
hypersensitivity exists in the inactivation of cells involved
in the development of human lung cancer, then the model
predicts a downward curvature of the dose response at low
doses for older ages at exposure.

Radiation-induced bystander effects are an important
phenomenon of inter-cellular communication. Bystander
effects are caused by the ability of irradiated cells to
convey manifestations of damage to non-irradiated cells
[6]. Bystander effects are characterized by saturation at
higher doses. Among many other biological endpoints,
mutations may be caused in bystander (non-irradiated)
cells as first observed by Nagasawa and Little [7] in
experiments with low fluences of alpha radiation. The
mutational bystander effect has been confirmed in experi-
ments with microbeams of alpha particles [8].

One aim of this article is to investigate whether possible
consequences of mutational bystander effects of alpha
radiation can be detected in an epidemiological data set.
Alpha radiation from inhaled plutonium forms the main
contribution to the lung dose of workers of the Mayak
Production Association. Therefore, this cohort has been
analysed in the present work with versions of the TSCE
model that take bystander effects into account.

The Mayak Production Association began operation in
1948 and included nuclear reactors, a plant for radio-
chemical separation of plutonium from irradiated nuclear
fuel, and a plutonium production plant. Lung cancer
mortality among Mayak workers has been analysed with
empirical models, in which the relative risks due to
smoking and plutonium exposure were assumed to be
multiplicative [9-11]. An analysis of the data with a
TSCE model version, in which the interaction of smoking
and plutonium exposure was sub-multiplicative, resulted
in significantly lower estimates of the excess relative risk
per dose than the analyses with multiplicative models [12,
13]. In the present work, empirical and TSCE model
versions to lung cancer mortality among Mayak workers
are analysed on the basis of the same statistical proce-
dures, in order to further explore the discrepancies in
estimated risk values. Quality of fit criteria for non-nested
models [14] are applied for a comparison of the different
models.

@ Springer

Materials and methods
Description of the data

The dosimetry of the Mayak workers has been described in
previous publications (see e.g. [12, 13]). In brief, external
exposures were mainly due to photons. The reactor workers
had also small dose contributions from neutrons. Neutron
ambient dose equivalents were derived from neutron and
photon spectra calculated for different work areas, photon
ambient dose equivalents measured for the workers with
film and TLD dosimeters, and ICRP-60 radiation-weight-
ing factors. Internal lung doses were mainly due to the
inhalation of plutonium. Calculations were based on the
ICRP-66 lung clearance model [15] with a modification
accounting for a fixation depot [16], and on the ICRP-67
biokinetic model for systemic plutonium [17] with an
adaptation to Mayak data [18]. Doses were calculated un-
der the assumption of a homogeneous lung tissue.

The cohort was defined by the following criteria: male;
first employment at Mayak in the period of 1948-1972;
work place in one of the reactors, or in the radiochemical or
plutonium production plant; measurement of external dose
available; if worker of the radiochemical or plutonium
production plant, then the assessment of internal lung dose
based on urine measurement available; at least 2 years
survival after the first measurement of «-activity in the
urine; smoking information available.

The cohort included 6,293 workers. The follow-up used
in the analysis started either with the date of hire, or, if the
o-activity in the urine was measured, 2 years after the first
urine measurement. The follow-up period extended to 31
December 2002. The vital status is known for 6,093
workers (96.8%). For the remaining 200 workers follow-up
until the last date of information on vital status was in-
cluded in the analysis.

In total, there were 3,039 deaths, the cause of death is
known for 2,961 cases (97.4%). The remaining 78 workers
were treated in the analysis as if they had died from another
cause than lung cancer. In total, there were 301 deaths with
lung cancer as the primary cause of death (Table 1), only
10 of them occurred among non-smokers.

Smoking rates were about the same in all three plants.
The highest contribution of lung cancer to the total death
toll (13.2%) was found among workers in the plutonium
production plant, who also received the highest lung doses
due to plutonium exposure (7.4 Sv on average). Their
external dose, however, was relatively small (0.3 Sv on
average). The highest external exposures occurred among
the workers of the radiochemical plant with a mean value
of 1.2 Sv.

For 3,582 workers (56.9%), there was a suspicion of
possible plutonium incorporation. For them the plutonium
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Table 1 Characteristics of the cohort of male workers hired by the Mayak Production Association in the period 1948-1972

Plant Reactors Radiochemical Plutonium production All plants
plant plant
Number of workers 2,848 1,947 1,498 6,293
Person-years 101,909 27,649 24,804 154,361
Number of deaths 1,538 840 661 3,039
Number of lung cancer deaths 118 96 87 301
Fraction of deaths due to lung cancer (%) 7.6 11.4 13.2 9.9
Smoking fraction (%) 773 73.7 73.6 75.3
External dose, H,(10) (Sv)*° 0.7; 0.4 (0.0-2.5) 1.2; 0.7 (0.1-4.3) 0.3; 0.1 (0.0-2.0) 0.8; 0.4 (0.0-3.3)
Internal lung dose (Sv)™° 0.03; 0.0 (0.0-0.3) 2.2; 0.8 (0-14) 7.4; 1.0 (0-74) 2.4; 0.0 (0-19)

* Mean; median (95% range)
" Mainly gamma radiation

¢ Assuming a radiation-weighting factor of 20 for plutonium

content in the urine has been measured and resulting lung
doses have been assessed. Their average internal lung dose
was 4.3 Sv, with a median of 0.8 Sv and a 95% range of
0.0-32.6 Sv. The cohort included 137 reactor workers, who
also worked at work places with a potential of exposure to
plutonium. Their average internal lung dose was 0.6 Sv,
with a median of 0.3 Sv and a 95% range of 0-3.9 Sv.

In Fig. 1, the temporal development of the internal lung
dose during follow-up is presented for 10 arbitrarily chosen
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Fig. 1 Annual internal lung dose distribution of five workers with a
cumulated lung dose due to plutonium incorporation of 10 Sv (upper
panel), and of five workers with a cumulated dose of 1 Sv (lower
panel)

workers. Some workers show a relatively high uptake in
the first few years of employment, followed by a lower
uptake in the subsequent years. For these workers, the
annual lung dose reduces within 5 years from the peak
value by a factor of 5 or more. Other workers (mainly after
1956) show a more constant uptake, resulting in an annual
lung dose, which increases continuously with a decreasing
slope (one example in the lower panel of Fig. 1). For most
of the workers, the temporal development of the annual
lung doses is intermediate to these two scenarios: A peak of
the lung dose in the first years with a half width of about
one decade is followed by a slow drop off.

In general, there is no correlation between internal lung
doses and external ambient dose equivalents in the cohort.
Most of the reactor workers had no internal lung doses and
considerable ambient dose equivalents due to external
radiation. For 2,815 workers the cumulated internal lung
dose and the cumulated ambient dose equivalent due to
external radiation exceeded 0.001 Sv (Fig. 2, upper panel).
The correlation coefficient between external and internal
doses was 0.075. Most of these workers had internal lung
doses in the range of 0.1-100 Sv, and ambient dose
equivalents due to external radiation in the range of 0.01-
5 Sv. Thus, internal lung doses are in this group by one
order of magnitude larger than ambient dose equivalents
due to external radiation. The distribution of doses of those
workers who died of lung cancer (Fig. 2, lower panel)
covers the same range. Relatively more of these workers,
however, are found in the area of higher doses.

TSCE models for carcinogenesis

The TSCE model is a very simplified description of the
process of carcinogenesis. It has already been described in
previous publications [e.g., 12, 13]. In brief, it is assumed
that healthy cells in the lung convert with an initiation rate
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Fig. 2 Distribution of cumulative internal lung doses and ambient
dose equivalents due to external radiation. For 2,815 workers the
external dose as well as the internal lung dose exceeded 0.001 Sv (a),
175 of them died of lung cancer (b)

v(t), where ¢ is the age of the worker, to intermediate cells
of the carcinogenic process. Intermediate cells divide with
a rate o(7) and differentiate or are inactivated with a rate
B(H). A malignant conversion rate u(f) characterizes the
complex transformation of an intermediate cell to a
malignant cell. Once a malignant cell has been produced, it
is assumed to lead to death of the worker due to lung
cancer within a given lag time (f,5).

The following model parameter combinations were as-
sumed to be constant for every year j from birth up to the
end of follow-up

X, =po v N
7 =% = B — 1y
! (1)
q; =(\/7; + 41 — 7;)/2
:uj/ru’Oa

where N is the number of healthy susceptible cells. The
parameter p has no influence on the mortality rate and thus
cannot be determined from the data [19].
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As in a previous analysis [12, 13], in none of the pre-
ferred models a dependence of u on smoking or radiation
exposures was found to improve the fit significantly.

Let s be the smoking status (0 if not smoking, 1 if
smoking). All workers, who had smoked, were assumed to
have started smoking at age 18. Calculations with an age of
15 or 20 years at the beginning of smoking gave similar
results.

Let dey; and di,; be the annual external and internal
doses in the jth year of exposure, respectively. The first
model considered here, the TSCEa model, is the preferred
model (Model 1) of a previous work [12, 13]. In contrast,
however, a birth-year effect modifier was not considered in
the present work, because such a term did not improve the
quality of fit for the extended cohort:

Xj = exp(Xe) (1 + Xadex )
Yi =%o + VsmS + ylev{1 - exp[(_yd/ylev)dimyj]} (2)
g =exp(qe),

where X, X4, 70, Vsm» Vlev> Ya» and g, are fit parameters.
The TSCEb model is the preferred model of the present
work:

dj =rdinj + dexij

X; =exp(Xe)[1 + Xud)]

7 =V0 + VsmS + Viev il — eXp[(—=74/Viev) ]}
q; =exp(qe)(1 + qad)),

where ¢, and r are the additional fit parameters.

For simplicity, it is assumed in the TSCEb model that
the relative biological effectiveness of the alpha particles
emitted by the plutonium in the lung, 20 r, is independent
of dose, and is the same in all biological processes con-
sidered. Likelihood ratio tests showed that all parameters in
the TSCEb model give a significant improvement of the
quality of fit.

The bystander effect was assumed to influence the
parameter X, which is proportional to the product of the
effective initiation and malignant conversion rates in the
model. The preferred model with a protective bystander
effect was defined by

X; = exp(Xe){1 + Xextdext) + Xinelintj[di j/ (Xpine + dine )]}
Yi =70 + VsmS
q; =exp(qe)(1 + qa dint;),

(4)
where Xi, and X, are fit parameters.

The preferred model with a detrimental bystander effect
was defined by
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X; = exp(Xe){l + Xextdextj + Xintinej + Xdlev
x [1 — exp(—(Xaint/Xatev)dint )] }

7 =Vo + VsmS + Vinine

QJ = exp(qe) .

where Xy and Xy, are fit parameters.
Empirical model

The baseline hazard, h,, was modelled as a function of
attained age and smoking status:

ho (1) = exp{co + ¢1 In(2/60) + ¢2[In(2/60)*] + coms}-
(6)
The total hazard, i, was modelled by

h(t) = hy(1){1 4 CextDext(t — tag) ™)

+ CintDint(f — tag) €xp[c3 In(2/60)]}.
where cg, €1, €2, €3, Csms Cext and cjy are fit parameters,
Dey(t) and D;,(t) are the external and internal doses
cumulated from begin of exposure until age ¢, and #,,, is the
lag time. Most of the analyses have been performed for a
lag time of 10 years, because slightly better fits (A in
deviance = 1.3) were obtained than with a lag time of
5 years, as used by Kreisheimer et al. [10] and Gilbert et al.
[11] (see below).

Likelihood construction and quality of fit

Statistical procedures to maximize the product of the
likelihood for the individual data have been described
elsewhere [12, 13]. The empirical model was also fitted by
Poisson regressions with AMFIT in the software package
EPICURE.

Convergence problems occurred in fitting the parameter
fag- Therefore, a pre-analysis with the TSCEa model was
performed with fixed lag times, which were varied in steps
of 5 years. The deviance was nearly constant for a wide
range of values of #,,, with minimum values in the range of
10 and 15 years. A fixed value for f,, of 10 years was
therefore used in all further calculations.

For estimating the quality of fit of non-nested models,
two criteria AIC and BIC are used in the present work (see
[14] for a review). Based on the information theory, Akaike
[20] proposed to choose the model for which the Akaike
information criterion (AIC; see Eq. 8) is the smallest:

! Hirosoft International Corporation, Seattle, WA, USA.

AIC = dev + 2k, (8)

where dev is the deviance and k is the number of fit
parameters.

A model A is considered to be an improvement over
another model B with 95% probability, if AIC for model A
is by six less than AIC for model B.

On the basis of Bayesian theory, Schwarz [21] arrived at
the procedure of choosing the model for which the Bayes
information criterion (BIC, see Eq. 9) is the smallest:

BIC = dev + klog,(n) 9)

where n is the number of workers (6,293), in the present
application.

Evidence for a model improvement is considered to be
strong, if the difference in BIC values of two models is
larger than six.

In contrast to the empirical model, in the TSCE model
the excess relative risk (ERR) per dose is not a direct fit
parameter. The ERR per lung dose, d,(f), for the exposure
history of an exposed cohort member i is defined here by

0i(t) = (hi(1)/hwi(1) = 1)/ Di(t — tiag)- (10)

The average of the ERR per dose of those exposed cohort
members included in the follow-up with age ¢, is compared
with the results of the empirical ERR models. Procedures
to calculate uncertainty bands have been described else-
where [12, 13].

Results
Quality of fit

According to AIC, the data are best fitted by the TSCEb
model (Table 2), and are also fitted quite well by the TSCE
model with a protective bystander effect (AAIC = 4.9).
The TSCEDb model fits the data significantly better than the
remaining three models. According to BIC, the data are
best fitted by the TSCEa model, and are fitted similarly
well by the empirical model (ABIC = 1.3). The data are
also fitted quite well by the TSCE model with a protective
bystander effect (ABIC = 5.4). There is strong evidence
against the two remaining models. In summary, the TSCE
model with a detrimental bystander effects is ruled out by
both criteria for choosing the best model from a group of
non-nested models. The criteria do not give a strong
preference for any one of the other four models.

The number of fatal lung cancer cases observed in dif-
ferent age-attained and dose subgroups of the cohort is pre-
dicted equally well by the TSCEa, TSCEb and empirical
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Table 2 Akaike information index (AIC) and Bayes information
index (BIC) of the five models used in the present work

Model Number of Deviance, AIC BIC
parameters, k  dev
Empirical 8 3,635.2 3,651.2  3,705.2
TSCEa 3,633.9 3,649.9 3,703.9
TSCEb 10 3,623.8 3,643.8 3,711.3
Protective 9 3,630.7 3,648.7  3,709.4
bystander effect
Detrimental 10 3,635.1 3,655.1 3,722.6

bystander effect

For each index, the best model is indicated in bold, models which are
not significantly different from the best model are indicated in italic

models (results not shown). For the number of fatal lung
cancer cases observed in different age-at-hire and dose
subgroups of the cohort, however, there is a tendency for a
better prediction by the TSCEb model than by the TSCEa
and the empirical models (Table 3).

Fit parameters

In the TSCE models without bystander effect, the sponta-
neous value of X, the product of the number of healthy
cells, the initiation rate and the malignant conversion rate,
is doubled by a dose rate of about 0.08 Sv year™' (Fig. 3).
Since the radiation does not act in the preferred models
on the number of healthy cells and on the malignant

conversion rate, the effect on X corresponds to an effect on
the initiation rate.

In the preferred model with a protective bystander ef-
fect, there is a considerable reduction of the radiation effect
on the initiation rate in the range of annual internal lung
doses below 0.2 Sv (Fig. 3). For higher annual doses,
however, there is a stronger effect than in the models
without a bystander effect.

The baseline rate, yg + ysm, Of the clonal growth of
the number of intermediate cells is about 0.14 year
(Table 4). Although there is clear significance of a level-
ling in the dose dependence of 7, the levelling does not
occur before quite high dose rates.

In the TSCEb model, the factor r which modifies an
assumed value of 20 for the radiobiological effectiveness
of plutonium has a best estimate of 0.76 with a large 95%
confidence range (0.29; 5.58).

Values of fit parameters in the empirical models with lag
times of 5 and 10 years agreed in general to within 3%.
Exceptions are the ERR per internal lung dose, c;,, and the
exponent of the age dependence of the ERR, c3. In the model
with the longer lag time, the dose considered to be associated
with lung cancer death is smaller. Correspondingly, the
estimate of the ERR per lung dose is larger (see below).

Poisson regression of the empirical model gave results
for the fit parameters similar to the regression based on
individual likelihoods. The largest difference was obtained
for the parameter c3, for which the result of the regression
with individual data was lower than the result of the
Poisson regression by 8%.

Table 3 Lung cancer deaths

among male Mayak workers in tiggfii::tfsril?} Age at hire
different age-at-hire and dose g do <22 22-26 >26 All
categories
<1 30 47 45 122

36.6 (32.6) 35.9 (33.1) 55.8 (53.9) 128 (120)

36.5 (30.3) 36.2 (31.2) 51.7 (47.5) 124 (109)

34.6 (29.7) 35.2 (30.1) 51.6 (45.0) 121 (105)

1to<5 36 26 33 95

31.6 (22.5) 27.3 (20.7) 31.1 (25.7) 90.0 (68.9)
The upper figure is the number 34.0 (21.3) 28.9 (20.0) 28.8 (22.7) 91.7 (64.0)
of observed cases, the middle 34.0 (21.7) 29.9 (19.6) 312 (21.3) 95.1 (62.6)
two figures the numbers of cases >5 36 23 25 Q4
predicted by the TSCEa and =
TSCEb models, and the lower 29.1 (6.0) 27.1 (5.9) 26.4 (7.2) 82.6 (19.2)
figures the cases predicted by 33.9 (5.8) 28.8 (5.6) 22.6 (6.5) 84.8 (17.9)
the empirical model. The values 29.1 (5.8) 27.1 (5.5) 28.4 (6.1) 84.5 (17.5)
in parentheses give estimations
of baseline cases All 102 96 103 301
* Dose accumulated until end of 97 (61) 90.3 (59.8) 113 (87) 301 (208)
follow-up minus lag time 104 (57) 93.4 (56.8) 104 (77) 301 (191)
assuming a radiation-weighting 98 (57) 92.1 (55.3) 111 (72) 301 (185)

factor of 20 for plutonium
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Fig. 3 Dose dependence of X, the product of the number of healthy
cells, the initiation rate and the malignant conversion rate, in the
TSCEb model (‘/inear’) and in model versions with a protective and a
detrimental bystander effect

Causes of fatal lung cancer

The TSCE models and the empirical model agree on a low
contribution of spontaneous cases of about 8% to all lung
cancer fatalities (Fig. 4). The main factor is smoking
(about 60% in the TSCE models and about 50% in the
empirical model). The models are more than additive in the
excess absolute risks of smoking and internal radiation.
The interaction contributes to the total number of lung
cancer fatalities about 15% in the TSCE models and about
20% in the empirical model. Radiation alone is related to
about 10 and 5% of the cases according to the TSCE
models, and the empirical model, respectively.

Table 4 Best estimates and 95% confidence intervals of the param-
eters of the preferred TSCE models without bystander effect

Fit parameter TSCEa model parameters TSCEb model parameters

, _
X -13.5 (-14.4; -12.7)
X, (year Sv)® 123 (3.2; 25.7)

0.76 (0.29; 5.58)
~14.4 (-15.7; -13.4)
13.7 (2.9; 38.9)

70 (year™) 0.0439 (0.0075; 0.0754)  0.0593 (0.0186; 0.0964)
Pem (year™)  0.080 (0.059; 0.108) 0.092 (0.068; 0.123)
Viev (year’l) 0.367 (0.257; 0.569 0.35 (0.18; 1.03)

P4 (SvTHP 0.136 (0.098; 0.190) 0.154 (0.015; nd®)

& -9.8 (~10.6; -9.0)
qa (year Sv)° —

9.8 (~10.8; -8.8)
111 (0.07; 5.52)

* exp(X,) has unit year’2

° Internal dose has radiation-weighting factor 20 in TSCEa model
and 20*r in TSCEb model

° exp(q,) has unit year™'

4 Upper bound of 95% confidence interval could not be determined,
upper bound of 68% confidence interval is 0.313

389
80 T T T T — T T
r [ |
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Fig. 4 Fractions of lung cancer fatalities (best estimates and 95%
confidence intervals) associated with different causes

The empirical model is by construction multiplicative in
the relative risks. The ratio of cases associated with inter-
action of smoking and internal radiation and of the sum of
cases associated with the two single exposures is 0.40
(0.26; 0.55). This ratio is 0.21 (0.14; 0.30) in the TSCEa
model, and 0.24 (0.17; 0.38) in the TSCEb model. These
values are significantly lower than those in the empirical
model (P < 0.013 and P < 0.035, respectively). Thus, the
TSCE models are sub-multiplicative in the relative risks
due to smoking and due to plutonium exposure.

Excess relative risk in the cohort

Table 5 gives risk estimates for male Mayak workers at age
60. All three models agree on an excess relative risk due to
smoking of about 10. The uncertainty ranges are, however,
large due to the small number of lung cancer fatalities
among non-smokers.

The ERR per plutonium dose in the lung at age 60 has a
value of 0.20 (0.13; 0.40) Sv™' in the TSCEb model
compared with 0.27 (0.18; 0.39) Sv™' in the empirical
model. Thus, the two estimates agree within their uncer-
tainty limits. The TSCEa model, however, results in an
estimate of the ERR per lung dose, which is significantly
smaller than in the estimate of the empirical model
(P < 0.008). The difference is related to a small over-pre-
diction of the cases by the empirical model (for age group
50-70 and internal dose 1-5 Sv, e.g., 70.5 cases predicted
versus 67 observed) and a small under-prediction by the
TSCEa model (60.4 cases predicted). Differences in the
modelling of the baseline rate play a minor role. For all
dose groups, the TSCEb model predictions are closer to the
number of observed cases in the age group 50-70 than the
predictions of the other two models.
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Table 5 Excess relative risk of smoking and excess relative risk per radiation dose (best estimates and 95% confidence intervals) for Mayak

workers at age 60

Model Present work Gilbert et al. [11]
TSCEa TSCEb Empirical Empirical Empirical

Interaction of smoking and radiation ~ Sub-multiplicative =~ Sub-multiplicative = Multiplicative Multiplicative Multiplicative

Lag time (years) 10° 10% 10° 5° 5°

ERR for smoking 9 (4; 16) 13 (6; 27) 8 (4; 18) 8 (4, 17) 10 (6; 17)

ERR per internal dose (Sv™')°
ERR per external dose (Sv™h

0.14 (0.09; 0.19)
0.13 (0.02; 0.25)

0.20 (0.13; 0.40)
0.25 (0.08; 0.85)

0.27 (0.18; 0.39)
0.21 (0.02; 0.50)

0.24 (0.16; 0.39)
0.21 (0.02; 0.50)

0.20 (0.13; 0.29)
0.03 (<0; 0.18)

? Time between first occurrence of a cancer cell and death due to the tumour

° Minimal time between exposure and related excess of hazard

¢ For a radiation-weighting factor of 20 for plutonium

Reducing the lag time in the empirical model from 10 to
5 years causes a 10% decrease of the estimate for the ex-
cess relative risk per internal dose.

The estimate of the ERR per external dose has a large
uncertainty in the TSCEb model. In the TSCEa model and
in the empirical model, it is even at the borderline of being
significant.

Excess relative risk for hypothetical exposure patterns

At cumulated internal doses below 5 Sv, the ERR depends
linearly on dose in all three models (Fig. 5). Thus, in this
range the complex dependence of the risk on radiation dose
can be described by a linear approximation of the model
solution.

In the low-dose range, the TSCEb model exhibits a di-
rect dose rate effect: the ERR per dose is smaller for longer
lasting exposures. In both TSCE models, the ERR has only
a moderate dependence on attained age. For young attained
age, the ERR is considerably smaller in the TSCE models
than in the empirical model.

At higher doses, the ERR dependence on dose is quite
complex in the TSCE models, and there is an indirect dose
rate effect.

In general, there is only a modest dependence of the
ERR per dose on age at hire (results not shown).

Excess absolute risk

The excess absolute risk (EAR) per dose increases with
increasing age attained up to 70, and remains then on a
constant level of about seven cases per 10* PY Sv (Ta-
ble 6). The three models agree within the uncertainty limits
on their prediction of the EAR per dose for age attained 70
and older. For age attained 60 and younger, however, the
TSCEa model gives a significantly lower result than the
empirical model. The TSCEb model gives an intermediate

@ Springer

result. Again, these differences are related to relatively
small differences in the calculated hazards, where the
TSCEDb models reproduces the observed number of cases in
the attained age range 50-70 best. Effect modifications to
the EAR by dose, exposure time and age at hire are similar
to those for the ERR.

1k Attained age 50

F ——— TSCEa exposure 20-25 S
I TSCEa exposure 20-40 ™
 —— TSCEb exposure 20-25 1
Fo----- TSCEDb exposure 20-40
0.01 | Empirical )

1kb Attained age 60 E

0.01 ; ;

Excess relative risk per dose (Sv-1)

0.01 . . Ry
0.1 1 10 100

Internal lung dose (Sv)

Fig. 5 Excess relative risk per internal lung dose for smokers with
age 20 at begin of internal exposure, and with exposure periods of 5
and 20 years with constant dose rate
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Table 6 Best estimates and 95% confidence intervals of excess absolute risk per dose (excess number of lung cancer deaths per 10* PY Sv)

Age Present work

Gilbert et al. [11]

Mayak, TSCEa Mayak, TSCEb

Mayak, Empirical

Mayak, Empirical® LSS, Empirical®

50 0.8 (0.6; 1.2) 1.0 (0.6; 2.1) 2.3 (1.1; 4.9) 1.4 (0.77; 2.3) 0 (<0; 0.53)
60 2.5 (1.8; 3.7) 3.2 (2.0; 6.2) 5.2 (2.6; 10.6) 51(3.5; 7.1) 1.5 (<0; 3.8)
70 6.3 (4.3; 9.0) 6.4 (4.1; 13.2) 7.7 (3.7, 16.3) 5.2 (2.6; 8.6) 72 (3.4; 11.9)
80 8.7 (4.6; 13.9) 5.0 (2.7; 15.2) 8.0 3.1; 19.9) 1.4 (<0; 12) 14.3 (6.6; 23.7)

* For age-attained groups <55, 55-64, 65-74 and 75+
 Male atomic bomb survivors, age at exposure 15-60

Discussion
Parameters of the TSCE model

In the present analysis, the best estimate of the baseline
growth rate, Yo + Ysm, Of the number of intermediate cells is
about 0.14 year™'. This value is in full agreement with a
rate of 0.14 year™' as derived from lung cancer mortality
data of smoking Colorado plateau miners [22], and with a
rate of 0.17 year as derived from lung cancer incidence
rates among male atomic bomb survivors [5].

The growth rate, 7, of the number of intermediate cells
increases in the TSCE models with dose rate. This increase
is exponentially weakening at higher dose rates. Such dose
dependence is an approximation of a dose response in TSCE
models, in which radiation-induced cell killing effects on
the number of intermediate cells are taken into account [23].
A weakening dose effect on the growth rate of intermediate
cells has also been found in the analyses of lung cancer of
the Colorado Plateau miners [22]. If the dose dependence of
the growth rate is rescaled according to the ICRP [24] dose
convention®, then there is a very good agreement with the
present analysis for the Mayak workers (Fig. 6).

For fixed values of Xy, yo and ¢, a positive value of ),
implies that ug < go (see Appendix). Thus, the upper con-
fidence bound 8.8 of g, (Table 4) implies an upper bound
of the spontaneous malignant transformation rate p, of
1.5 x 10™ a”'. This value is consistent with the range of
upper bounds (3 x 10°-1 x 10~ a™") as derived within the
framework of the TSCE model for lung cancer in other
cohorts [25].

Other model parameters have large uncertainties. Within
their uncertainty bands the parameter estimates are also
consistent with previous analyses.

In summary, the analyses of epidemiological data sets
with the TSCE model are beginning to provide consistent
predictions of the biological parameters needed to describe
intermediate cells in the process of carcinogenesis. In the

2 For the rescaling it is assumed that 1 working level month corre-
sponds to 0.005 Sv effective dose or 0.04 Sv lung dose.

case of lung cancer, candidates of clones of intermediate
cells are preneoplastic lesions in the bronchial epithelium,
which are characterized by multiple, discrete, 3p loss-of-
heterozygosity sites [26]. It might thus become possible to
test characteristics of cells in preneoplastic lesions experi-
mentally, which are predicted by TSCE model analyses of
epidemiological data. Indeed, an effect of alpha radiation
exposure has already been detected in an animal experiment
on the initiation and growth of foci of altered hepatocytes,
which are considered to be preneoplastic lesions [27].

Lag time

In the present analysis, a lag time of 10 years describes the
data somewhat better than other lag times. This result is
close to the value of 9 years found in an analysis of the
Colorado miners [22]. A lag time of about 10 years is
intermediate to values used previously in the analyses of
lung cancer mortality among Mayak workers with empir-
ical models: Kreisheimer et al. [10] and Gilbert et al. [11]
used a lag time of 5 years, Sokolnikov et al. [28] used a lag
time of 20 years. Although the lag times in the TSCE
model and in the empirical model have a different defini-
tion (see footnote to Table 5), their influence on modelling
mortality rates is similar.

Excess relative risk

The confidence intervals given here are formal confidence
intervals as obtained in the regression analyses. Estimates of
lung doses, especially due to the incorporation of plutonium,
however, have a large uncertainty. It was not possible to take
these dose uncertainties into account in the present analysis.
Further, only the smoking status (yes or no) and not smoking
rates were known, introducing another source of uncer-
tainty. Thus, full confidence intervals of the risk estimates
could be substantially larger then those given here.

The best estimate for the excess relative risk due to
smoking among Mayak workers (Table 5) is higher in the
TSCEb model (13) than in the other two models and in
previous analyses (8—10). The result of the TSCEb model is
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0.25 T T T

0.20

0.15F

010 -

— —— Mayak workers, TSCEa
0.05 - —— Mayak workers, TSCEb 4
~~~~~~~~~~~~ Colorado miners [Luebeck et al. 1999]

Growth rate (a-1)

0.00 I I I I

0.0 0.1 0.2 0.3 0.4 0.5
Internal lung dose rate (Sv a™')

Fig. 6 Growth rate of the number of intermediate cells as a function
of annual lung dose of smokers as derived for male Mayak workers
(TSCEa and TSCEb model) and for Colorado miners [22]

closer but still by a factor of 2 lower than the result of 25.8
(21.3; 31.2) of the European pooling study on indoor radon
[29]. The results for the Mayak workers on smoking risk
are limited because smoking rates are not known.

The ERR per internal lung dose in a previous analysis of
the lung cancer mortality among the Mayak workers with a
model of carcinogenesis [12, 13] was significantly lower
than results obtained by Gilbert et al. [11] with an empir-
ical model. The TSCEa model of the present analysis is
very similar to the preferred model (Model 1) in Jacob
et al. [12, 13]. Possibly due to the extension of the cohort
and the follow-up, the estimate of the ERR per lung dose
with the TSCEa model in the present analysis is higher than
the result of Model 1 in the previous analysis by 30%.
Nevertheless, the result is still significantly smaller than
that of the empirical model with the same lag time
(P < 0.01). The TSCEb model is more sophisticated than
the TSCEa model. The result obtained with the TSCEb
model for the ERR per internal lung dose is closer to the
results of the empirical models. There is no statistically
significant difference in the central estimate of the ERR per
lung dose. Nevertheless, there are considerable differences
in other results for the ERR per lung dose:

e For low doses and for young attained age, the ERR per
lung dose in the TSCE models is smaller than that in
the empirical model

e For high doses, the ERR per lung dose has in the TSCE
models a nonlinear dependence which resembles a
quadratic increase with dose, followed by an exponen-
tial decrease. In the empirical model, no significant
deviation from a linear dose dependence was found.

At the current state, these differences are to be consid-
ered as model uncertainties.

@ Springer

Many of the members of the cohort studied in this article
were hired at age around 20 and had protracted exposures,
which were decreasing with age. In an analysis of the lung
cancer mortality in the period 1950-1997 for the Japanese
atomic bomb survivors [30], the ERR per unit dose for
males with exposures at age 30 was 0.48 (90% CI: 0.23;
0.78) Svl. Gilbert et al. [11] analysed lung cancer mor-
tality among the Japanese bomb survivors with age at
exposure 15 to 60 and obtained an ERR per dose of 0.40
(95% CI. 0.032; 0.86) Sv'l. These two values for the
atomic bomb survivors are consistent with each other. The
first assessment has a smaller statistical uncertainty. It is
significantly higher than risks obtained in most of the
analyses of the Mayak workers for plutonium exposure
under the assumption of a radiation-weighting factor of 20
for plutonium (Table 5).

Best estimates of the ERR per external dose in the
present analysis are about one order of magnitude larger
than the best estimates in previous studies (Table 5). The
reason may be the longer follow-up and the extended
number of cohort members. The best estimates of the ERR
per external dose are now considerably closer to those
observed among the atomic bomb survivors.

Excess absolute risk

Under the assumption of a radiation-weighting factor of 20
for plutonium, central estimates of the EAR per dose for
Mayak workers and for atomic bomb survivors are similar
(Table 6). However, in contrast to the atomic bomb sur-
vivors, there is a significant excess risk among the Mayak
workers for age attained smaller than 55.

For age attained larger than 75, Gilbert et al. [11] found
a significantly lower EAR per dose for the Mayak workers
than for the atomic bomb survivors. According to the
present analysis, however, EAR per dose values for both
cohorts are consistent in this age group, which is possibly
due to the extended follow-up period and the increased
number of cohort members in the present analysis.

Relative biological effectiveness of plutonium

The estimate of the parameter » in the TSCEb model may
be considered as an estimate of the relative biological
effectiveness (RBE) of plutonium under the assumption
that the RBE is the same for all relevant processes in the
radiation induced carcinogenesis. The result in Table 4
corresponds to an estimate of the RBE of 15 (6; 112). A
similar analysis with the empirical model resulted in an
estimate for the RBE of 22 (9; 81). Gilbert et al. [11]
obtained for male and female Mayak workers a value of 33
(14; 98). If that analysis would have been performed for
males alone, the result might have been a bit smaller.
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All three analyses are consistent within their large
uncertainty ranges. Further, compared with their large
uncertainties, the best estimates are quite close to the value
of 20, which has been recommended by ICRP. This finding
is also supported by the above comparison of ERR and
EAR per dose values among the Mayak workers and the
atomic bomb survivors.
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Appendix
The definition of y; in Eq. 1 and f; > 0 imply

B <0 — ;.

With g; > 0 it follows that

1 <oy — ;.

Further, the definition of g; in Eq. 1 implies

%Gy = q; +7,4;.

Insertion in Eq. 12 yields

1<} + 747 — Vit

or

(1 + ;) <qi(g; + v;)-
So, if 7; > 0, then
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