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Abstract 32 

The problem of expressing cumulative detrimental effect of radiation exposure is revisited. All 33 
conventionally used and computationally complex lifetime or time-integrated risks are based on 34 
current population and health statistical data, with unknown future secular trends, that are projected far 35 
into the future. It is shown that application of conventionally used lifetime or time-integrated 36 
attributable risks (LAR, AR) should be limited to exposures under 1 Gy. More general quantities, such 37 
as excess lifetime risk (ELR) and, to a lesser extent, risk of exposure-induced death (REID), are free of 38 
dose constraints, but are even more computationally complex than LAR and AR and rely on the 39 
unknown total radiation effect on demographic and health statistical data. Appropriate assessment of 40 
time-integrated risk of a specific outcome following high dose (more than 1 Gy) exposure requires 41 
consideration of competing risks for other radiation-attributed outcomes and the resulting ELR 42 
estimate has an essentially non-linear dose response.  43 

Limitations caused by basing conventionally applied time-integrated risks on current population and 44 
health statistical data are that they are: (a) not well suited for risk estimates for atypical groups of 45 
exposed persons not readily represented by the general population; and (b) not optimal for risk 46 
projections decades into the future due to large uncertainties in developments of the future secular 47 
trends in the population-specific disease rates. Alternative disease-specific quantities, baseline and 48 
attributable survival fractions, based on reduction of survival chances are considered here and are 49 
shown to be very useful in circumventing most aspects of these limitations.  50 

Another main quantity, named as Radiation-Attributed Decrease of Survival (RADS), is recommended 51 
here to represent cumulative radiation risk conditional on survival until a certain age. RADS, 52 
historically known in statistical literature as “cumulative risk”, is only based on the radiation-attributed 53 
hazard and is insensitive to competing risks. Therefore, RADS is eminently suitable for risk projections 54 
in emergency situations and for estimating radiation risks for persons exposed after therapeutic or 55 
interventional medical applications of radiation or in other highly atypical groups of exposed persons, 56 
such as astronauts.  57 

Keywords 58 

Radiation exposure, risk assessment, lifetime risk, cumulative risk, risk projections, radiation 59 
protection, medical use of radiation  60 
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Introduction 62 

In recent years, there has been a rapid increase in the doses received from medical exposures to 63 
ionising radiation, in the US, Europe and other countries, which has fuelled concern about the long-64 
term consequences of such exposures, particularly in terms of cancer induction (Hall and Brenner, 65 
2008). Medical exposures comprise applications of ionizing radiation in radiology, nuclear medicine 66 
and radiotherapy. An estimate of the long-term consequences of these exposures can be particularly 67 
important for groups of exposed patients. Such groups include: radiology paediatric patients (Brenner 68 
et al, 2001); and radiotherapy patients treated for a primary malignancy related to high cure rates, or 69 
patients treated for benign disease (Newhauser and Durante, 2011; Schneider 2011).  In determining 70 
the choice of treatment for radiotherapy patients with benign disease, a knowledge of the subsequent 71 
lifetime cancer risks needs to be taken into consideration and may have ethical implications which also 72 
need to be considered, for example in the treatment of trauma patients (Oertel et al, 2008). When new 73 
treatment/imaging techniques or radiation qualities are clinically introduced, it is also important to 74 
assess the potential long-term consequences, in terms of the associated lifetime cancer risk. 75 

The concerns about the long-term consequences of radiation exposures are not only restricted to 76 
medically exposed patients, but also include persons exposed after emergency situations (such as 77 
nuclear accidents) and occupationally exposed persons. Past health risk assessments after nuclear 78 
accidents, such as in Fukushima in 2011 (WHO 2013, Walsh et al 2014), have utilized the 79 
conventional lifetime risk measure of Lifetime Attributable Risk (LAR), that involves projecting 80 
current cancer rates and mortality rates far into the future. The unsatisfactory nature of such an 81 
assumption, that current population rates will remain constant far into the future, has already been 82 
noted in detail (Walsh et al 2014). For astronauts, the health risks from radiation exposures 83 
accumulated during missions can become one of the major risk factors, when considering bases on the 84 
Moon, or missions to Mars.  85 

The aforementioned groups of medically and occupationally exposed persons, are highly atypical, in 86 
the sense that they do not represent the general population in terms of baseline cancer risks. As a 87 
consequence, baseline rates and survival functions pertaining to the general population are poor 88 
approximations to use in assessing the radiation related cancer risks pertaining to these specific 89 
groups. Unfortunately, all currently used predictors of lifetime cancer risk of radiation exposures are 90 
based on estimates of such baseline rates and/or survival functions.  91 

The goal of this paper is to establish the usefulness, through a novel application in radiation risk 92 
assessment, of a quantity that is eminently suitable for estimating time-integrated or lifetime risks for 93 
exposed groups of persons. This quantity, historically known in statistical literature as “cumulative 94 
risk” and named here as Radiation-Attributed Decrease of Survival (RADS), represent cumulative 95 
radiation risk conditional on survival until a certain age. RADS, is only based on the radiation-96 
attributed hazard and is insensitive to competing risks. It is shown here that the methodology behind 97 
the novel application of RADS to radiation risk assessment confers a suitability for applications to 98 
exposed groups that are not represented by the broad attributes of the general population. A further 99 
suitability comes from not requiring the assumption, that current population rates will remain constant 100 
far into the future because this novel application is independent of current trends, and unknown future 101 
secular trends in population survival functions. 102 

Available quantities for lifetime radiation risk estimates 103 

Lifetime attributable risk (LAR) is a widely adopted and commonly used measure of integral harmful 104 
effects of radiation exposure (Vaeth and Pierce, 1990; Thomas et al, 1992; Kellerer et al, 2001; BEIR 105 
VII, 2006, EPA, 2011; WHO, 2013, Walsh et al 2014). As introduced by Vaeth and Pierce (1990), an 106 
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integration of failure rates (here, a mortality rate1), taking into account conditional survival probability 107 
and assuming negligible effect of radiation exposure on the general survival, leads to the following 108 
equations for calculating lifetime baseline risk (LBR) of death due to a specific cause c, where the 109 
dependence on gender is omitted for brevity and notations suggested by Thomas et al (1992) are used: 110 

 
𝐿𝐵𝑅௖(𝑒) =

1

𝑆(𝑒)
න 𝜇௖(𝑢)

ஶ

௘

𝑆(𝑢) 𝑑𝑢 (1) 

and, correspondingly, lifetime radiation-attributable risk: 111 

 
𝐿𝐴𝑅௖(𝑒, 𝐷) =

1

𝑆(𝑒)
න ℎ௖(𝑢|𝑒, 𝐷) 𝑆(𝑢)

ஶ

௘

𝑑𝑢 , (2) 

where 𝜇௖(𝑢) is the baseline mortality rate2 due to the cause c (PY−1); ℎ௖(𝑢|𝑒, 𝐷) is the excess mortality 112 
rate due to the cause c attributable to radiation exposure with dose D at age e (PY−1) and, if cause c is 113 
cancer, the latent period before any possible development is accounted for; e and a are the age at 114 
exposure and the attained age (year), respectively; 𝑆(𝑢) is the survival function for an unexposed 115 
population (dimensionless, see Appendix). The equations (1) and (2) can be interpreted as time-116 
integrated baseline and excess mortality rates accounting for age-dependent survival 𝑆(𝑒) for subjects 117 
being alive and exposed to radiation at age e. The resulting integral quantities, LAR and LBR, are 118 
proportions and can be further interpreted as probabilities (odds) to ‘fail’, i.e., representing chances to 119 
die either due to preceding radiation exposure (LAR) or spontaneously due to other, non-radiation 120 
attributable, causes (LBR) during the full lifetime following the radiation exposure at age e. Excess 121 
rates ℎ௖ are inferred from pertinent models of radiation risk, thus ℎ௖ = 𝐸𝐴𝑅௖ for an Excess Absolute 122 
Risk (EAR-type) model or ℎ௖ = 𝐸𝑅𝑅௖𝜇௖ for an Excess Relative Risk (ERR-type) model3. 123 

If the upper integration limit is set to be less than the lifetime, then Eqs. (1) and (2) turn into 124 
definitions of time-integrated baseline and attributable risks: 125 

 
𝐵𝑅௖(𝑎|𝑒) =

1

𝑆(𝑒)
න 𝜇௖(𝑢)

௔

௘

𝑆(𝑢) 𝑑𝑢, (3) 

 
𝐴𝑅௖(𝑎|𝑒, 𝐷) =

1

𝑆(𝑒)
න ℎ௖(𝑢|𝑒, 𝐷)𝑆(𝑢)

௔

௘

𝑑𝑢. (4) 

Distinctive features of Eqs. (2) and (4) are implicit assumptions that the impact of radiation on the 126 
general survival function is negligible and that future radiation-attributed risk can be derived using 127 
contemporary survival and health statistics data for the general (unexposed) population.  128 

Other widely considered definitions of time-integrated radiation risk also include excess lifetime risk 129 
(ELR) and risk of exposure-induced death (REID) or risk of exposure-induced cancer (REIC) (see e.g. 130 
Vaeth and Pierce, 1990; Thomas et al., 1992; Kellerer et al, 2002), which differ from the equations 131 
above by accounting for an effect of radiation exposure on general survival after exposure. 132 

                                                      
1 For conceptual ease, failure rates considered here are represented by mortality rates only. Consideration of 
radiation risks of being diseased and of corresponding incidence rates requires use of disease-free survival 
chances and can be achieved by a re-definition of the hazard rates. See more on this in the Appendix. 
2 The number of failure cases (here, deaths) per person-year abbreviated as PY. 
3 Here we do not consider the problem of transfer of the model risk to the target population. Type of the risk 
transfer, additive or multiplicative, should be differentiated from a type of a phenomenological model used to 
parameterise radiation risk. In the current paper, the excess rate ℎ௖ is the pure model-based estimate by whatever, 
EAR or ERR, type of a phenomenological model. A description of a pertinent risk transfer technique can be 
found elsewhere (see Jacob et al, 2013, Ulanowski et al, 2016)  
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The former quantity, ELR, is defined as follows: 133 

 
𝐸𝐿𝑅௖(𝑒, 𝐷) =

1

𝑆(𝑒)
൥න 𝜇௖

∗(𝑢|𝑒, 𝐷) 𝑆∗(𝑢|𝑒, 𝐷) 𝑑𝑢 

ஶ

௘

− න 𝜇௖(𝑢) 𝑆(𝑢) 𝑑𝑢 

ஶ

௘

൩, (5) 

where 𝜇௖
∗(⋅) and 𝑆∗(⋅) are the cause c mortality rate and the survival function for the exposed 134 

population, correspondingly. ELR is the most general representation of the lifetime radiation-attributed 135 
risk, which adequately takes into account effects of competing radiation-attributable risks on the 136 
survival function. Similarly, to Eq. (4), the excess risk (ER) can be defined as follows: 137 

 
𝐸𝑅௖(𝑎|𝑒, 𝐷) =

1

𝑆(𝑒)
൥න 𝜇௖

∗(𝑢|𝑒, 𝐷) 𝑆∗(𝑢|𝑒, 𝐷) 𝑑𝑢 

௔

௘

− න 𝜇௖(𝑢)𝑆(𝑢)𝑑𝑢 

௔

௘

൩. (6) 

Another quantity, REID (for mortality rates) or REIC (for incidence rates), neglects the difference 138 
between radiation-affected and general survival functions and integrates the risk as follows: 139 

 
𝑅𝐸𝐼𝐷௖(𝑎|𝑒, 𝐷) =

1

𝑆(𝑒)
න(𝜇௖

∗(𝑢|𝑒, 𝐷) − 𝜇௖(𝑢)) 𝑆∗(𝑢|𝑒, 𝐷)𝑑𝑢

௔

௘

 (7) 

It was shown (Kellerer et al., 2002), and is also demonstrated in the Appendix, that these quantities 140 
converge to Eqs. (2) and (4) for dose ranges under 1 Gy, thus clearly demonstrating that LAR (Eq. 2) 141 
and AR (Eq. 4) have applicability domain restrictions. 142 

To compute radiation risk estimates using the conventional quantities, LAR/AR, LBR/BR, ELR, and 143 
REID/REIC, one needs to know not only radiation-attributed mortality/incidence rates but also the 144 
survival functions as well as the baseline rates for the outcomes of interest. This can be a task fraught 145 
with difficulties in situations where contemporary population and health statistics are not 146 
representative for a population or an individual of interest. For example, risk projections for general 147 
population groups affected by accidental radiation exposures, when risks of radiation effects must be 148 
assessed in an emergency to support decision making on protective measures and actions. Another 149 
situation challenging the conventional quantities arises from medical radiation exposures, diagnostic 150 
and therapeutic, since baseline risks and survival chances for patients are not always representative of 151 
those for the general, mostly healthy, population. An even more challenging situation appears when 152 
radiation is applied to treat cancer. Individual survival chances for cancer patients strongly depend on 153 
the diagnosed stage, and on other individual properties, thus making risk projections using life and 154 
health statistics for the general population highly uncertain and approximate. Radiotherapy also affects 155 
individual survival chances for the cancer patients making the risk estimates even more uncertain. 156 
Realisation of these difficulties in the risk projections for the above-mentioned situations, provided a 157 
motivation basis for the present work. 158 

Estimation of the future radiation risk 159 

Time-integrated excess risk 160 

The conventional equations for attributable and spontaneous risks (Eqs. 1–7) represent estimates of 161 
cumulative risks by time-integrating the relative number of fatalities (cases), which is expressed as a 162 
product of hazard and the survival function (see Appendix, Eq. A1). Due to this, for computation of 163 
the conventional quantities, data for representative population are required: model-based hazard rates, 164 
baseline rates, and survival functions from age at exposure to lifespan or to a specific age.  165 

In the following, and similarly to earlier works (Vaeth and Pierce, 1990; Thomas et al., 1992), 166 
consider two identical populations of the same sex and the same age e: unexposed and exposed to 167 
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radiation. The unexposed population can be characterised by the spontaneous all-cause 𝜇(𝑡) and cause-168 
specific 𝜇௜(𝑡) mortality rates and the general survival function 𝑆(𝑡|𝑒) conditional on survival until age 169 
e. Similarly, the exposed population can be characterised by excess mortality rates, all-cause ℎ(𝑡) and 170 
cause-specific ℎ௜(𝑡) and by the total (baseline and excess) mortality rates, 𝜇∗(𝑡) = 𝜇(𝑡) + ℎ(𝑡) and 171 
𝜇௜

∗(𝑡) = 𝜇௜(𝑡) + ℎ௜(𝑡). The full set of quantities and terms used in the current paper is shown in Table 1, 172 
where all quantities are defined, and the notation is summarised. The use of the notation serves to 173 
abbreviate and to simplify equations given below in the following text. For example, explicit 174 
indications of the fact that all survival functions and cumulative mortality rates are conditional on 175 
survival to the age at exposure e, are generally omitted in the notation.   176 
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 177 

Table 1 Definition of terms and notations used 178 

Mortality 
type 

Cause 
Mortality rates Cumulative mortality rates Survival 

Definition Notation Definition Notation Definition Notation 

Baseline 
i 𝜇௜(𝑡)  𝑀௜(𝑡|𝑒) = න 𝜇௜(𝑢)𝑑𝑢

௧

௘

 𝑀௜(𝑡) 𝑆௜(𝑡|𝑒) = exp(−𝑀௜(𝑡|𝑒)) 𝑆௜(𝑡) 

all 𝜇(𝑡) = ෍ 𝜇௜(𝑡)

௜

  𝑀(𝑡|𝑒) = න 𝜇(𝑢)𝑑𝑢

௧

௘

 𝑀(𝑡) 𝑆(𝑡|𝑒) = exp(−𝑀(𝑡|𝑒)) 𝑆(𝑡) 

all but c 𝜇ௗ(𝑡) = ෍ 𝜇௜(𝑡)

௜ஷ௖

  𝑀ௗ(𝑡|𝑒) = න 𝜇ௗ(𝑢)𝑑𝑢

௧

௘

 𝑀ௗ(𝑡) 𝑆ௗ(𝑡|𝑒) = exp(−𝑀ௗ(𝑡|𝑒)) 𝑆ௗ(𝑡) 

Excess 
(radiation-
attributable) 

i ℎ௜(𝑡|𝑒, 𝐷) ℎ௜(𝑡) 𝐻௜(𝑡|𝑒, 𝐷) = න ℎ௜(𝑢|𝑒, 𝐷)𝑑𝑢

௧

௘

 𝐻௜(𝑡)   

all ℎ(𝑡|𝑒, 𝐷) = ෍ ℎ௜(𝑡|𝑒, 𝐷)

௜

 ℎ(𝑡) 𝐻(𝑡|𝑒, 𝐷) = න ℎ(𝑢|𝑒, 𝐷)𝑑𝑢

௧

௘

 𝐻(𝑡)   

all but c ℎௗ(𝑡|𝑒, 𝐷) = ෍ ℎ௜(𝑡|𝑒, 𝐷)

௜ஷ௖

 ℎௗ(𝑡) 𝐻ௗ(𝑡|𝑒, 𝐷) = න ℎௗ(𝑢|𝑒, 𝐷)𝑑𝑢

௧

௘

 𝐻ௗ(𝑡)   

Total 
(in exposed 
population) 

i 𝜇௜
∗(𝑡|𝑒, 𝐷) 𝜇௜

∗(𝑡) 𝑀௜
∗(𝑡|𝑒) = න 𝜇௜

∗(𝑢|𝑒, 𝐷)𝑑𝑢

௧

௘

 𝑀௜
∗(𝑡) 𝑆௜

∗(𝑡|𝑒, 𝐷) = exp(−𝑀௜(𝑡|𝑒) − 𝐻௜(𝑡|𝑒, 𝐷)) 𝑆௜
∗(𝑡) 

all 𝜇∗(𝑡|𝑒, 𝐷) = ෍ 𝜇௜
∗(𝑡|𝑒, 𝐷)

௜

 𝜇∗(𝑡) 𝑀∗(𝑡|𝑒) = න 𝜇∗(𝑢|𝑒, 𝐷)𝑑𝑢

௧

௘

 𝑀∗(𝑡) 𝑆∗(𝑡|𝑒, 𝐷) = exp(−𝑀(𝑡|𝑒) − 𝐻(𝑡|𝑒, 𝐷)) 𝑆∗(𝑡) 

all but c 𝜇ௗ
∗ (𝑡|𝑒, 𝐷) = ෍ 𝜇௜

∗(𝑡|𝑒, 𝐷)

௜ஷ௖

 𝜇ௗ
∗ (𝑡) 𝑀ௗ

∗ (𝑡|𝑒) = න 𝜇∗(𝑢|𝑒, 𝐷)𝑑𝑢

௧

௘

 𝑀ௗ
∗ (𝑡) 𝑆ௗ

∗(𝑡|𝑒, 𝐷) = exp(−𝑀ௗ
∗ (𝑡|𝑒) − 𝐻ௗ

∗(𝑡|𝑒, 𝐷)) 𝑆ௗ
∗(𝑡) 

 179 
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For brevity, assume that radiation exposure affects mortality rates for the cause c, only. This 180 
assumption is not restrictive, because the considered cause c may represent not a single cause but a 181 
composite outcome including several mortality causes affected by the radiation exposure. Therefore, 182 
in the following text, only the cause c will be considered as affected by radiation exposure. 183 
Consideration of the general situation, when only a single specific cause is of interest and radiation 184 
affects hazard rates for other causes, can be found in the Appendix. 185 

For the single radiation-affected cause c, the conditional survival function of the exposed population 186 
can be represented as a product of the general survival and of the factor representing the radiation 187 
effect (see Appendix for details): 188 

 
𝑆∗(𝑡|𝑒) = exp ቌ− න 𝜇௖

∗(𝑢|𝑒, 𝐷)𝑑𝑢

௧

௘

ቍ = exp ቌ− න[ℎ௖(𝑢|𝑒, 𝐷) + 𝜇(𝑢)]

௧

௘

 𝑑𝑢ቍ =

= exp൫−𝐻௖(𝑡|𝑒, 𝐷)൯ 𝑆(𝑡|𝑒) 

(8) 

or, using the abbreviated notation (see Table 1), as:  189 

 
𝑆∗(𝑡) = exp ቌ− න 𝜇௖

∗(𝑢)𝑑𝑢

௧

௘

ቍ = exp ቌ− න[ℎ௖(𝑢) + 𝜇(𝑢)]

௧

௘

 𝑑𝑢ቍ = exp൫−𝐻௖(𝑡)൯ 𝑆(𝑡). (9) 

Here, the detrimental effect of radiation exposure results in a reduction of survival chances in the 190 
exposed population 𝑆∗(𝑡) compared to that in the unexposed 𝑆(𝑡) by the factor exp(−𝐻௖(𝑡)). The 191 
situation is illustrated in Fig. 1, where survival curves for unexposed and exposed populations are 192 
shown schematically as well as the curve indicating the chances to survive all other mortality causes 193 
but c, 𝑆ௗ(𝑡). Also shown in the figure are fractions of population alive at age e which will be lost until 194 
age a due to: (a) all causes in exposed population, Δ𝑆∗, (b) radiation-attributed cause c in the exposed 195 
population, Δ𝑆௖

∗, (c) all spontaneous causes in the unexposed population, Δ𝑆, (d) spontaneous cause c, 196 
Δ𝑆௖, (e) all-but-cause-c spontaneous causes, Δ𝑆ௗ. 197 

 198 

Fig. 1 Illustration for the definitions of radiation risk, baseline and attributable fractions. 𝑺(𝒕) is the all-199 
cause survival for unexposed population (solid line), 𝑺𝒅(𝒕) is the all-cause-but-cause-c survival for 200 
unexposed population (dash-dot line), 𝑺∗(𝒕) is the all-cause survival for exposed population (dash 201 

line). 202 

With factorisation of the survival function (Eq. 9) and applying notations from Table 1, the excess risk 203 
formulas (Eq. 6) for a single radiation-attributed outcome c can be re-written as follows: 204 
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𝐸𝑅௖(𝑎) = න 𝜇௖(𝑢)𝑆(𝑢) ቈexp൫−𝐻௖(𝑢)൯ ቆ1 +

ℎ௖(𝑢)

𝜇௖(𝑥)
ቇ − 1቉

௔

௘

𝑑𝑢. (10) 

The above equation is similar to that introduced earlier for excess cancer deaths, ECD, (UNSCEAR 205 
2006, Vol. I, Annex A, Appendix B, B2) but it is not limited to excess relative risk model to represent 206 
radiation-attributed risk as suggested in the UNSCEAR 2006 Report. Apparently, the above equation 207 
(10) at low dose exposures, when cumulative hazard 𝐻௖(𝑢) is small, converges to the conventional 208 
definition of AR (Eq. 4). Another remarkable property of the excess risk (Eq. 10), which was also 209 
noted in (UNSCEAR, 2006), is an inherent non-linear dose response of the time-integrated risk. 210 
Indeed, even for risk models leading to hazard with linear dependence on dose ℎ௖(𝑢)~𝐷 the 211 
exponential of the cumulative hazard 𝐻௖(𝑢) in (Eq. 10) results in non-linear dose dependence of the 212 
time-integrated excess risk. Accounting for effects of competing radiation-attributed risks (see 213 
Appendix, Eq. A9) makes this non-linearity even stronger. 214 

Another important effect of radiation-attributed competing risk is that the baseline (spontaneous) rate 215 
in the exposed population is less than that in the non-exposed one due to reduced survival chances and, 216 
correspondingly, appears as a function of dose (see Appendix, Eq. A10). This effect is responsible for 217 
apparent reduction of ER/ELR (Eqs. 6 and 10) at older ages, which was previously pointed out and 218 
discussed by Thomas et al (1992). 219 

The time-integrated conventional (Eqs. 2, 4–7) and generalised (Eq. 10) formulas represent total 220 
failures within the period from exposure to a certain age or lifetime, thus they provide estimates of 221 
probability to fail within the considered period of time and answer the question: “What are the chances 222 
to die from a radiation-attributed cause during period of time from exposure to a certain age or 223 
lifetime?”. 224 

Radiation-attributed changes of survival 225 

Alternative quantities to express radiation risk can be suggested using the differences in survival 226 
functions for exposed and unexposed populations (see Eq. 9). The survival function 𝑆(𝑎) represents 227 
probability of lifetime to exceed age a or, in other words, probability to survive to age a (see 228 
Appendix). As shown in Fig. 1, excess hazard from radiation exposure reduces survival chances at age 229 
a by Δ𝑆௖

∗ = 𝑆(𝑎) − 𝑆∗(𝑎). This means that the conditional reduction of survival or radiation-230 
attributable fraction, 𝐴𝐹௖ = Δ𝑆௖

∗/𝑆(𝑒), can be represented4 as 231 

 𝐴𝐹௖(𝑎) = Δ𝑆௖
∗ = 𝑆(𝑎) − 𝑆∗(𝑎) = 𝑆(𝑎) (1 − exp(−𝐻௖(𝑎))), (11) 

where only point values of the general survival at ages e and a and the cumulated radiation-attributable 232 
excess rate are involved. The attributable fraction (Eq. 11) represents reduced chances to survive to 233 
age a due to additional radiation-attributed hazard.  234 

Similarly, the baseline fraction, representing survival reduction for non-exposed population due to 235 
mortality from spontaneous, not related to radiation, cause c within a period from e to a can be written 236 
as follows (see Fig. 1)  237 

 𝐵𝐹௖(𝑎) = Δ𝑆௖ = 𝑆ௗ(𝑎) − 𝑆(𝑎) = 𝑆(𝑎)൫exp൫𝑀௖(𝑎)൯ − 1൯, (12) 

where, the following factorisation of survival function has been used: 238 

 𝑆(𝑡) = exp(−𝑀௖(𝑡)) 𝑆ௗ(𝑡), (13) 

                                                      
4 Recall that the notations, introduced in Table 1, are already conditional on survival to age of exposure e, thus 
𝑆(𝑒) ≡ 1. 
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and 𝑆ௗ(𝑡) = ∏ exp(−𝑀௜(𝑡))௜ஷ௖  is the function describing survival from all causes but the cause c (see 239 
Fig. 1).  240 

The fractions (Eqs. 11, 12) are expressed as shares of the population alive at age e and not surviving 241 
beyond age a due to mortality from radiation-attributed (Eq. 11) or spontaneous (Eq. 12) cause c and, 242 
due to this, computation of both fractions requires knowledge of population survival at given ages and 243 
estimation of the baseline fraction (Eq. 12) additionally involves integration of contemporary baseline 244 
mortality or incidence rates for the selected cause c. The attributable fraction (Eq. 11) under the name 245 
“crude radiation risk” was once suggested to express “additional risk from radiation exposure in the 246 
presence of all other competing risks” (Groer, 1980) but did not find common use in radiation risk 247 
modelling. 248 

Contemporary demographic and health statistics are not necessarily optimal for risk projections 249 
decades into the future due to large uncertainties in the unknown future developments of secular trends 250 
in such data. Therefore, risk projections based on contemporary statistics may be unpredictably biased 251 
by such unrealistic assumptions.  This situation becomes even more complex when risk projections are 252 
to be made for medical applications of radiation, e.g., in the case of radiotherapy for cancer. Survival 253 
chances for the general population are not representative for the cancer patients, their survival chances 254 
also depend strongly on diagnosis and on the cancer stage at diagnosis. Additionally, medical radiation 255 
treatment affects the relative survival chances of the cancer patients, thus sometimes resulting in 256 
apparently paradoxical situations when the better treatment plan, which maximises the patient’s 257 
survival chances, is characterised by highest cumulated risk estimates (LAR or AR) for a second 258 
primary cancer than alternative treatment plans, which result in poorer survival chances. 259 

To avoid uncertainties in risk projections due to unknown future changes of the population statistics or 260 
varying personal survival chances due to a disease and its medical treatment, a novel application of an 261 
alternative quantity is introduced here to describe the detrimental effect of radiation exposure at 262 
arbitrary times of life following the radiation exposure. Namely, effect of radiation-attributed deaths 263 
due to cause c at or before age a following exposure at age e can be expressed as a Radiation 264 
Attributed Decrease of Survival (RADS) at age a (cf. Eq. 10): 265 

 
𝑅𝐴𝐷𝑆௖(𝑎|𝑒, 𝐷) =

Δ𝑆௖
∗

𝑆(𝑎)
=

𝑆(𝑎) − 𝑆∗(𝑎)

𝑆(𝑎)
= 1 − exp(−𝐻௖(𝑎|𝑒, 𝐷)) . (14) 

RADS represents the fraction of survival chances of unexposed population which would be lost due to 266 
detrimental effects of radiation exposure. RADS is historically known in statistical literature as 267 
cumulative risk, i.e. “a measure of cancer risk when there are no censored observations, that is, in the 268 
absence of mortality” (Esteve et al 1994) and “… there are no other competing risks…” (Sasieni et al 269 
2011). 270 

The differences between AR/LAR, ER/ELR, AF, and RADS are illustrated by Figs. 2 and 3, where risks 271 
and attributable fractions are plotted together. The plots represent effect of radiation exposure at dose 272 
of 1 Gy on incidence of all solid cancers for a male (Fig. 2) and of female breast cancer (Fig. 3). 273 
Equations for mortality introduced above for all plotted quantities remain valid for disease incidence 274 
rates as well, provided the survival curves in the equations are redefined to represent chances to 275 
survive disease-free to a certain age (see more on this Appendix, Eqs. A11–A13). The population data 276 
used for calculations are based on demographic and health statistics in Germany in 2013–2015 277 
(Statistisches Bundesamt, 2016; RKI-GEKID, 2017) and the models of radiation risk are from the Life 278 
Span Study cohort in case of all solid cancers (Grant et al. 2017) and from the pooled cohort for 279 
female breast cancer (Preston et al 2002). The risk calculation and uncertainty estimation techniques 280 
are the same as presented in Ulanowski et al (2016) and described in Walsh et al (2019).   281 
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 282 

Fig. 2 Illustration of differences between time-integrated risk estimates using conventional quantities 283 
AR/LAR (dashed black line), ER/ELR (solid black line) and the risk quantities suggested here AF 284 
and RADS (solid blue and red lines, respectively). Risks shown are for all solid cancers’ incidence 285 
for male from the contemporary (2013–2015) German population and exposed at age 20 years to 1 286 
Gy colon dose using risk models as described in Walsh et al (2019). The shaded areas represent 287 
95% CI of estimates. 288 

 289 

Fig. 3 Illustration of differences between time-integrated risk estimates using conventional quantities 290 
AR/LAR (dashed black line), ER/ELR (solid black line) and the risk quantities suggested here AF 291 
and RADS (solid blue and red lines, respectively). Risks shown are for breast cancer incidence for 292 
female from the contemporary (2013–2015) German population exposed at age 30 years to 1 Gy 293 
breast dose using risk models as described in Walsh et al (2019). The shaded areas represent 95% 294 
CI of estimates. 295 

Shown in Fig. 2 are prognostic estimates of radiation risk and the attributable fraction of an aggregated 296 
outcome represented by the occurrence of any solid cancer in a male exposed at age 20 years to a 297 
colon dose of 1 Gy. The next figure, Fig. 3, presents the same estimates made for radiation risk of a 298 
single disease, female breast cancer, following an exposure to 1 Gy breast dose at age 30 years. Both 299 
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figures show that AR (Eq. 4), when compared to ER (Eq. 6), overestimates radiation risk because the 300 
effect of reduced survival following the exposure is neglected in AR. Attributable fraction AF (Eq. 11), 301 
representing chances to survive beyond a certain age, follows the behaviour of the population survival 302 
function and, at older ages and lower survival chances, gradually reduces to zero. RADS (Eq. 14), 303 
being free of competing risks effects, represents a detrimental effect of radiation exposure and shows 304 
the fraction of survival chances which will be lost at a certain age due to the exposure. An important 305 
property of all risk estimates is that their values are remarkably close to each other, despite the very 306 
different calculation methods, at ages less than 50–60 years, when survival chances are close to 1 and  307 
all risk estimates are not noticeably affected by the competing risks that are not attributed to radiation 308 
exposure.  309 

Note that, unlike attributable and baseline fractions given in Eq. 11 and Eq. 12, respectively, RADS 310 
(Eq. 14) is not a share of the population exposed at age e not surviving beyond a certain age. Instead, 311 
RADS is a factor modifying survival, so it represents the cumulated effect of radiation-attributed risk 312 
to ‘fail’ (to die or to become diseased) prior to or at the specified age a. It answers the question: “How 313 
much will the personal chances to survive to a certain age be reduced by detrimental effects of 314 
radiation?” As a factor modifying survival, it is meaningless for time beyond lifetime, where the 315 
survival is zero.  316 

Years of life lost 317 

The integral of a survival function, i.e., the area below the survival curve, represents the number of 318 
person-years for the relevant population. Due to a normalisation of the survival function, this integral 319 
from 0 to infinity, is numerically equal to the mean lifetime in the population. Correspondingly, 320 
integration of the survival function for the exposed population will result in the reduced value of the 321 
mean lifetime: therefore, another important quantity, years of life lost (YLL) or loss of life expectancy 322 
(LLE, see e.g. Vaeth and Pierce, 1990), can be calculated using the general population survival 323 
function, 𝑆(𝑡), and the radiation-attributed (model) excess rate(s) as follows:   324 

 
𝑌𝐿𝐿(𝑒, 𝐷) = Δ𝑇(𝑒, 𝐷) = න(𝑆(𝑢) − 𝑆∗(𝑢|𝑒, 𝐷))𝑑𝑢

ஶ

଴

= න 𝑆(𝑢)(1 − exp(−𝐻(𝑢|𝑒, 𝐷)))

ஶ

଴

𝑑𝑢 . (15) 

The formula (Eq. 15) is similar to one in the UNSCEAR 2006 Report (UNSCEAR 2006, Annex A, 325 
Appendix B, B4) but as in the case of excess risk (Eq. 10) is free from restricting assumptions on the 326 
type of radiation risk model. 327 

Sample calculations 328 

In this section, the conventional risk quantities (Eqs. 4, 6, 7) and RADS (Eq. 14) are plotted together 329 
for several exemplary cases varying in disease outcome, gender, and dose for exposure at age 10 years. 330 
Risks of getting diseased with a solid or thyroid cancer are used in these exemplary cases, thus all risk 331 
computations are done for incidence of the respective diseases and the survival function is re-defined 332 
to represent disease-free survival, as described in Appendix and explained in the previous section for 333 
Figs. 2 and 3. More details on the cancer risk models and the computation technique used can be also 334 
found in Walsh et al (2019).  335 

Each figure (Figs. 4–8) provides results for female (left plot) and male (right plot). The figures 336 
represent results for two different outcomes: a composite outcome i.e., all solid cancer incidence (Figs. 337 
4–6) and a very rare outcome i.e., thyroid cancer (Figs. 7 and 8).  338 

For the risk of all solid cancer incidence, Fig. 4 demonstrates effect of moderate dose exposure to a 339 
colon dose of 0.1 Gy. The same estimates are shown in Figs. 5 and 6 for higher values of the colon 340 
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dose: 1 Gy (Fig. 5) and 3 Gy (Fig. 6). From the figures, it is seen that both AR and REIC overestimate 341 
cumulative radiation-attributed risk, represented by excess risk ER. Notably, REIC is always bound 342 
between RADS and ER, while AR grows with dose and, at high doses, can result in values exceeding 343 
100% (see Fig. 6, left plot). Another notable effect, which can be seen in Fig. 6, is a reduction of ELR 344 
at ages above 75 years. This reduction is due to an inherent deficiency of the ELR definition as a 345 
difference of cumulative losses in two populations with different lifetime expectations (Eq. 5), which 346 
was pointed out earlier and discussed by Thomas et al (1992). 347 

 348 

Fig. 4 Radiation-attributed risks of all solid cancer incidence for female (left plot) and male (right plot) 349 
following exposure at age 10 years to 0.1 Gy colon dose computed using different risk quantities: 350 
AR (black dashed line), REIC (black dotted line), ELR (black solid line), and RADS (red solid line) 351 

 352 

Fig. 5 Radiation-attributed risks of all solid cancer incidence for female (left plot) and male (right plot) 353 
following exposure at age 10 years to 1 Gy colon dose computed using different risk quantities: AR 354 
(black dashed line), REIC (black dotted line), ELR (black solid line), and RADS (red solid line) 355 
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 356 

Fig. 6 Radiation-attributed risks of all solid cancer incidence for female (left plot) and male (right plot) 357 
following exposure at age 10 years to 3 Gy colon dose computed using different risk quantities: AR 358 
(black dashed line), REIC (black dotted line), ELR (black solid line), and RADS (red solid line) 359 

The situation changes when the outcome considered is a rare disease, like thyroid cancer, for which 360 
the maximum incidence rate in the German population does not exceed 2 × 10ିସ 𝑃𝑌ିଵ (RKI-GEKID, 361 
2017). In this case, the effect of the radiation-attributed incidence on the population survival is 362 
negligible and, as seen in Figs. 7 and 8, all conventional quantities, AR, REIC, and ELR, are practically 363 
coincident for moderate (0.1 Gy, see Fig. 7) and high (1 Gy, see Fig. 8) dose exposures. All these 364 
conventional quantities deviate noticeably from RADS at ages older than 60 years, when other, non-365 
radiation attributed, mortality and disease causes significantly affect the remaining survival chances. 366 

 367 

Fig. 7 Radiation-attributed risks of thyroid cancer incidence for female (left plot) and male (right plot) 368 
following exposure at age 10 years to 0.1 Gy thyroid dose computed using different risk quantities: 369 
AR (black dashed line), REIC (black dotted line), ELR (black solid line), and RADS (red solid line) 370 
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  371 

Fig. 8 Radiation-attributed risks of thyroid cancer incidence for female (left plot) and male (right plot) 372 
following exposure at age 10 to 1 Gy thyroid dose computed using different risk quantities: AR 373 
(black dashed line), REIC (black dotted line), ELR (black solid line), and RADS (red solid line) 374 

Discussion 375 

Time-integrated risk predictors based on available formalisms (Eqs. 1–7) may be unreliable due to 376 
large uncertainties in the future developments of trends in the population-based disease rates, on which 377 
they are established. Computations of lifetime or integrated (Eqs. 1–7) risks involve baseline and 378 
radiation-attributed rates as well as survival functions. All of these quantities are usually known in 379 
retrospective risk assessments, e.g., in retrospective analyses in epidemiological studies, but unknown 380 
in prospective studies when integral risk estimates are made at the time of exposure (e.g., in an 381 
emergency situation) forward into the future. The extrapolations of survival rates and baseline risks 382 
into the future are also problematical if second cancer risk analysis is used in radiotherapy in order to 383 
optimize a treatment or as a basis for treatment option choice. Predictors of lifetime risk can be used in 384 
radiotherapy treatment planning to optimize a patient specific dose distribution by minimizing the 385 
corresponding lifetime risk.  386 

In these cases, a problem, inherently bound to risk definitions (Eqs. 1–7), is due to using contemporary 387 
population and health statistics data for such risk projections. That is, all estimates of integral risk of 388 
this type are conditional on assumption of non-changing secular trends in age- and gender-dependent 389 
survival, mortality and incidence data for the target population at the time of risk assessment. Such 390 
assumptions for the future developments of secular trends have a degree of implausibility, because 391 
survival chances and age-dependent incidence and mortality rates are known to vary with time and can 392 
be affected by differences in life-style factors and public health practices throughout the world (see 393 
e.g., Forman et al, 2014 and discussions in Walsh et al 2014). Moreover, uncertainties due to future 394 
variations of these quantities are also unknown and cannot be adequately taken into account at the time 395 
of risk estimation. 396 

Determination of the survival function 𝑆(𝑡) becomes complicated when radiation is applied to treat a 397 
cancer. In the case of radiotherapy for cancer, subsequent individual survival chances are significantly 398 
different from those for an average member of the general population and need to be considered 399 
explicitly using observed relative survival of the cancer patients. The latter depends strongly on the 400 
stage of the diagnosed cancer leaving higher chances of survival for patients with diseases diagnosed 401 
at early stages and strongly reduced life expectancy for those with cancer diagnosed at later stages, 402 
characterised by spread of a tumour and metastases. Correspondingly, estimates of integral risks, 403 
based on (Eqs. 1–7), are conditional on survival functions, which can be strongly affected by 404 
competing hazardous or beneficial factors, including radiation exposure itself.  For example, radiation 405 
treatment following breast cancer surgery is known to reduce tumour recurrence and to improve 406 
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relative survival of the patients (Clarke et al, 2005). Use of the conventional estimates of time-407 
integrated risk (Eqs. 2, 4, 7) creates a so-called ‘RT paradox’, when the highest radiation-attributed 408 
lifetime risks of the second primary cancers among patients treated with radiation against cancer are 409 
for those whose treatment plan was best leading to improved individual survival chances and extended 410 
lifetime. 411 

Survival of radiotherapy patients is not only dependent on tumour stage and cure rates. Also, other 412 
factors can have an impact on survival of cancer patients. It is well known that genetic susceptibility 413 
underlies some types of cancer (Mack et al, 1995). It is not clear whether this genetic susceptibility 414 
would also affect the development of other cancers. There is the possibility of a cancer diathesis, the 415 
prospect that, for some reasons related to genetic makeup, a person who developed one cancer has an 416 
inherently increased risk of developing another. Such a cancer diathesis would also affect the survival 417 
curves of persons who developed a tumour. 418 

Exposure at high doses (say, 1 Gy and beyond) can be associated with detrimental effects resulting in 419 
multiple causes of death or diseases (see e.g. Takamori et al 2017 on comorbidity in the Life Span 420 
Study cohort). Risk of radiation detriment to multiple organs affects survival chances, so at high-dose-421 
exposure the basic assumption underlying equations (1–4) becomes invalid (Kellerer et al, 2001), thus 422 
resulting in an overestimation of the baseline and attributable risks. The stronger an expected effect of 423 
the radiation exposure on survival, the stronger is the degree of overestimation. For compound 424 
outcomes, e.g., all malignant diseases, and for high radiation doses, e.g., higher than 1 Gy, 425 
conventionally estimated attributable risk (AR/LAR) values exceeding 100% are not unlikely (see e.g. 426 
Fig. 6a), thus explicitly demonstrating the implausibility of assumptions underlying the risk 427 
calculations and invalidating the corresponding risk estimates. Radiation-attributed competing risks 428 
result also in reduction of baseline rates of spontaneous incidence in the exposed population, if 429 
compared to the identical non-exposed one (see Appendix, Eq. A10).  430 

Conventionally defined and used quantities (Eqs. 2, 4, 7) are approximations to the risk, only valid for 431 
limited dose ranges. Their application at higher doses (e.g., exceeding 1 Gy) may result in significant 432 
overestimation of the time-integrated (lifetime) radiation-attributable risks. Other methods of risk 433 
computation, using ELR (Eq. 5) and ER (Eq. 6), being applicable to any dose range, do not necessarily 434 
represent much better approximations to the risk because of the involvement of integrations of failure 435 
rates and the requirement of knowledge of survival functions for unexposed and exposed populations 436 
as well as time-dependent disease-specific baseline mortality or incidence rates. Therefore, the 437 
suggested complementary quantities, baseline and radiation-attributable fractions (Eqs. 11, 12), 438 
represent computationally beneficial and practically applicable measures of age-dependent 439 
spontaneous and radiation-attributed risks because they require knowledge of only point values of the 440 
general survival for the considered population and integrate only radiation-attributable excess rate or 441 
baseline rate for the outcome of interest. The attributable fraction (Eqs. 12) is a quantity 442 
complementary to time-integrated excess risk (Eq. 6) because it expresses a reduction of chances to 443 
survive beyond the age a in presence of competing risks, while the ER (Eq. 6) provides an integral 444 
probability to die from the cause c during the time interval from e to a. 445 

The application of RADS can be considered to be an important development in attempts to quantify 446 
risks to individuals rather than group average risks. This is because the survival curves, based on 447 
population all cause and cancer mortality data, are not required in the calculation of RADS, so several 448 
sources of uncertainty present in conventionally applied risk measures do not contribute to RADS. 449 
However, since RADS does depend on the overall excess hazard, the population cancer rates, which 450 
only represent average values for the nationality considered, are still required for the conversion of 451 
cohort-specific risk to risk estimates for the target population or sub-group. Therefore, it is important 452 
to stress the necessity of avoiding any misunderstandings in the interpretation of the risks calculated 453 
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with RADS. Risks in terms of RADS, although they can be based on individual doses, cannot 454 
completely represent an individual’s cancer risks because there are differences in risk between 455 
individuals which go beyond known or measured risk factors (i.e., a frailty variation, see Aalen et al 456 
2015). An intrinsic frailty variation can influence the levels and uncertainties of the risks in an 457 
unknown way, because there is generally no information on important co-factors that influence a 458 
particular individual’s cancer risk such as: lifestyle factors (e.g., smoking status and alcohol intake); 459 
occupational risk factors; genetic pre-disposition to cancer development; individual radiation 460 
sensitivity; and past chemotherapy or radiation medical treatments.  461 

Conclusions 462 

Conventional, LAR-based, projections of radiation-attributed risk are inappropriate for frequent 463 
diseases (i.e., those with a relatively high incidence rate), at high doses, which are common in 464 
interventional and therapeutic medical applications, and when survival chances are strongly affected 465 
by competing risks (e.g. at older ages or due to a malignant neoplasm and subsequent therapeutic 466 
treatment). More generally, ELR-based, risk projections are free from dose limitations but are difficult 467 
to quantify, especially, when considering effect of spontaneous and attributed competing risks. All 468 
conventional quantities are conditional on demographic and health statistical data, for which, future 469 
trends are unknown, and on other risk factors affecting survival chances.   470 

For risk projections, where future survival and health statistics are unknown, a quantity, 471 
complementary to conventional ones, RADS (Eq. 14) is suggested, which represents risk of radiation 472 
detriment only and has the following advantages: 473 

 independence from current and unknown future temporal trends, in population survival 474 
functions known at the time of estimation; only the estimated radiation-attributed hazard rate 475 
is required for this quantity; 476 

 expression of the radiation risk for a specific outcome (disease) that is not sensitive to the 477 
effects of radiation on other mortality causes and survival functions; 478 

 aids in avoiding the so-called “RT-paradox” (survival paradox), because the same radiation 479 
dose applied for patients with cancer diagnosed at different stages will results in the same 480 
radiation risk of a second primary cancer, regardless of the differences in relative survival; 481 

 a higher degree of suitability, than the other risk quantities, for application in risk assessments 482 
for other exposed but highly atypical populations (e.g., astronauts) where baseline rates and 483 
survival functions pertaining to the general population would be poor approximations (due to 484 
distinctly different levels of life-style factors such as smoking and fitness and different levels 485 
of cancer screening, post-mission). 486 

It should be noted here that the definition of RADS (Eq. 14), being free from unknown time-dependent 487 
epidemiological and demographic data, still involves an integration of model-based outcome-specific 488 
excess risk rates ℎ௖(𝑡). The latter are typically inferred from epidemiological data defined within 489 
certain temporal domains, including ages of exposure and diagnose as well as life span and secular 490 
trends of incidence or mortality. Due to this, extrapolation of the model-based excess rates beyond the 491 
applicability domain may become a procedure involving unrealistic assumptions; thus, when using 492 
RADS, robust excess risk rates ℎ௖(𝑡) with highly significant time-dependent model parameters should 493 
be preferred.  494 

In medical applications of RADS, the disease incidence should be preferred as an outcome of interest. 495 
For example, a radiotherapy patient who is treated for a primary cancer can develop a second cancer. 496 
If RADS is used, then it is better to calculate time-integrated risk to develop such a second cancer and 497 
not the secondary cancer mortality. The reason for this is, that mortality depends on the future 498 
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projections of cure rates (of the second cancer) and cure rates are much harder to estimate than 499 
incidence rates. The method and equations presented in this study are given for mortality for brevity 500 
solely, while the method and the quantities introduced are valid for assessing radiation-attributed risk 501 
of cancer incidence, see more on this in Appendix. 502 
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Appendix.  513 

Main terms of survival statistics and auxiliary equations 514 

In terms of survival statistics (see e.g., Selvin, 1996; Kalbfleisch and Prentice, 2002; Kleinbaum and 515 
Klein, 2012), hazard is a rate of relative change of the survival probability or instantaneous risk: 516 

 𝜇(𝑡) =
𝑑𝑆(𝑡)/𝑑𝑡

𝑆(𝑡)
 (A1) 

where 𝑑𝑆(𝑡)/𝑆(𝑡) is a relative change in survival, i.e., a proportion and can be interpreted as a 517 
probability. Correspondingly, by solving the differential equation (A1), the survival function is related 518 
to the hazard as:  519 

 
𝑆(𝑡) = exp ቌ− න 𝜇(𝑢)𝑑𝑢

௧

଴

ቍ . (A2) 

Consider estimates of conditional survival, 𝑆(𝑎|𝑒) ≡ 𝑆(𝑎)/𝑆(𝑒), i.e., a probability to survive to age a 520 
for members of an unexposed population alive at age e:  521 

 
𝑆(𝑎|𝑒) = exp ቌ− න 𝜇(𝑢)𝑑𝑢

௔

௘

ቍ = exp ቌ− න ෍ 𝜇௜(𝑢)

௜

௔

௘

 𝑑𝑢ቍ = ෑ exp(−𝑀௜(𝑎|𝑒))

௜

= ෑ 𝑆௜(𝑎|𝑒)

௜

, (A3) 

where 𝜇௜(𝑢) is the mortality rate and  𝑀௜(𝑎|𝑒) = exp൫− ∫ 𝜇௜(𝑢)𝑑𝑢
௔

௘
൯ is the cumulative mortality of the ith 522 

cause, integrated from age e to age a. As seen from Eq. A3, the ‘all-cause’ survival is expressed as a 523 
product of partial conditional survival factors 𝑆௜(𝑎|𝑒) reflecting the effects of cause-specific hazards.  524 

Factorization (Eq. A3) opens possibilities for alternative formulations (Eqs. 11, 12, 14) of radiation-525 
attributed excess risk introduced in the paper.  526 

Survival reduction in the presence of competing radiation-attributed causes 527 

Now, consider radiation-attributed and spontaneous survival reductions for the cause of interest c in 528 
the more complicated situation where radiation affects not only the main cause of interest but also 529 
other causes, which appear competitive to the main cause of interest. Figure 9 illustrates the 530 
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corresponding survival curves and survival reduction fractions for this situation. Similar to Fig. 1 in 531 
the main text, shown in the figure are probabilities for a member of unexposed population to survive 532 
all mortality causes, 𝑆(𝑡), and all-but-cause-c, 𝑆ௗ(𝑡), and probabilities for a member of exposed 533 
population to survive all mortality causes, 𝑆∗(𝑡), and all-but-cause-c, 𝑆ௗ

∗(𝑡). Correspondingly, survival 534 
reductions at age a are: (a) due to all mortality causes in the unexposed population, Δ𝑆; (b) due to all 535 
causes in the exposed population, Δ𝑆∗; (c) due to the cause c in the unexposed population, Δ𝑆௖; (d) due 536 
to all-but-cause-c in the unexposed population, Δ𝑆ௗ; (e) due to cause c in the exposed population, Δ𝑆௖

∗; 537 
(f) due to all-but-cause-c in the exposed population, Δ𝑆ௗ

∗ .  538 

 539 

Fig. 9 Illustration of survival functions and reduction fractions in the situation of competing radiation-540 
attributed mortality causes. Shown are survival functions and corresponding survival reductions 541 
due to: (a) all spontaneous causes but the cause c, 𝑺𝒅(𝒕) and 𝚫𝑺𝒅; (b) all spontaneous causes, 𝑺(𝒕) 542 
and 𝚫𝑺; (c) all spontaneous and radiation-attributed causes but the cause c, 𝑺𝒅

∗ (𝒕) and 𝚫𝑺 + 𝚫𝑺𝒅
∗ ; 543 

(d) all spontaneous and radiation-attributed causes, 𝑺∗(𝒕) and 𝚫𝑺∗.   544 

And again, as applied in the main manuscript, all quantities are conditional on survival until age e (i.e. 545 
𝑆(𝑒) ≡ 1) and, for brevity, the simplified notations (see Table 1) are used in the equations below. 546 
Under these assumptions, the survival function for the exposed population can be factorised and 547 
expressed by applying other survival functions as follows (see Fig. 9 and Table 1 for the notations): 548 

 𝑆∗(𝑎) = exp(−𝑀ௗ(𝑎)) exp(−𝑀௖(𝑎)) exp(−𝐻ௗ(𝑎)) exp(−𝐻௖(𝑎)) =

= 𝑆ௗ(𝑎) exp൫−𝑀௖(𝑎)൯ exp൫−𝐻ௗ(𝑎)൯ exp൫−𝐻௖(𝑎)൯ =

= 𝑆(𝑎) exp(−𝐻ௗ(𝑎)) exp(−𝐻௖(𝑎)) =

= 𝑆ௗ
∗(𝑎) exp(−𝐻௖(𝑎))

 (A4) 

Correspondingly, the attributable fraction representing the share of population alive at age e, but not 549 
surviving to age a, due to the radiation-attributed cause c: 550 

 𝐴𝐹௖(𝑎) = Δ𝑆௖
∗ = 𝑆ௗ

∗(𝑎) − 𝑆∗(𝑎) = 𝑆(𝑎) exp൫−𝐻ௗ(𝑎)൯ (1 − exp(−𝐻௖(𝑎))) (A5) 

and the spontaneous cause c: 551 

 𝐵𝐹௖(𝑎) = Δ𝑆௖ = 𝑆ௗ(𝑎) − 𝑆(𝑎) = 𝑆(𝑎)൫exp൫𝑀௖(𝑎)൯ − 1൯ . (A6) 

Similarly, a representation of RADS in the presence of radiation-attributed competing risks is: 552 

 𝑅𝐴𝐷𝑆(𝑎) = exp൫−𝐻ௗ(𝑎)൯ (1 − exp(−𝐻௖(𝑎))) . (A7) 
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Time-integrated excess risk in the presence of competing radiation-attributed 553 

causes 554 

The attributed survival fractions indicate chances to survive beyond the certain time point. This make 555 
them different from the conventional integrated risk quantities (Eqs. 1–7), which represent integral 556 
losses due to specific cause during a given period. Still, the factorisation of survival functions (Eq. A4) 557 
can be helpful in gaining a better understanding of the assumptions and limitations inherent to the 558 
conventional LAR and AR quantities. 559 

Consider, excess risk, ER, due to radiation-attributed cause c in the situation when other mortality 560 
causes are also affected by the radiation exposure. From the general definition of ER (Eq. 6): 561 

 
𝐸𝑅௖(𝑎) =  න[𝜇௖

∗(𝑢) 𝑆∗(𝑢) − 𝜇௖(𝑢) 𝑆(𝑢)]𝑑𝑢

௔

௘

 (A8) 

and factorisation (A4), using notations from Table 1:  562 

 
𝐸𝑅௖(𝑎) =  න 𝑆(𝑢) 𝜇௖(𝑢) ൭൬

ℎ௖(𝑢)

𝜇௖(𝑢)
+ 1൰ exp(−𝐻ௗ(𝑢)) exp(−𝐻௖(𝑢)) − 1൱ 𝑑𝑢.

௔

௘

 (A9) 

From the above equation it can be seen that, for low dose exposures, when radiation attributable 563 
excess rates are low, 𝐻ௗ(𝑡) ≪ 1 and 𝐻௖(𝑡) ≪ 1, so the terms exp൫−𝐻ௗ(𝑡)൯ ≈ 1 and exp൫−𝐻௖(𝑡)൯ ≈ 1, 564 

then the ELR converges to the well-known definition of attributable risk AR (i.e., LAR, if the upper 565 
integration limit represents age at end of lifetime). 566 

Equation (A9) provides an accurate method of excess risk calculation taking into account effect of 567 
radiation-attributed competing risks. 568 

Competing radiation-attributed risks of other causes than the cause c effect also the baseline 569 
(spontaneous) risk of the cause c in the exposed population:  570 

 
𝐵𝑅௖(𝑎) =  න 𝜇௖(𝑢)𝑆∗(𝑢)𝑑𝑢

௔

௘

= න 𝜇௖(𝑢) exp൫−𝐻௖(𝑢) − 𝐻ௗ(𝑢)൯

௔

௘

𝑆(𝑢)𝑑𝑢 = න 𝜇௖
ᇱ (𝑢)𝑆(𝑢)𝑑𝑢 ,

௔

௘

 (A10) 

where 𝜇௖
ᇱ (𝑢) = 𝜇௖(𝑢) exp(−𝐻௖(𝑢) − 𝐻ௗ(𝑢)) is the baseline mortality rate in the exposed population 571 

reduced by the effect of competing radiation-attributed mortality rates. 572 

Disease incidence and disease-free survival 573 

In the main paper, all equations are given for mortality rates and survival functions represent chances 574 
to survive beyond the certain limit. If the outcomes of interest are not fatalities but disease 575 
occurrences, then all the major results and conclusions presented in the paper remain valid provided 576 
that the survival functions are redefined now to express the probability of being alive and disease-free 577 
at certain time. Technically, this means that all baseline mortality rates need to be replaced with 578 
corresponding incidence rates  579 

 𝜇(𝑡) → 𝜇଴(𝑡) + 𝜆(𝑡), 𝜇௖(𝑡) → 𝜆௖(𝑡), 𝜇ௗ(𝑡) → 𝜆ௗ(𝑡) (A11) 

where 𝜇଴(𝑡) is the mortality rate from instant, non-disease specific, causes, such as car accidents, and 580 
the excess rates ℎ(𝑡), ℎ௖(𝑡), ℎௗ(𝑡) now represent excess incidence rates and the survival functions are 581 
correspondingly redefined as the disease-free survival functions: 582 
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 𝑆∗(𝑎) = exp(−𝑀଴(𝑎)) exp(−Λௗ(𝑎)) exp(−Λ௖(𝑎)) exp(−𝐻ௗ(𝑎)) exp(−𝐻௖(𝑎)) =

= 𝑆ௗ(𝑎) exp൫−Λ௖(𝑎)൯ exp൫−𝐻ௗ(𝑎)൯ exp൫−𝐻௖(𝑎)൯ =

= 𝑆(𝑎) exp(−𝐻ௗ(𝑎)) exp(−𝐻௖(𝑎)) =

= 𝑆ௗ
∗(𝑎)  exp(−𝐻௖(𝑎))

 (A12) 

where 𝑀௢(𝑡) = ∫ 𝜇଴(𝑢)𝑑𝑢
௔

௘
 is the cumulated mortality rate from the instant, not related to diseases, 583 

causes; and Λ௖(𝑡), Λௗ(𝑡), 𝐻௖(𝑡), and 𝐻ௗ(𝑡) are the respective cumulated baseline and excess incidence 584 
rates. 585 

Then, all of the main quantities derived in the present paper remain applicable to attributed and 586 
spontaneous risks and disease-free-survival chances for developing a specific disease after being 587 
exposed to radiation. 588 

In practical situation, it is common that the general population survival curve, 𝑆௅்(𝑡), as carefully 589 
defined in officially published statistical life-tables, is preferably applied in calculations. Then, the 590 
conversion to the disease-free survival, 𝑆(𝑡), can be done by taking into account difference between 591 
all-cause incidence and mortality rates: 592 

 
𝑆(𝑡) = 𝑆௅்(𝑡) exp ቌ− න(𝜆(𝑢) − 𝜇(𝑢))𝑑𝑢

௧

௘

ቍ. (A13) 
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