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Abstract: Lung cancer is a severe disease that affects predominantly smokers and represents a leading
cause of cancer death in Europe. Recent meta-analyses of randomized controlled trials (RCTs) have
yielded that low-dose computed tomography (LDCT) screening can significantly reduce lung cancer
mortality in heavy smokers or ex-smokers by about 20% compared to a control group of persons
who did not receive LDCT. This benefit must be weighed against adverse health effects associated
with LDCT lung screening, in particular radiation risks. For this purpose, representative organ doses
were determined for a volume CT dose index of 1 mGy that can be achieved on modern devices.
Using these values, radiation risks were estimated for different screening scenarios by means of sex-,
organ-, and age-dependent radio-epidemiologic models. In particular, the approach was adjusted
to a Western European population. For an annual LDCT screening of (ex-)smokers aged between
50 and 75 years, the estimated radiation-related lifetime attributable risk to develop cancer is below
0.25% for women and about 0.1% for men. Assuming a mortality reduction of about 20% and taking
only radiation risks into account, this screening scenario results in a benefit–risk ratio of about 10 for
women and about 25 for men. These benefit–risk ratio estimates are based on the results of RCTs of
the highest evidence level. To ensure that the benefit outweighs the radiation risk even in standard
healthcare, strict conditions and requirements must be established for the entire screening process to
achieve a quality level at least as high as that of the considered RCTs.

Keywords: lung cancer screening; low-dose CT; radiation risks; radio-epidemiological models;
benefit–risk ratios

1. Introduction

Lung cancer is a severe disease that predominantly affects heavy smokers or ex-
smokers and represents with an estimated 1.8 million cases worldwide the leading cause of
cancer death in 2020 [1]. If lung cancer is detected at an early stage, the success of therapy
can be significantly improved, so that early detection plays an important role.

Due to technological progress in recent years, low-dose computed tomography (LDCT)
offers a promising perspective for the early detection of lung cancer in asymptomatic
(ex-)smokers. A meta-analysis of randomized controlled trials (RCTs) recently presented by
our group [2] underlines that LDCT screening can significantly reduce lung cancer mortality
in heavy (ex-)smokers by about 20% compared to a non-screened group. However, this
benefit must be carefully weighed against adverse health effects associated with this
screening approach.

This applies in particular for radiation risks unavoidably related to CT screening
examinations of the chest. In this context, it is essential to consider that only a small portion
of screening participants will benefit from the examinations due to the low prevalence of
lung cancer in the target population, while all participants will be subjected to the risks
associated with the test [3]. The European Directive 2013/59/Euratom [4] underlines this
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dilemma and thus requires a specific justification for each medical radiological procedure
performed on asymptomatic individuals for early detection of disease (article 55 para.
2 letters f, h).

It is the aim of the present article (i) to give an overview of current radiation risk
models with respect to lung cancer LDCT screening, including some that consider possible
interactions between radiation and smoking, and (ii) to provide conservative estimates, for
different screening scenarios, addressing both lifetime radiation risks and benefit–risk ratios
associated with the LDCT examinations. The focus of this study is to obtain appropriate
and up-to-date estimates of radiation risk (vs. benefit) for a Western European population
using current German baseline data. Due to the relatively low radiation exposure of LDCT,
only stochastic radiation effects are relevant in this context and thus only these will be dealt
with. This especially includes the radiation-induced development of malignant diseases
that can occur years or even decades after radiation exposure (latency period). Since various
aspects of analyzing and modelling stochastic radiation risks are still subject of scientific
debate, radiation risks in this study will be estimated using conservative assumptions that
are consistent with radio-epidemiological data obtained over many decades.

2. Theoretical Background
2.1. Basic Assumptions and Study Cohorts of Persons Exposed to Ionizing Radiation

The risk of radiation-induced cancers and leukaemias is derived from radio-epidemiolo-
gical studies of large cohorts of persons who were exposed to ionizing radiation and ap-
propriate control groups of non-exposed or low-exposed persons. Data on the type and
level of radiation exposure, age at exposure, age attained during follow-up, gender as well
as type and time of disease and/or disease-specific deaths occurring during observation
are recorded over a long period of time. The cancer rates observed in the exposed cohort
are compared with those of the control group to derive dose-dependent risk estimates. In
addition, other parameters that may influence radiation risk, such as age and gender, can
also be accounted for in these risk analyses (e.g., [5]).

By means of radio-epidemiological studies, however, significant increases in cancer
risk can only be detected at dose levels that are much higher than the radiation doses
associated with most X-ray examinations. Even for a large cohort of persons exposed to
low doses of only a few millisieverts (mSv), stochastic radiation effects cannot be observed
with statistical significance [6]. For the low dose range, therefore, no reliable information
on the dose–effect relation is available, so that one has to rely on an extrapolation of the
effects observed in the higher dose range towards lower doses. For this purpose, radiation
protection assumes a proportional relationship between cancer risk and dose without
assuming a threshold dose (linear-non-threshold, LNT hypothesis). According to the
International Commission on Radiological Protection (ICRP), the use of the LNT model
represents “the best practical approach to managing risk from radiation exposure and
commensurate with the ‘precautionary principle’” [7]. Furthermore, for solid cancers, the
ICRP assumes a dose and dose rate effectiveness factor (DDREF) of 2 for the low dose range.
In fact, the DDREF is a reduction factor that is intended to account for the lower biological
effectiveness (per dose unit) of radiation exposure assumed by the ICRP at low doses
and low dose rates compared with an exposure at high doses and high dose rates. Other
commissions adopt a DDREF of 1.5 (BEIR VII Committee [5]) or of 1 (German Radiation
Protection Commission, SSK [8]).

The assessment of radiation risks at higher doses can rely on a solid database of
epidemiological studies. The so-called Life Span Study (LSS) of survivors of the atomic
bombings in Hiroshima and Nagasaki exposed to acute gamma (and to some extent
neutron) radiation is the main source of current knowledge on radiation risks due to its
size (more than 85,000 persons of both sexes and all ages with dose estimates), the long
observation period (>50 years) and the large internal control group of low- or non-exposed
survivors. It is thus the most important basis for quantitative risk assessments [5,9]. For the
Japanese LSS, data are available on both cancer incidence (follow-up from 1958, the start of
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cancer registries in Hiroshima and Nagasaki) and cancer mortality (follow-up from 1950).
In addition to the Japanese LSS, there are also numerous study cohorts of persons who
were exposed to X-ray or other radiation for diagnostic or therapeutic reasons, e.g., the
study by Boice et al. [10] in which women received pneumothorax therapy for tuberculosis
and had repeated chest X-rays for control. As with breast cancer, the evidence on radiation
risk in lung cancer has been derived not only from the Japanese LSS but also from studies
of patient populations undergoing radiotherapy for malignant or benign diseases, such
as Hodgkin’s lymphoma [11] or ankylosing spondylitis [12]. For an overview of relevant
studies, see [5] or [13].

2.2. Risk Model Approaches: Absolute and Relative Risk Models

In the following, the terminology primarily refers to cancer incidence. But the terms
introduced for this purpose apply accordingly to cancer mortality. For reasons of simplicity,
a separate parameter for gender is omitted.

The age-specific baseline (or background) rate r0(a) is the rate of a specific type of
cancer occurring in a normal population at a given age, a. The excess absolute rate, ear(a, e,
D), is the age-specific absolute rate of cancer caused by radiation exposure at a certain age,
e, to an organ equivalent dose, D. In one approach, the radiation-related increased cancer
rate, r(a, e, D), is given by the sum:

r(a, e, D) = r0(a) + ear(a, e, D) (1)

In this so-called absolute (or additive) risk model it is assumed that the excess absolute
rate is independent of the background rate. An alternative approach, the so-called relative
(or multiplicative) risk model, is based on the assumption that the excess rate depends on
the background rate, i.e., is a certain multiple of the background rate:

r(a, e, D) = r0(a)·(1 + err(a, e, D)) (2)

with err(a, e, D) = ear(a, e, D)/r0(a) the so-called excess relative rate, i.e., the age-specific
relative cancer rate caused by radiation exposure at age e to an organ equivalent dose, D.
For example, an excess relative rate of 1 means that the cancer rate observed in the exposure
group is twice as high as expected (r = 2 r0), i.e., compared to the baseline rate.

Several measures of lifetime risk have been used to express radiation risks [13–16].
The BEIR VII committee has chosen to use what Kellerer et al. refer to as the lifetime
attributable risk, LAR [16]. Denoting the minimum latency time to clinical manifestation
of radiation-induced cancer by lag, LAR is the radiation-related excess risk of developing
cancer from e + lag to the end of life, amax. Correspondingly, the LAR is the excess absolute
cancer rate, ear, integrated over time from e + lag. To account for competing (life-shortening)
risks, ear is usually multiplied by the age-specific conditional survival probability S(a, e) of
a person who has already reached age e [5]:

LAR(e, D) =
∫ amax

e+lag
S(t, e)·ear(t, e, D) dt (3)

2.3. Risk Transfer between Populations with Different Cancer Rates

For gamma radiation, and thus also for X-rays, risk estimates or risk models are
mostly based on analyses of data of the LSS of Japanese atomic bomb survivors. When
transferring risk estimates to Western populations, the question arises whether the relative
risk model (multiplicative transfer model) can be used to determine the excess risk in the
Western population, or whether the absolute risk model (additive transfer model) is more
appropriate. In the first case, in Equation (2) the baseline rate of the Western population is
to be used, while in the second case only the excess rate of the exposed (Japanese) study
cohort is accounted for (Equation (1)). The same problem arises if the normal rates of two
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cohorts differ due to different non-radiation risk factors, e.g., due to strongly differing
smoking behavior.

For cancers for which baseline rates vary substantially between different populations,
the method of risk transfer is crucial. For example, the baseline rates for breast cancer in
Germany are considerably higher than the breast cancer rates in Japan. Similarly, lung
cancer rates are significantly higher in heavy smokers than in moderate or non-smokers.
Figure 1 illustrates that in such cases the choice of the transfer model (multiplicative or
additive approach) leads to significantly different results for the estimated radiation risk.
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Figure 1. Risk transfer from an exposed population with low baseline rates (blue line in upper panel)
to a population with high baseline rates (blue line in lower panel). The scaling of the two graphs is
the same. In the upper chart, the red line shows the radiation-related increased rate (err = 1.5, i.e.,
50% increase). A risk transfer using the multiplicative model results in the red dashed line, while a
risk transfer using the additive model results in the red dotted line.

Besides the purely additive or multiplicative model, there are also more complex
models such as the models of the BEIR VII Committee [5] or models that consider a possible
interaction between radiation and smoking [17].

2.4. The Risk Models of the BEIR VII Committee

In 2006, the most recent report of the BEIR Committee was published [5]. It is the
seventh report in a series of contributions of the National Research Council of the USA,
dealing with the effects of ionizing radiation in the low dose range. On the one hand,
the BEIR VII report is a comprehensive review of the most recent radiation biological,
biophysical, and radiation epidemiological literature at the time of evaluation. On the other
hand, the report also gives comprehensive radiation risk models for cancer incidence and
mortality. These are based on data from the LSS of Japanese atomic bomb survivors as well
as on meta-analyses of data from persons exposed for diagnostic or therapeutic reasons.

The BEIR VII Committee considered both relative and absolute risk models to model
the radiation-related excess rates defined in Equations (1) and (2). The models depend
not only on organ equivalent dose, D, and gender, but also on age attained, a, and, in the
case of leukemia, time since exposure, t. The risk models include linear dose response
relationships for all solid tumors and a linear quadratic dose relationship for leukemias.
Again, a separate parameter to account for the influence of gender is omitted.

For persons exposed after age 30, the models are:
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• For solid malignant tumors (except breast cancer and thyroid cancer)

err(a, D)
ear(a, D)

}
= β ·D ·

( a
60

)η
(4)

• For leukemias

err(t, D)
ear(t, D)

}
= β·D·(1 + θ·D)·

(
t

25

)α

(5)

The parameters denoted by Greek letters are the result of maximum likelihood analyses
to the Japanese LSS data. These parameters differ for the different organs and for the relative
and absolute risk models. The parameter β differs also for male and female persons.

For breast and thyroid cancer, the risk models used by the BEIR VII Committee deviate
from those in Equations (4) and (5). For thyroid cancer, no absolute risk model was used,
but only a relative risk model with an age at exposure dependence based on a meta-analysis
by Ron et al. [18]:

err(e, D) = β·D· exp(γ·(e − 30)) (6)

This meta-analysis demonstrated that the excess risk was significantly affected by age
at exposure, e, with a strong decrease in risk with increasing age at exposure.

For breast cancer, an absolute risk model with dependencies on age at exposure and
attained age based on a meta-analysis by Preston et al. [19] was considered:

ear(a, e, D) = β·D· exp(γ·(e − 30))·
( a

60

)η
(7)

In the study by Preston et al., a pronounced dependence of the excess absolute risk per
dose was observed both on age at exposure and on age attained, with a decrease with age
of exposure and an increase with attained age. For the Japanese LSS data on breast cancer,
the BEIR VII Committee also performed risk modeling for a relative risk model. However,
because Preston et al. [19] also included data from Western cohorts in their modeling, the
BEIR VII Committee favored the absolute risk model (Equation (7)).

With the exception of thyroid and breast cancer, a mixed risk transfer approach was
used for other cancers. Accounting for both models, the LAR (Equation (3)) estimates
resulting from the relative risk model, LARrel, and the LAR estimates resulting from the
absolute risk model, LARabs, were combined by calculating the geometric mean with
different weights:

LAR = LARrel
wrel · LARabs

wabs (8)

where wrel = 0.7 and wabs = 0.3 for cancers other than breast, thyroid and lung cancer
and wrel = 0.3 and wabs = 0.7 for lung cancer. The BEIR VII Committee thus adopted a
predominantly additive approach for lung cancer and a predominantly multiplicative
approach for other cancers (except for thyroid and breast cancer). The higher weighting of
the relative risk model for cancers other than breast, thyroid, and lung cancer was due to
the observation that relative risk models often provide a slightly better fit to the data. In
addition, the BEIR VII Committee assumed that relative risk models are less susceptible to
potential bias from underreporting of cancer cases.

The BEIR VII committee estimated 95% “subjective confidence intervals (CI)” includ-
ing not only random errors but also “judgmental uncertainties”. These reflect the most
important sources of uncertainty, namely, statistical variation, uncertainty in the DDREF,
and uncertainty in the method of risk transfer from the Japanese LSS to the U.S. population.
The resulting subjective CI of the estimated LAR values for all solid cancers can roughly be
given by the interval [0.5 LAR, 2 LAR].
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2.5. Interaction between Radiation and Smoking for Lung Cancer Risk

The question of a possible synergistic or antagonistic interaction of the two noxious
agents radiation and smoking plays an important role in the assessment of the radiation
risks of lung cancer. Depending on the model, the risk of radiation-related lung cancer
may be overestimated or underestimated. Four models that assume either independent or
interacting risks between radiation and smoking are explained below. The additional risk
caused by smoking alone is denoted by ears(a), which is 0 for non-smokers.

• Simple additive model: The radiation-related excess absolute rate, ear(a, e, D), for
smokers and non-smokers is equal.

rs(a, e, D) = r0(a) + ears(a) + ear(a, e, D) (9)

• Generalized additive model: ear(a, e, D) for smokers and for non-smokers differ.

rs(a, e, D) = r0(a) + ears(a) + ear(a, e, D)·ρ (10)

If ρ is smaller than 1, the radiation-associated risk for smokers is smaller than that
for non-smokers; if it is larger than 1, the radiation risk for smokers is higher than that for
non-smokers.

• Simple multiplicative model: The radiation-related excess relative rate err(a, e, D)
for smokers and non-smokers is equal.

rs(a, e, D) = (r0(a) + ears(a))· (1 + err(a, e, D)) (11)

• Generalized multiplicative model: err(e, a, D) for smokers and for non-smokers differ.

rs(a, e, D) = (r0(a) + ears(a))· (1 + err(a, e, D)·ρ) (12)

with ρ as defined in Equation (10).
The BEIR VII Committee’s favored risk model for lung cancer gives more weight to the

additive approach for the interaction between radiation and smoking than to the multiplica-
tive approach. This was motivated by the results of a former analysis by Pierce et al. [20],
which found an additive relationship between radiation and smoking. Preston et al. [21]
analyzed the incidence data of solid cancers in the Japanese LSS, which was the same data
set used for modeling in the BEIR VII report. Although smoking could not be explicitly
accounted for in these analyses, the authors concluded that smoking and radiation may
have independent (additive) effects on lung cancer risk in the Japanese LSS. In a recent
study, Cahoon et al. analyzed the incidence data of the Japanese LSS (follow-up 1958–2009)
for cancer in lung and other respiratory organs [22]. To characterize the combined effect
of radiation and smoking, they considered both (generalized) additive and (generalized)
multiplicative models. The generalized multiplicative model yields the best fit to the data.
Similar to an older study of the same study population with follow-up until 1999 [17], the
analyses showed a significantly higher excess relative risk per dose for lung cancer at low to
moderate compared to high tobacco use. No radiation-associated excess risk was observed
in heavy smokers (from one pack per day). In an analysis by Grant et al. [23], the Japanese
LSS incidence data were analyzed for the sum of all solid cancers (follow-up 1958–2009).
Smoking as a factor influencing the radiation-associated risk was also examined. Only the
simple additive and multiplicative models were considered. The authors opted for the
simple multiplicative model, although the additive model achieved a better fit of the data.
However, this was for practical reasons, as it allowed comparison with previous analyses
of the Japanese LSS data, where cigarette consumption was not accounted for. Overall,
it was concluded that the choice of model—multiplicative or additive—had little impact
on the shape of the dose–effect curve or the age dependencies of the radiation-related
risk, suggesting that smoking only slightly modifies radiation risk estimates. In a study of
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mortality data from the Japanese LSS with follow-up until 2003 by Ozasa et al. [24], models
similar to the BEIR VII models were applied, i.e., multiplicative and absolute models. No
information on smoking behavior was included in the analysis. However, the radiation risk
estimates are consistent with those estimated by Cahoon et al. [22] using the generalized
multiplicative model for non-smokers.

In summary, there is currently no consensus on a possible interaction of smoking and
radiation. Therefore, the BEIR VII method of LAR weighting for lung cancer is used in the
following estimation of the radiation risk resulting from LDCT screening.

3. Material and Methods
3.1. Risk Assessment for LDCT Screening

Prerequisite for the estimation of organ specific LAR is the knowledge of the organ
equivalent doses, D, resulting from a CT screening examination that is characterized with
regard to patient exposure by the respective volume CT dose index, CTDIvol, displayed on
the CT system. For this purpose, the following approach was used. Organ equivalent doses
were estimated for a typical LDCT examination of the chest ranging from the base of the
lung to the lung apex. The calculations were performed for a variety of modern CT systems
(with ≥64 detector rows) of different manufacturers that are well suited for lung cancer
screening for both a female and a male mathematical body phantom by means of a validated
CT dosimetry program (CT-Expo, version 2.5; Hamburg/Hannover, Germany [25,26])
taking into account the more precise anatomical organ locations in realistic voxel models.
The scanner-specific organ doses were divided by the respective CTDIvol and averaged over
all CT systems considered. To obtain good approximations of organ equivalent doses for
any CT scanner and protocol, the resulting representative organ-specific dose coefficients
have to be multiplied by the respective CTDIvol.

Since the literature does not yet provide consistent answers to the question of the
correct risk transfer, our assessment of the radiation risk of lung cancer screening is mainly
based on the approach of the BEIR VII committee with the relative and absolute risk models
given in Equations (4) and (5). An exception is made for the estimation of the radiation
risk for breast cancer. Here, in addition to the preferred absolute risk model according
to Equation (7), the relative risk model given in the BEIR VII Report was also considered.
In line with a mixed approach to risk transfer, the two resulting LAR estimates were
conservatively weighted according to Equation (8), assuming that the absolute model has
more weight (wrel = 0.3 and wabs = 0.7). The higher weighting of the absolute model follows
the rationale of the BEIR VII committee, which preferred the absolute model because data
from Western cohorts were included in the modeling.

For the estimation of the age-, sex-, and organ-specific LAR for a German population,
recent German baseline rates for cancer incidence and cancer mortality [27] as well as data
from German life tables for the conditional life probability were applied. Deviating from
BEIR VII, a DDREF of 1 was used in our study, which yields more conservative estimates.

The differences between the BEIR VII methodology and the approach used in the
present paper are summarized in Table 1.

Table 1. Differences between the BEIR VII Committee’s assessment of the LAR and our assessment.

BEIR VII Modifications Compared to BEIR VII

DDREF = 1.5 DDREF = 1.0

Risk estimation based on US cancer rates and
mortality tables from the 1990s

Risk estimation based on German cancer rates
and mortality tables from 2016

Estimation of the LAR for breast cancer based
on the absolute risk model

Estimation of the LAR for breast cancer based
on both the absolute and the relative risk

model with weighting wabs = 0.7 and wrel = 0.3
DDREF: Dose and dose rate effectiveness factor; wabs: weighting factor for the LAR based on the absolute risk
model; wrel: weighting factor for the LAR based on the relative risk model.
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For the LAR related to lung cancer screening, lung cancer rates for heavy smokers were
included. This differs from our conventional approach, which uses lung cancer background
rates of the German general population, i.e., rates of a population of non-smokers and
(ex-)smokers with different smoking habits. Since age-specific cancer data for smokers in
Germany are not available, these had to be approximated. Here it was assumed that the
baseline rates for lung cancer in male and female heavy smokers are the same and that these
are twice as high as the lung cancer rate of the average male population with mixed smoking
habits. This hypothesis is supported by the analysis of two extensive US-American cohorts
(Nurses’ Health Study with about 120,000 participants; Health Professionals Follow-up
Study with about 50,000 participants) by Bain et al. [28] and the study of Cahoon et al. [22]
on lung cancer risk in the Japanese LSS cohort of atomic bomb survivors.

3.2. Benefit–Risk Assessment of LDCT Screening

In benefit–risk assessments of screening procedures with ionizing radiation, the con-
ventional approach is to compare the benefit (i.e., the “lives gained”) with the radiation-
associated lifetime risk LAR (the “radiation-induced” cancer deaths). Both estimates refer
to the remaining lifetime from the first screening examination on, considering a minimum
latency period of 5 or 2 years for the development of a radiation-related symptomatic solid
cancer or leukemia, respectably.

A meta-analysis by Hunger et al. [2] of six RCTs on the benefit of an LDCT screening
suggests a significant reduction of lung cancer mortality compared to that of a population of
persons not screened. In the RCTs, included in the analysis, the intervals between screening
visits were usually one year, but two studies also included intervals of 2 and 2.5 years,
respectively. Between four and seven screening visits were scheduled, and the duration of
follow-up since randomization was between 8 and 10 years. Studies recruited men and
women between 49 and 75 years of age with a smoking history of more than 20 pack-years,
i.e., (packs smoked per day) × (years as a smoker), and, for ex-smokers, less than 15 years
since quitting (cf. Table 1 in [2]). The estimated relative reduction of lung cancer mortality
by LDCT screening was 20% when compared to no screening (95% confidence interval:
[8%,30%]). Therefore, this value was used for benefit–risk estimations.

Another approach to benefit–risk assessment is to determine the required reduction of
lung cancer mortality, MR, by LDCT screening to achieve at least a pre-defined benefit–risk
ratio. Assuming a benefit–risk ratio of at least 10, the required benefit, MR10, is:

MR10 = 10·LAR/LR0 (13)

with LR0 the baseline lifetime risk for lung cancer mortality in the age at the start of
screening. The value 10 was chosen to provide a conservative estimate of the required
reduction, as both the estimated radiation risk and the estimate of the reduction in lung
cancer mortality are prone to uncertainties.

For the benefit–risk assessments, annual screening is assumed. Different scenarios are
considered according to age and duration: for the age groups 50 to 70, 50 to 75, 55 to 75 and
60 to 75 years. In addition, screening scenarios are assumed over a period of ten years for
different ages at the first screening examination.

4. Results

Representative organ-specific dose coefficients used for the estimation of the required
organ doses are summarized in Table 2. Multiplying these coefficients by the CTDIvol of
any LDCT scan used for lung cancer screening provides representative organ doses.

Figure 2 gives the organ-specific LAR for cancer incidence for organ equivalent doses of
10 mSv for the German general population separately for women and men as a function of
age at exposure from 50 years on. For technical reasons (over-scanning), radiation-sensitive
organs adjacent to the actual scan region, the lung, are also exposed with multi-slice CT
systems. As the LARs for these organs contribute to the total LAR when considering lung
cancer screening, they are included in Figure 2. The organ equivalent dose of the heart is
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comparable to the lung dose but is of no relevance for the radiation-related cancer risk, as
cancers of the heart are extremely rare. For women and exposure age up to about 60 years,
the highest radiation risks are those for lung and breast cancer, while at higher ages the
radiation risks for lung cancer and leukemia dominate. It is striking that the radiation risk
for lung cancer is significantly higher for women than for men.

Table 2. Representative organ-specific dose coefficients for a female or male reference person. Only
those organs were considered that are located—at least in part—in the radiation field and contribute
to the LAR.

Organ Dose Coefficients (Mean ± Standard Deviation) (mSv/mGy)

Women Men

Thyroid 2.2 ± 0.44 1.9 ± 0.46
Female breast 1.7 ± 0.11
Lung 1.7 ± 0.10 1.7 ± 0.11
Oesophagus 1.6 ± 0.10 1.6 ± 0.12
Liver 1.0 ± 0.11 0.9 ± 0.11
Stomach 0.8 ± 0.13 0.7 ± 0.14
Red bone marrow 0.5 ± 0.03 0.5 ± 0.04
Kidney 0.4 ± 0.16 0.4 ± 0.15
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Figure 2. Organ-specific lifetime attributable risks, LAR, (cancer incidence) for women (left) and men
(right) as functions of age at exposure for organ equivalent doses of 10 mSv for the German general
population.

Figure 3 shows for a representative LDCT protocol with a CTDIvol of 1 mGy the LAR
for females and males as a function of age at the start of screening, assuming annual LDCT
screening until the age of 75 years. The LAR estimates for women are 0.23%, 0.11%, and
0.03% if screening starts at age 50, 60, and 70 years, respectively. The estimates in Figure 4
are based on the assumption that LDCT screening examinations are performed annually
only over a ten-year period. In this case, LAR estimates for women are 0.11% and 0.08%
at starting ages 50 and 60, respectively. In all screening scenarios, the risk estimates for
women are slightly twice as high as those for men. The reasons for this are that (i) the
radiation-related lung cancer risk according to BEIR VII is higher for women than for men
and, (ii) for women the excess breast cancer risk must also be accounted for. The LAR
values given in Figures 3 and 4 are halved when LDCTs are performed biannually rather
than annually.
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examination assuming annual LDCT screening over ten years for a representative LDCT protocol
with CTDIvol = 1 mGy.

Assuming annual screening and a 20% overall benefit for both sexes, Figure 5 gives
estimates of the benefit–risk ratio for the considered screening scenarios. For men, the
ratio is about 25 and above, but for females it is below 15 in three of the four screening
scenarios. It should be noted that the benefit assumed to be constant for the scenarios
considered was derived from screening studies in which LDCTs were performed over
much shorter screening periods (8 to 10 years) and in some cases with longer intervals
between LDCT examinations (up to 2.5 years). Under the assumption, which can be
considered realistic, that the benefit increases with both longer screening periods and the
frequency of examinations, the benefit–risk ratios given in the figure for the four scenarios
are underestimated and can thus be regarded as conservative estimates.

The problem of uncertainty in the benefit can be addressed by considering the values
for the required reduction of lung cancer mortality, MR10, by LDCT screening to achieve at
least a pre-defined benefit–risk ratio for the considered screening scenarios. These MR10
values are given in Figure 6. While the values for men range between 5% and 8%, those for
women are considerably higher and reach almost 20% for a screening with annual LDCT
examinations from 50 to 75 years of age. Figure 7 gives MR10 as a function of age at the
start of screening, assuming annual LDCT screening until the age of 75 years. For men,
the minimum required reduction decreases from about 8 to 2% with increasing age at first



Diagnostics 2022, 12, 364 11 of 15

screening examination. For women, the required reduction is 20% if screening starts at age
50 and takes values below 10% only if screening starts at age 64 or later.
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5. Discussion

The estimated lifetime attributable cancer risks resulting from repeated LDCT screen-
ing tests were estimated for a German population of heavy smokers or ex-smokers. The
values can be considered representative for a Western European population. As demon-
strated, the estimated LAR are not negligible, especially for women if screening starts
at the age of 50 years. From a radiation protection perspective, they must be taken into
consideration in any decision-making, since all screening participants are affected, whereas
the benefit only applies to those with screening-detected lung cancer. However, it has to be
underlined that the assumptions for the above risk estimates and risk-benefit analyses are
mostly conservative, for example by using a DDREF of 1 and by assuming that screening
will be performed annually for the full screening period.

Moreover, it should be considered that the potential benefit for patients with a
screening-detected lung cancer would be immediate, whereas a radiation-associated cancer
is hypothetical and would only occur after a latency time of several years or even decades.
The latency period is an important factor, especially for participants who only take part in
screening at an older age.

The estimates presented in Figures 3 and 4 refer to organ equivalent dose values for
an LDCT protocol with CTDIvol = 1 mGy. Since the risk is linearly dependent on CTDIvol,
the estimates can easily be converted for other protocols. In a similar line of reasoning,
the benefit–risk ratios given in Figure 5 can be adapted to other protocols because they
are inversely proportional to the risk. Moreover, the ratios in Figure 5, based on the
assumption of a 20% reduction in lung cancer mortality due to LDCT screening, can easily
be transferred to screening scenarios with other values for the benefit as the benefit–risk
ratio is proportional to the benefit. This is particularly useful when considering women
participating in an LDCT screening, since there is evidence that the benefit for women is
higher than that for men [29].

There is a controversial discussion in the literature about which baseline risks should
be assumed for female smokers. For the estimates presented in this paper, it was assumed
that the lung cancer risk for smoking women corresponds to that for smoking men. If
female heavy smokers had a different (presumably higher) smoking-related lung cancer
risk, this would affect the radiation risk estimates for women as well as the corresponding
benefit–risk ratio. The higher weighting of the additive model in the BEIR VII approach for
lung cancer implies that in this case the benefit–risk ratio would be more affected than the
radiation risk.

Various publications have addressed the radiation risk of LDCT screening. Some
authors (e.g., [30]) estimate the radiation risk by applying the effective dose and the
nominal risk coefficients of the ICRP. The ICRP’s risk estimates are called ‘nominal’ because
“they relate to the exposure of a nominal population of females and males with a typical age
distribution and are computed by averaging over age groups and both sexes”. The ICRP
thus explicitly states that “for the estimation of the likely consequences of an exposure of
an individual or a known population, it is necessary to use specific data relating to the
exposed individual” [7].

In the Italian COSMOS study (a non-randomized screening study of approximately
3400 men and 1800 women aged 50 years and older and up to 10 annual screening rounds),
organ doses were estimated for both annual LDCT screening and recall (PET/CT) examina-
tions in individuals with suspicious pulmonary foci [31]. Based on these data, the excess
lifetime risks (incidence) for all major cancer types were determined using the original
BEIR VII estimates of LAR for a US population in 1999. LARs were approximately 4 per
10,000 for men and 8 per 10,000 for women, assuming a screening start at age 50. Consider-
ing the differences between the risk analysis used by the authors and our approach (e.g.,
DDREF = 1.5 in Rampinelli et al. [31]) and different doses, the estimates are compatible.

Radiological LDCT examinations to clarify suspicious findings during screening in-
crease the dose and thus also the radiation risk for some participants. Becker et al. [32] give
the frequency of recall LDCT for the first 5 screening rounds (T0 to T4) for the LUSI study.
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In round T0 about 20% of the participants had a recall LDCT after 3 or 6 months and in the
following rounds on average about 3.5%. Under these assumptions, the lifetime risks after
annual LDCT screening from age 50 until age 75 increase by about 4%.

No uncertainty figures for the risk and benefit–risk estimates are provided in our
study. Radiation risk estimates are subject to numerous uncertainty factors because of the
inherent limitations of (radio-)epidemiological data. In addition to statistical uncertainty,
the populations and exposures for which a risk estimate is to be made differ from those
in radio-epidemiological studies. This means that different “educated guesses” have
to be made, which are inevitably subject to uncertainties. Despite the large amount of
epidemiological and experimental data on radiation risks, these data are not sufficient
to give a realistic uncertainty for these guesses [5]. In a paper by Zhang et al. [33], a
sensitivity analysis was performed to investigate the impact of 12 different parameters
or methodological assumptions on the radiation risk estimate for solid tumors. This
sensitivity analysis indicated that DDREF, age at exposure, sex, and lethality strongly
influence radiation risk and that the risk transfer model also has a noticeable impact. In
particular, our assumptions on the DDREF and the transfer model thus contribute to the
uncertainty of our risk estimates, but they were chosen in such a way that the estimated
values can be assumed to be conservative.

Radiation-associated noncancer diseases were outside the scope of our study. Nev-
ertheless, they might be a matter of concern when it comes to an LDCT screening. An
association between radiation exposure and noncancer respiratory diseases (NCRD) has
been reported in the LSS of atomic bomb survivors [34]. However, the corresponding
radiation-related risk was not increased in the period up to 1980, i.e., for up to 35 years
after the bombings. Moreover, the majority of NCRDs were pneumonia or influenza, and
it was only in this category that a significant radiation risk was found. As mentioned,
the organ with a comparably high organ equivalent dose as that of the lung is the heart.
Radiation-related heart diseases, however, such as ischemic heart disease, do not play a
role in the low dose range. In the LSS, the lowest dose above which a significant increase in
the risk of heart disease was observed is given as 0.7 Gy [35]. This is in line with the view
of the ICRP, which has proposed a “practical” threshold dose of 0.5 Gy for radiation-related
cardiovascular diseases that manifest late after irradiation [36].

6. Conclusions

Although organ equivalent doses resulting from a single LDCT scan are low, esti-
mated lifetime attributable cancer risks resulting from an annual LDCT screening of heavy
(ex-)smokers aged between 50 and 75 years cannot be neglected, especially for women.
Assuming a mortality reduction of about 20% for both sexes and considering only radiation
risks, this screening scenario resulted in a benefit–risk ratio of 25 for male and about 10 for
female screening participants. However, the benefit–risk ratio for women may be closer to
that for men, as there is evidence that the benefit of LDCT screening is larger for women
than for men. The presented results can very easily be adjusted to any CT protocol and
scanner via the CTDIvol as well as to the outcome of future trials concerning the benefit of
lung cancer screening. To achieve at least the benefit demonstrated in the RCTs published
so far, a high level of quality along the entire screening process and an adequate evaluation
of the quality of the procedures and outcomes are required for systematic screening in
heavy (ex-)smokers. In addition, the participants must be informed in detail about the
expected benefits and possible risks.

Author Contributions: Conceptualization: E.A.N., J.G. and G.B.; methodology: E.A.N.; project
administration: E.A.N.; formal analysis: E.A.N.; writing—original draft preparation: E.A.N.; writing—
review and editing: E.A.N., G.B. and J.G.; visualization: E.A.N.; supervision: G.B. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.



Diagnostics 2022, 12, 364 14 of 15

Informed Consent Statement: Not applicable.

Acknowledgments: The authors would like to thank Hugo de las Heras Gala for his support in the
dose assessment.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Parkin, D.M.; Piñeros, M.; Znaor, A.; Bray, F. Cancer statistics for the year 2020: An

overview. Int. J. Cancer 2021, Online ahead of print. [CrossRef]
2. Hunger, T.; Wanka-Pail, E.; Brix, G.; Griebel, J. Lung cancer screening with low-dose CT in smokers: A systematic review and

meta-analysis. Diagnostics 2021, 11, 1040. [CrossRef] [PubMed]
3. Brix, G.; Nekolla, E.A.; Griebel, J. Early detection of diseases by radiological imaging: New legal situation and evaluation of

service offers using CT examinations as an example. RoFo 2020, 192, 139–149. [CrossRef] [PubMed]
4. European Union. Council Directive 2013/59/Euratom of 5 December 2013 Laying Down Basic Safety Standards for Protection

against the Dangers Arising from Exposure to Ionising Radiation, and Repealing Directives 89/618/Euratom, 90/641/Euratom,
96/29/Euratom, 97/43/Euratom and 2003/122/Euratom. Off. J. Eur. Union 2014, 17, L13/1–L13/73.

5. National Research Council. Health Risks from Exposure to Low Levels of Ionizing Radiation: BEIR VII Phase 2; The National Academies
Press: Washington, DC, USA, 2006.

6. Land, C.E. Statistical limitations in relation to sample size. Environ. Health Perspect. 1981, 42, 15–21. [CrossRef] [PubMed]
7. International Commission on Radiological Protection. The 2007 Recommendations of the International Commission on Radiologi-

cal Protection. ICRP publication 103. Ann. ICRP 2007, 37, 1–332. [CrossRef]
8. German Commission on Radiological Protection (Strahlenschutzkommission). Dose- and Dose-Rate-Effectiveness Factor

(DDREF)—Recommendation by the German Commission on Radiological Protection with Scientific Grounds. Available online:
https://www.ssk.de/SharedDocs/Beratungsergebnisse_E/2014/DDREF_e.html (accessed on 20 December 2021).

9. Ozasa, K.; Grant, E.J.; Kodama, K. Japanese Legacy Cohorts: The Life Span Study Atomic Bomb Survivor Cohort and Survivors’
Offspring. J. Epidemiol. 2018, 28, 162–169. [CrossRef] [PubMed]

10. Boice, J.D., Jr.; Preston, D.; Davis, F.G.; Monson, R.R. Frequent chest X-ray fluoroscopy and breast cancer incidence among
tuberculosis patients in Massachusetts. Radiat. Res. 1991, 125, 214–222. [CrossRef]

11. Gilbert, E.S.; Stovall, M.; Gospodarowicz, M.; Van Leeuwen, F.E.; Andersson, M.; Glimelius, B.; Joensuu, T.; Lynch, C.F.; Curtis,
R.E.; Holowaty, E.; et al. Lung cancer after treatment for Hodgkin’s disease: Focus on radiation effects. Radiat. Res. 2003, 159,
161–173. [CrossRef]

12. Weiss, H.A.; Darby, S.C.; Doll, R. Cancer mortality following X-ray treatment for ankylosing spondylitis. Int. J. Cancer 1994, 59,
327–338. [CrossRef]

13. UNSCEAR (United Nations Scientific Committee on the Effects of Atomic Radiation). Sources and Effects of Ionizing Radiation.
UNSCEAR Report to the General Assembly, Volume II: Effects; United Nations: New York, NY, USA, 2000.

14. Vaeth, M.; Pierce, D.A. Calculating excess lifetime risk in relative risk models. Environ. Health Perspect. 1990, 87, 83–94. [CrossRef]
15. Thomas, D.; Darby, S.; Fagnani, F.; Hubert, P.; Vaeth, M.; Weiss, K. Definition and estimation of lifetime detriment from radiation

exposures: Principles and methods. Health Phys. 1992, 63, 259–272. [CrossRef] [PubMed]
16. Kellerer, A.M.; Nekolla, E.A.; Walsh, L. On the conversion of solid cancer excess relative risk into lifetime attributable risk. Radiat.

Environ. Biophys. 2001, 40, 249–257. [CrossRef] [PubMed]
17. Furukawa, K.; Preston, D.L.; Lönn, S.; Funamoto, S.; Yonehara, S.; Matsuo, T.; Egawa, H.; Tokuoka, S.; Ozasa, K.; Kasagi, F.; et al.

Radiation and smoking effects on lung cancer incidence among atomic bomb survivors. Radiat. Res. 2010, 174, 72–82. [CrossRef]
18. Ron, E.; Lubin, J.H.; Shore, R.E.; Mabuchi, K.; Modan, B.; Pottern, L.M.; Schneider, A.B.; Tucker, M.A.; Boice, J.D., Jr. Thyroid

cancer after exposure to external radiation: A pooled analysis of seven studies. Radiat. Res. 1995, 141, 259–277. [CrossRef]
19. Preston, D.L.; Mattsson, A.; Holmberg, E.; Shore, R.; Hildreth, N.G.; Boice, J.D., Jr. Radiation effects on breast cancer risk: A

pooled analysis of eight cohorts. Radiat. Res. 2002, 158, 220–235. [CrossRef]
20. Pierce, D.A.; Sharp, G.B.; Mabuchi, K. Joint effects of radiation and smoking on lung cancer risk among atomic bomb survivors.

Radiat. Res. 2003, 159, 511–520. [CrossRef]
21. Preston, D.L.; Ron, E.; Tokuoka, S.; Funamoto, S.; Nishi, N.; Soda, M.; Mabuchi, K.; Kodama, K. Solid cancer incidence in atomic

bomb survivors: 1958–1998. Radiat. Res. 2007, 168, 1–64. [CrossRef]
22. Cahoon, E.K.; Preston, D.L.; Pierce, D.A.; Grant, E.; Brenner, A.V.; Mabuchi, K.; Utada, M.; Ozasa, K. Lung, Laryngeal and other

respiratory cancer incidence among Japanese atomic bomb survivors: An updated analysis from 1958 through 2009. Radiat. Res.
2017, 187, 538–548. [CrossRef]

23. Grant, E.J.; Brenner, A.; Sugiyama, H.; Sakata, R.; Sadakane, A.; Utada, M.; Cahoon, E.K.; Milder, C.M.; Soda, M.;
Cullings, H.M.; et al. Solid cancer incidence among the Life Span Study of atomic bomb survivors: 1958–2009. Radiat. Res. 2017,
187, 513–537. [CrossRef]

24. Ozasa, K.; Shimizu, Y.; Suyama, A.; Kasagi, F.; Soda, M.; Grant, E.J.; Sakata, R.; Sugiyama, H.; Kodama, K. Studies of the mortality
of atomic bomb survivors, Report 14, 1950-2003: An overview of cancer and noncancer diseases. Radiat. Res. 2012, 177, 229–243.
[CrossRef]

http://doi.org/10.1002/ijc.33588
http://doi.org/10.3390/diagnostics11061040
http://www.ncbi.nlm.nih.gov/pubmed/34198856
http://doi.org/10.1055/a-0989-2621
http://www.ncbi.nlm.nih.gov/pubmed/31514212
http://doi.org/10.1289/ehp.814215
http://www.ncbi.nlm.nih.gov/pubmed/7333252
http://doi.org/10.1016/j.icrp.2007.10.003
https://www.ssk.de/SharedDocs/Beratungsergebnisse_E/2014/DDREF_e.html
http://doi.org/10.2188/jea.JE20170321
http://www.ncbi.nlm.nih.gov/pubmed/29553058
http://doi.org/10.2307/3577890
http://doi.org/10.1667/0033-7587(2003)159[0161:LCATFH]2.0.CO;2
http://doi.org/10.1002/ijc.2910590307
http://doi.org/10.1289/ehp.908783
http://doi.org/10.1097/00004032-199209000-00001
http://www.ncbi.nlm.nih.gov/pubmed/1644562
http://doi.org/10.1007/s004110100106
http://www.ncbi.nlm.nih.gov/pubmed/11820733
http://doi.org/10.1667/RR2083.1
http://doi.org/10.2307/3579003
http://doi.org/10.1667/0033-7587(2002)158[0220:REOBCR]2.0.CO;2
http://doi.org/10.1667/0033-7587(2003)159[0511:JEORAS]2.0.CO;2
http://doi.org/10.1667/RR0763.1
http://doi.org/10.1667/RR14583.1
http://doi.org/10.1667/RR14492.1
http://doi.org/10.1667/RR2629.1


Diagnostics 2022, 12, 364 15 of 15

25. Stamm, G.; Nagel, H.D. CT-Expo—ein neuartiges Programm zur Dosisevaluierung in der CT [CT-expo—A novel program for
dose evaluation in CT]. RoFo 2002, 174, 1570–1576. [CrossRef] [PubMed]

26. Brix, G.; Lechel, U.; Veit, R.; Truckenbrodt, R.; Stamm, G.; Coppenrath, E.M.; Griebel, J.; Nagel, H.D. Assessment of a theoretical
formalism for dose estimation in CT: An anthropomorphic phantom study. Eur. Radiol. 2004, 14, 1275–1284. [CrossRef] [PubMed]

27. Robert Koch-Institut (RKI); Gesellschaft der Epidemiologischen Krebsregister in Deutschland e.V. (GEKID) (Eds.) Krebs in
Deutschland für 2017/2018 (Cancer in Germany 2017/2018), 13rd ed.; RKI and GEKID e.V.: Berlin, Germany, 2021; Available online:
https://www.krebsdaten.de/Krebs (accessed on 10 December 2021).

28. Bain, C.; Feskanich, D.; Speizer, F.E.; Thun, M.; Hertzmark, E.; Rosner, B.A.; Colditz, G.A. Lung cancer rates in men and women
with comparable histories of smoking. J. Natl. Cancer Inst. 2004, 96, 826–834. [CrossRef] [PubMed]

29. de Koning, H.J.; van der Aalst, C.M.; de Jong, P.A.; Scholten, E.T.; Nackaerts, K.; Heuvelmans, M.A.; Lammers, J.J.; Weenink, C.;
Yousaf-Khan, U.; Horeweg, N.; et al. Reduced lung-cancer mortality with volume CT screening in a randomized trial. N. Engl. J.
Med. 2020, 382, 503–513. [CrossRef]

30. Mascalchi, M.; Mazzoni, L.N.; Falchini, M.; Belli, G.; Picozzi, G.; Merlini, V.; Vella, A.; Diciotti, S.; Falaschi, F.; Lopes Pegna, A.; et al.
Dose exposure in the ITALUNG trial of lung cancer screening with low-dose CT. Br. J. Radiol. 2012, 85, 1134–1139. [CrossRef]

31. Rampinelli, C.; De Marco, P.; Origgi, D.; Maisonneuve, P.; Casiraghi, M.; Veronesi, G.; Spaggiari, L.; Bellomi, M. Exposure to
low dose computed tomography for lung cancer screening and risk of cancer: Secondary analysis of trial data and risk-benefit
analysis. BMJ (Clin. Res. Ed.) 2017, 356, j347. [CrossRef]

32. Becker, N.; Motsch, E.; Trotter, A.; Heussel, C.P.; Dienemann, H.; Schnabel, P.A.; Kauczor, H.U.; Maldonado, S.G.; Miller, A.B.;
Kaaks, R.; et al. Lung cancer mortality reduction by LDCT screening-Results from the randomized German LUSI trial. Int. J.
Cancer 2020, 146, 1503–1513. [CrossRef]

33. Zhang, W.; Laurier, D.; Cléro, E.; Hamada, N.; Preston, D.; Vaillant, L.; Ban, N. Sensitivity analysis of parameters and methodolog-
ical choices used in calculation of radiation detriment for solid cancer. Int. J. Radiat. Biol. 2020, 96, 596–605. [CrossRef]

34. Pham, T.M.; Sakata, R.; Grant, E.J.; Shimizu, Y.; Furukawa, K.; Takahashi, I.; Sugiyama, H.; Kasagi, F.; Soda, M.; Suyama, A.; et al.
Radiation exposure and the risk of mortality from noncancer respiratory diseases in the life span study, 1950–2005. Radiat. Res.
2013, 180, 539–545. [CrossRef]

35. Takahashi, I.; Shimizu, Y.; Grant, E.J.; Cologne, J.; Ozasa, K.; Kodama, K. Heart disease mortality in the Life Span Study, 1950–2008.
Radiat. Res. 2017, 187, 319–332. [CrossRef]

36. International Commission on Radiological Protection. Early and Late Effects of Radiation in Normal Tissues and Organs—
Threshold Doses for Tissue Reactions in a Radiation Protection Context. ICRP Publication 118. Ann. ICRP 2012, 41, 1–322.
[CrossRef] [PubMed]

http://doi.org/10.1055/s-2002-35937
http://www.ncbi.nlm.nih.gov/pubmed/12471531
http://doi.org/10.1007/s00330-004-2267-7
http://www.ncbi.nlm.nih.gov/pubmed/15034744
https://www.krebsdaten.de/Krebs
http://doi.org/10.1093/jnci/djh143
http://www.ncbi.nlm.nih.gov/pubmed/15173266
http://doi.org/10.1056/NEJMoa1911793
http://doi.org/10.1259/bjr/20711289
http://doi.org/10.1136/bmj.j347
http://doi.org/10.1002/ijc.32486
http://doi.org/10.1080/09553002.2020.1708499
http://doi.org/10.1667/RR13421.1
http://doi.org/10.1667/RR14347.1
http://doi.org/10.1016/j.icrp.2012.02.001
http://www.ncbi.nlm.nih.gov/pubmed/22925378

	Introduction 
	Theoretical Background 
	Basic Assumptions and Study Cohorts of Persons Exposed to Ionizing Radiation 
	Risk Model Approaches: Absolute and Relative Risk Models 
	Risk Transfer between Populations with Different Cancer Rates 
	The Risk Models of the BEIR VII Committee 
	Interaction between Radiation and Smoking for Lung Cancer Risk 

	Material and Methods 
	Risk Assessment for LDCT Screening 
	Benefit–Risk Assessment of LDCT Screening 

	Results 
	Discussion 
	Conclusions 
	References

