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Abstract
This paper summarises the view of the German Commission on Radiological Protection (“Strahlenschutzkommission”, SSK) on the rationale behind the currently valid dose limits and dose constraints for workers recommended by the International Commission on Radiological Protection (ICRP). The paper includes a discussion of the reasoning behind current dose limits followed by a discussion of the detriment used by ICRP as a measure for stochastic health effects. Studies on radiation-induced cancer are reviewed because this endpoint represents the most important contribution to detriment. Recent findings on radiation-induced cardiovascular disease which are currently not included in detriment calculation are also reviewed. These discussions are complemented by a review of the procedures currently in use in Germany, or in discussion elsewhere, to define limits for genotoxic carcinogens. To put these concepts in perspective, actual occupational radiation exposures are exemplified with data from Germany, for the year 2012, and regulations in Germany are compared to the recommendations issued by ICRP. Conclusions include, among others, considerations on radiation protection concepts currently in use and recommendations of the SSK on the limitation of annual effective dose and effective dose cumulated over a whole working life.

Introduction
International regulations in radiological protection largely follow recommendations issued by the International Commission on Radiological Protection (ICRP) (e.g., ICRP 2007). The ICRP system of radiological protection relies on three major principles: a) justification, b) optimisation of protection, and c) limitation of individual exposure. The principle of justification means that any decision on the use of ionizing radiation should do more good than harm. The principle of optimisation of protection implies the so-called ALARA approach which recommends that the likelihood of incurring exposure, the number of people exposed, and the magnitude of their individual doses should be kept as low as reasonably achievable taking into account economical and societal considerations. The principles of justification and optimisation are very general in nature and apply to any exposure situations (i.e., to existing, planned, and emergency exposure situations, as defined by ICRP). In contrast, the third principle – limitation of individual exposure – applies to planned exposure situations only and does not include medical exposure of patients. As part of this principle, ICRP recommends dose limits to make sure that the dose to any individual does not exceed a certain value. For example, in the most recent basic recommendations, ICRP proposes a dose limit of 20 mSv effective dose per year averaged over defined five year periods (100 mSv in five years) and 50 mSv in any single year, for individuals working with ionizing radiation as part of their profession (ICRP 2007). The choice of any numerical value for a dose limit includes considerations on the “tolerability” and “acceptability” of radiation exposures. Such considerations are described in more detail further down. Even below such dose limits, the principles of justification and optimisation still hold and the introduction of so-called dose constraints (which are numerically below a dose limit) should support the optimisation process to further reduce occupational exposure if reasonable. It is noted that the concept of “reasonability” will not be elaborated further in this paper. However, it should be stressed that according to ICRP 103, Paragraph 219: “Optimisation of protection is not minimisation of dose. Optimised protection is the result of an evaluation, which carefully balances the detriment from the exposure and the resources available for the protection of individuals. Thus the best option is not necessarily the one with the lowest dose.”. Optimisation is an iterative process to reach an optimal dose constraint for a radiation source.
The fact that a consistent system of radiological protection has been developed since the foundation of ICRP in 1928 is due to the awareness that exposure of humans to ionizing radiation can induce detrimental health effects. Research on those effects has begun immediately after the discovery of X-rays by Wilhelm Conrad Röntgen in 1895. Today, for the purposes of radiological protection, one distinguishes – based on more than 120 years of study – between tissue reactions (deterministic effects) and stochastic effects after exposure to ionizing radiation. Typically, tissue reactions are characterized by the existence of a dose threshold for deterministic effects in that tissue, below which those reactions do not manifest. Consequently, dose limits recommended by ICRP for those tissues lie below these thresholds and are expressed in terms of organ doses. Thus, by design these dose limits make sure that no such tissue reactions will occur for doses below these limits. 

In contrast, based on some scientific evidence which is regularly reviewed by the ICRP and other international organizations, the current system of radiological protection does not assume any threshold for stochastic effects such as cancer. As a consequence, some assumptions must be made as to how to extrapolate from high doses where direct scientific evidence on the inductions of those effects is available down to low doses where such direct information is not available. In the absence of more detailed information the current system of radiological protection assumes, nota bene for protection purposes, linear-no-threshold (LNT) model for this extrapolation. It is important to note that numerical values of dose limits recommended for stochastic effects typically lie in this low-dose regime. Application of the LNT model implies the assumption that small doses carry small radiation-induced risks for the induction of stochastic effects. Consequently, any dose limit for stochastic effects implies some considerations on the tolerability and acceptability of radiation exposure. This will be further discussed in the present paper.

For low effective doses of less than about 100 mSv, radiation effects such as DNA damage and subsequent repair mechanisms are of importance. Although DNA repair was first discovered after exposure with UV radiation (Howard-Flanders et al. 1966, Setlow RB et al. 1966, Cleaver 1967, Painter 1974), efforts to establish limits for exposure to UV radiation are not further discussed in this paper, because a clear exposure-effect relationship for UV radiation is not yet available and has still to be developed.

In March 2014 the German Federal Ministry for Environment, Nature Conservation and Nuclear Safety (BMU) has commissioned the German Commission on Radiological Protection (“Strahlenschutzkommission”, SSK) to evaluate the rationale behind the currently valid dose limits and dose constraints for workers. The present paper provides a shortened summary of SSK’s final recommendations. It includes a discussion of the reasoning behind current dose limits followed by a discussion of the detriment as a measure for stochastic health effects. (The detriment is used by ICRP, for example, to recommend dose limits based on risk considerations.) Because radiation-induced cancer represents the most important contribution to detriment, radiation-induced cancer risk is then reviewed in more detail. Recent findings on radiation-induced cardiovascular disease which are presently not included in detriment calculation are also reviewed. These reviews and discussions are complemented by a review of the procedures currently in use, or in discussion, to define limits for genotoxic carcinogens in Germany. To put these concepts in perspective, actual occupational radiation exposures are exemplified with data from Germany. Conclusions include, among others, considerations on protection concepts currently in use and recommendations of the SSK on the limitation of annual effective dose or effective dose cumulated over a whole working life.

The ICRP detriment and effective dose as the central elements to define occupational radiation dose limits

The concept of detriment

The concept of effective dose dates back to the 1970s when Jacobi and co-workers proposed an approach to combine the various organ doses from radiation exposures. The basic assumption behind this concept is that total radiation-induced risk (or detriment, see below) for an individual exposed to low doses of ionizing radiation can be represented by the sum of risks induced by the radiation in the individual organs and tissues. This concept implies that the risk of homogeneous and in-homogeneous irradiation is identical, and that the relationship between radiation-induced effects and exposure at those low doses is linear (linear-no-threshold (LNT) model). 
The detriment concept was introduced in ICRP Publication 60 (ICRP 1991) and further developed in ICRP Publication 103 (ICRP 2017). In ICRP Publication 103 the detriment is defined as the “total harm to health experienced by an exposed group and its descendants as a result of the group’s exposure to a radiation source. Detriment is a multidimensional concept. Its principal components are the stochastic quantities: probability of attributable fatal cancer, weighted probability of attributable non-fatal cancer, weighted probability of severe heritable effects, and length of life lost if the harm occurs.” (ICRP 2007). Furthermore the detriment-adjusted risk is defined as the “probability of the occurrence of a stochastic effect, modified to allow for the different components of the detriment in order to express the severity of the consequence(s).“ (ICRP 2007). 
According to ICRP Publication 103, the detriment for each organ or tissue T is calculated as (Paragraphs A141 and A142, ICRP 2007):

DT = (RF,T + qT · RNF,T ) · lT =  RI,T (kT + qT·(1 – kT))·lT




(1)

Where RI,T = RF,T + RNF,T is the nominal risk coefficent for cancer incidence in tissue T, RF,T = kT RI,T is the nominal risk coefficient for fatal disease, RNF,T = (1-kT) RI,T is the nominal risk coefficient for non-fatal disease, kT is the lethality factor, qT is a non-fatal weight taking into account the reduced quality of life associated with that disease, and lT desribes the average life lost relative to normal life expectancy, normalized to the average value over all cancers.   

Central input in calculating radiation-induced detriment are the cancer incidence risks observed among the Japanese atomic bomb survivors. Because exposure of the atomic bomb survivors was largely a high-dose-rate exposure, these risks were devided by a dose and dose rate effectiveness factor (DDREF) of 2, to account for the usually much lower dose rates typical for most radiation exposures in radiological protection scenarios (except for leukaemia where the assumed linear-quadratic dose response model accounted for the DDREF). Based on these incidence risks, and based on the modifying factors explained above, the number of detriment-weighted cases per Sv and 10,000 persons are calculated for each organ/tissue and subsequently added. As a result, for example, for the whole population a number of 574 detriment-adjusted cases (deaths) per 10,000 persons and per Sv were calculated, which correponds to the detriment-adjusted nominal risk of cancer and heritable disease for the whole population of 5.7 % Sv-1 given in ICRP Publication 103 (ICRP 2007). The corresponding detriment-adjusted nominal risk for adults (working population) is 4.2 % Sv-1. In this context, “nominal” means that the coefficients were calculated by averaging over sex and age-at-exposure for a representative population (including unweighted spontaneous cancer rates from selected Asian and Euro-American populations).

The concept of effective dose

The concept of effective dose relies on the above-mentioned calculation of absolute organ-specific detriment values. Based on these absolute values, organ-specific relative detriment values can be calculated. In its Publication 103 ICRP has then defined tissue weigthing factors for each organ/tissue that correspond to these relative detriment values. For the sake of simplicity, four groups of organs were finally identified each with the same tissue weighting factor wT (wT = 0.12 for red bone-marrow, colon, lung, stomach, breast, remainder tissues; wT = 0.08 for gonads; wT = 0.04 for bladder, oesophagus, liver, thyroid; and wT = 0.01 for bone surface, brain, salivary glands, skin). By multiplying organ equivalent doses (HT,R; which in turn represents the sum over the present radiation types R, of organ absorbed doses DT,R multiplied by the corresponding radiation weighting factors wR) with the corresponding tissue weigthing factor wT and calculating the sum of these gives finally the effective dose E:

E = (T wT (R wR DT,R









(2)

In ICRP Publication 103 this reads “The concept of ‘effective dose’ associated with a given exposure involves weighting individual organs and tissues of interest by the relative detriments for these parts of the body. In such a system, the weighted sum of the tissue-specific dose equivalents, called the effective dose, should be proportional to the total estimated detriment from the exposure, whatever the distribution of equivalent dose within the body. The components of detriment are essentially the same for cancer and heritable disease and, if desired, these detriments may be combined.” (Paragraph A107, ICRP 2007). Effective dose is a reference dose calculated for a reference person (which includes averaging of risk over sex, age, and populations). Consequently, it does not reflect the individual risk of any person after exposure to ionizing radiation, and should only be used for radiological protection purposes such as “the prospective dose assessment for planning and optimisation in radiological protection, and demonstration of compliance with dose limits for regulatory purposes. Effective dose is not recommended for epidemiological evaluations, nor should it be used for detailed specific retrospective investigations of individual exposure and risk.” (Executive Summary, Paragraph j, ICRP 2007). 
Continuous need for revisiting these concepts

Conceptual considerations

The concepts of detriment and effective dose as proposed by ICRP in (ICRP 2007) are based on scientific evidence and, consequently, require regular review. This includes, in particular, review and update of factors that are important for detriment and effective dose calculations.

For example, recently the SSK has proposed to reconsider the use of DDREF in detriment calculations and has suggested a value of 1 to be used instead of the value of 2 proposed by ICRP (SSK 2014). Use of a value of 1 instead of 2 would increase the radiation detriment. Along these lines, Task Group 91 of ICRP Committee 1 on Radiation Effects is currently revisiting all aspects of low dose and low dose rate effects relevant for calculation of DDREF (Rühm et al. 2015, 2016, 2017, 2018, Shore et al. 2017, Tran and Little 2017; Wakeford et al. 2019). This project complements analyses recently published on the use of DDREF for compensation claims in the United States (Trabalka et al. 2017, Kocher et al. 2018).

Likewise, Task Group 102 of ICRP Committee 1 is revisiting the concept of detriment calculation methodology. Related to that, Breckow and co-workers have reviewed the lethality factor used in detriment (see Eq. 1) and showed that use of more recent data would lead to a reduced value of this factor as a function of time which would in turn decrease the radiation detriment by 10 – 15% (Breckow et al. 2018). Finally, Task Group 79 of ICRP Committee 2 discusses the use of effective dose as a risk related radiological protection quantity and its dependence on age and sex (ICRP 2019).

Radiation-induced cancer risks

Evaluation by international organisations

Radiation-induced risks for cancer incidence and mortality largely depend on radiation dose with modifying factors such as age at exposure, attained age, and sex. Various international organisations are regularly updating the available information and provide estimates of radiation-induced cancer risk. For example, the BEIR (Biological Effects of Ionizing Radiation) VII Report made an attempt to quantify health risks at doses up to 100 mSv (BEIR 2006) using the LNT model and a value for the DDREF of 1.5. For a dose of 100 mGy to 100,000 males and 100,000 females, the report estimates about 410 (95 % confidence interval (CI): 200 – 830) and 610 (95 %-CI: 300 – 1,200) excess lethal cases due to “all solid cancers”, respectively. The corresponding numbers for excess lethal cases due to leukaemia are 70 (95 %-CI: 20 – 220) for males and 50 (95 %-CI: 10 – 190) for females. This means that at 100 mSv the sex-averaged excess mortality risk (all solid cancers and leukaemia) is about 0.6%, corresponding to about 6% per Sv if linearly extrapolated to 1 Sv. 

In 2006, the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) published a detailed report summarizing the current state of knowledge on the health effects of ionising radiation to humans (UNSCEAR 2006). UNSCEAR used a linear-quadratic dose-response relationship for both solid malignant tumours
 and leukaemia and did not apply a DDREF. Based on this approach, the Committee estimated for the lifelong radiation-induced mortality risk at a dose of 100 mGy (averaged over both sexes) a range of 0.36% - 0.77%. The corresponding range for leukaemia was 0.03% - 0.05% (UNSCEAR 2010), which is consistent with the results obtained by the BEIR VII report (BEIR 2006). 

These values are in line with those given by ICRP in (ICRP 2007), although again a slightly different approach was used (e.g., use of a value of 2 for the DDREF, of the LNT-model for solid malignant tumours, of a linear-quadratic dose response model for leukaemia, and detriment-adjusted nominal risk).
Review of recent epidemiological studies on cancer risk
Although these values are remarkably consistent across the different international organisations, they might be subject of some changes in the future. This is so because the studies on health effects of radiation-exposed human cohorts continue and publish updated follow-up results on a regular basis. This is not only the case for the life span study of atomic bomb survivors (Ozasa et al. 2012, Grant et al. 2017) but also for other important radio-epidemiological studies on exposed human cohorts such as the Mayak work force (Hunter et al. 2013, Sokolnikov et al. 2015, 2017), workers in the US, French, Canadian and UK nuclear industry (Zablotska et al. 2013, Metz-Flamant et al. 2013, Zablotska et al. 2014, Leuraud et al. 2015, Richardson et al. 2015), French and German uranium miners (Rage et al. 2015, Kreuzer et al. 2015, 2016), Techa River population (Schonfeld et al. 2013, Davis et al. 2015), just to name a few. Results of these studies are reviewed in more detail in (SSK 2019). Further cohorts under study not included in SSK (2019) include medically exposed cohorts (e.g., Pearce et al. 2012, Mathews et al. 2013) and populations exposed to naturally occurring radiation (e.g., Nair et al. 2009, Wakeford et al. 2009, Tao et al. 2012, Kendall et al. 2013, Spycher et al. 2015, Nikkila et al. 2016, Demoury et al. 2017), although many of these latter studies concentrate on leukaemia.

Conclusion

It might well be that a longer follow-up in one of those studies will result in some changes in risk estimates deduced from that particular study. However, because the estimates of international organisations including ICRP are based on the whole set of available data, it is considered unlikely that the order of magnitude in estimated radiation-induced risks will substantially change in the future.

Radiation-induced cardiovascular diseases

Detriment as defined by ICRP (Eq. 1) includes as a major input solid malignant tumours and leukaemia. In recent years, however, evidence has increased that non-cancer diseases such as cardiovascular diseases might also be induced by ionizing radiation at doses below about 1 Sv but above some 100 mSv. This raises the question whether or not cardiovascular diseases should be considered when regulating occupational radiation exposures. The issue of radiation-induced cardiovascular diseases has already been addressed in a recent SSK report (SSK 2012). ICRP Publication 118 also touches upon some of the relevant issues (ICRP 2012).

Review on published risk estimates

There are a number of radiation-induced cohorts where – besides cancer-related endpoints – cardiovascular diseases are being investigated. Such analyses are difficult, however, because a) there are various cardiovascular diseases where the definitions and reliability of death certificates changed considerably over time and b) there are many additional risk factors contributing to cardiovascular diseases such as hyperlipidemia, diabetes mellitus, obesity, and physical inactivity. In this context, the most relevant epidemiological studies include those on a) the Japanese atomic bomb survivors, and b) chronically or repeatedly exposed patients in diagnostics and therapy, radiation workers, cohorts exposed due to environmental contaminations, and the clean-up workers working at the Chernobyl site. Studies with mostly high exposures are not considered here. 

In most of these studies, the LNT-model was used for analysis without further explanation, and the slope, i.e., the excess relative risk (ERR) per dose, is presented. In these studies, the linear fit was, however, mostly performed over a restricted dose span, i.e. approximately between 0.1 and 1 Gy. Consequently, this procedure does not allow for any statement upon threshold and is not identical to what commonly is denoted as LNT.

It should be emphasized that the shape of the dose response for cardiovascular diseases is critical if cardiovascular diseases should be included in detriment calculations. It should also be noted that, owing to the different endpoints investigated, often different dose quantities (personal dose equivalent, equivalent dose in colon, muscle tissue or lungs) are used in these studies. In most cases, however, low-LET radiation was investigated and the differences in the various organ doses were small. Finally, it should be mentioned that the spontaneous incidence of subtypes of the investigated cardiovascular diseases can be different for Japanese and western populations, and a transfer of risk between these populations should be done with care.

Results for the total of cardiovascular diseases were reported in studies on the atomic bomb survivors (Shimizu et al. 2010), Techa River population (Krestinina et al. 2013), population at Semipalatinsk (Grosche et al. 2011), nuclear workers (McGeoghegan et al. 2008, Metz-Flamant et al. 2013, Vrijheid et al. 2007, Muirhead et al. 2009), uranium miners (Zablotska et al. 2013, Kreuzer et al. 2013), Chernobyl clean-up workers (Ivanov et al. 2006), and TB-patients (Davis et al. 1989, Little et al. 2010). Most of these studies reported mortality as an endpoint, except for Ivanov et al. (2006) who reported incidence. The results reported in terms of excess relative risk (ERR) per dose are reviewed in more detail in SSK (2019). The most reliable study results appear to be those by Shimizu et al. who analysed the mortality data among the life span study of atomic bomb survivors (Shimizu et al. 2010). They reported an ERR per dose of 0.11 (95 %-CI: 0.05 ‒ 0.17) Gy‑1. There was no evidence for systematically lower risk estimates for studies with protracted or chronic exposures. More specifically, in six of the studies the best estimate for the ERR per dose was higher than the upper bound of the 95%-CI obtained by Shimizu et al. (2010), while in three studies it was lower than the lower bound of the 95%-CI. One of the study results was within the CI given by Shimizu et al. (2010).

For ischemic heart disease the results published for the cohorts mentioned above were also reviewed in SSK (2019) (Yamada et al. 2004, Ivanov et al. 2006, Vrijheid et al. 2007, McGeoghegan et al. 2008, Muirhead et al. 2009, Azizova et al. 2010, Lane et al. 2010, Laurent et al. 2010, Shimizu et al. 2010, Grosche et al. 2011, Krestinina et al. 2013, Kreuzer et al. 2013, Zablotska et al. 2013, 2014, Simonetto et al. 2014, Takahashi et al. 2017). With the exception of Yamada et al. (2004) and Ivanov et al. (2006) who reported incidence, all other studies included mortality as an endpoint (Simonetto et al. (2014) studied both endpoints). Among the atomic bomb survivors, no significant correlation with dose could be found (Shimizu et al. 2010). In contrast, in a number of studies with protracted or chronic exposure significant values for the ERR per dose were reported (Ivanov et al. 2006, McGeoghegan et al. 2008, Krestinina et al. 2013, Zablotska et al. 2014, Simonetto et al. 2014). Consequently, a meta-analysis including results of eight epidemiological studies on mortality and incidence provided the most reliable estimate of an ERR per dose of 0.10 (95 %-CI: 0.04 ‒ 0.15) Gy‑1 (Little et al. 2012). In the studies reviewed here eight best estimates for the ERR per dose were higher than the upper bound of the 95%-CI reported by Little et al. (2012), while four were lower than the lower bound of the 95%-CI, and four were within the CI provided by the meta-analysis of Little et al. (2012). Zablotska et al. (2014) found a significant inverse dose-rate effect for ischemic heart diseases among TB patients.

For cerebrovascular diseases the results reported in the literature for the above-mentioned cohorts were also reviewed in SSK (2019) (Yamada et al. 2004, Ivanov et al. 2006, Vrijheid et al. 2007, McGeoghegan et al. 2008, Muirhead et al. 2009, Lane et al. 2010, Shimizu et al. 2010, Little et al. 2012, Grosche et al. 2011, Kreuzer et al. 2013, Krestinina et al. 2013, Zablotska et al. 2013, Simonetto et al. 2015). Again most of the studies included mortality as an endpoint, while Yamada et al. (2004) and Ivanov et al. (2006) included incidence, and Simonetto et al. (2005) and Little et al. (2012) studied both endpoints. Among the atomic bomb survivors, an ERR per dose of 0.09 (95 %-CI: 0.01 ‒ 0.17) Gy-1 was reported (Shimizu et al. 2010). Results of most of the studies reviewed here were consistent with those reported by Shimizu et al. (2010). The risk estimates of one study (Azizova et al. 2011) were significantly higher, while results of six studies were higher than the upper bound of the 95%-CI and of four studies were lower than the low bound of the 95%-CI reported by Shimizu et al. (2010). The best estimate of three studies was within the 95%-CI of the Shimizu study. Again there was no evidence for systematically lower risk estimates for studies with protracted or chronic exposures. It should be mentioned, however, that Ivanov et al. (2006) did find a significant dose rate effect among the Chernobyl clean-up workers. (This is in contrast to results of Zablotska et al. (2014) mentioned above who did find a significant inverse dose rate effect for ischemic heart diseases among TB patients.).

Shape of dose response

As far as the shape of the dose-response relationship is concerned, a clear and consistent conclusion cannot be drawn from the literature. No evidence for non-linearity was found in the data on heart disease from the atomic bomb survivors reported by Shimizu et al. 2010. Other studies found some evidence for lower risks at several hundred mGy as compared to those obtained with the LNT-model (Ozasa et al. 2014 for heart disease among atomic survivors, Schöllnberger et al. 2012 and Simonetto et al. 2014 for heart disease among Mayak workers; Shimizu et al. 2010 for cerebrovascular diseases and Takahashi et al. 2012 for haermorrhagic stroke among atomic bomb survivors, Schöllnberger et al. 2012 and Simonetto et al. 2015 for cerebrovascular diseases among Mayak workers). Finally, other studies found some evidence for higher risks at several hundred mGy as compared to those obtained with the LNT-model (Krestinina et al. 2013 for the Techa River population for the total of cardio-vascular diseases and for ischemic heart diseases).

Conclusion

Most of the risks described above are consistent with an ERR per dose for mortality of about 0.1 Gy-1, for doses of several hundred mGy, if an effect proportional to dose was assumed for the analysis. There is no evidence for lower risks for protracted or chronic radiation as compared to that of acute exposure. Furthermore, the relative risk for ischemic heart diseases and cerebrovascular diseases appears to be similar (although Little et al. 2012 found somewhat higher values for cerebrovascular diseases as compared to ischemic heart diseases, probably because they could not include a number of more recent studies with low or even negative ERR per dose values). If non-linear dose response models are allowed for in the analyses, then there is some evidence for lower risks at several hundred mGy as compared to the risks obtained when the LNT-model is used for extrapolation.

For solid malignant tumour mortality among the atomic bomb survivors, Ozasa et al. (2012) obtained an ERR per dose of 0.47 (95 %‑CI: 0.38 ‒ 0.56) Gy-1 and estimated that 527 out of 10, 929 cancer deaths were radiation-induced. This compares to results of Shimizu et al. (2010) for deaths from cardiovascular diseases who used the LNT-model and obtained an ERR per dose of 0.11 (95 %-CI: 0.05 ‒ 0.17) Gy-1 (which might be even lower if a non-linear dose-response model was used) and estimated that 210 out of 19 ,054 deaths were radiation-induced. Thus, the relative risk at doses of several hundred mGy might be up to one order of magnitude lower for cardiovascular diseases as compared to solid malignant tumours, while the absolute risk might be lower by a factor of at least 2-3. It therefore appears that for detriment calculations, the contribution of cardiovascular diseases plays only a secondary role, although the uncertainties involved in their risk estimates are considerable.

All these calculations of risk are based on the LNT model. With this respect it should be considered that there exist some arguments which tend to support a mechanism according to the LNT model for the induction of malignant diseases while this is not the case for cardiovascular diseases.

Measures to limit occupational risk after exposure to ionising radiation

Historical development and the role of ICRP

Early years

Since the early years of operation the aim of ICRP has always been to protect against the detrimental effects of ionizing radiation without unduly limiting its beneficial use. Until 1977 dose limits proposed by ICRP were based on equivalent dose. Very briefly, for example in 1934 the International X-Ray and Radium Protection Commission - as ICRP was called at that time – felt that “under satisfactory working conditions a person in normal health can tolerate exposure to X rays to an extent of about 0.2 international röntgens per day”
 (ICRP 1934). In 1950 ICRP then recommended – for whole-body exposures to X rays or gamma radiation with energies less than 3 MeV – that “the maximum permissible dose received by the surface of the body shall be 0.5 röntgen in any one week. This dose corresponds to 0.3 r per week measured in free air” (corresponding to about 150 mSv per year) (ICRP 1950). 

More detailed recommendations and explanations on the reasoning of dose limits were given in 1955. At that time dose limits were called “permissible doses” which was considered a dose of ionizing radiation that “… is not expected to cause appreciable bodily injury to a person at any time during his lifetime” (page 7, ICRP 1955). In this report ICRP stated that “Whilst the values proposed for maximum permissible (italics by the present authors) doses are such as to involve a risk which is small compared to the other hazards of life … it is strongly recommended that every effort be made to reduce exposure to all types of ionizing radiations to the lowest possible (italics by the present authors) level.” (page 57, ICRP 1955). Interestingly, in ICRP 1955 this also reads “that exposure to radiation be kept at the lowest practical (italics by the present authors) level in all cases” (page 15, ICRP 1955).

ICRP 26

It was in 1977 when ICRP elaborated, in ICRP Publication 26, the concept of radiological protection still in use today, where dose limits represented just one element of a larger set of elements including justification (the benefit should be greater than the imposed risk), and optimisation (making sure that any exposure is as low as reasonably (italics by the present authors) achievable, but not as low as possible) (ICRP 1977). In fact, later basic recommendations of ICRP (ICRP 1991, ICRP 2007) were updates taking into account most recent scientific evidence, but were largely based on the concepts described in ICRP 26. 

In 1977 ICRP Publication 26 stated that “The aim of radiation protection should be to prevent detrimental non-stochastic effects and to limit the probability of stochastic effects to levels deemed to be acceptable (italics by the present authors).” (Paragraph 9 in ICRP 1977). It was proposed that organ doses should be below 500 mSv per year except for the lens of the eye for which a limit 300 mSv per year was recommended (Paragraph 103 in ICRP 1977). These values were considered sufficiently below any dose threshold to make sure that no non-stochastic effects (or deterministic effects or tissue effects as they were called later) occurred. 

The situation was more complicated for stochastic effects such as solid malignant tumours, leukaemia, and heritable effects, because for these effects no dose threshold is assumed and the LNT model is used to extrapolate risks from high to low doses. This raised the question as to what radiation-induced risks might still be considered as acceptable. To answer this question radiation-induced stochastic risks were compared with other professions (“comparing this risk with that for other occupations recognized as having high standards of safety, which are generally considered to be those in which the average annual mortality due to occupational hazards does not exceed 10-4”) (paragraph 96 in ICRP 1977). ICRP acknowledged, however, that fatalities “are accompanied by a much larger number of less severe consequences” (Paragraph 96, in ICRP 1977) and that in the ideal case all components of harm should be involved including, for example, accidents, illnesses, anxieties of workers or their families. Nevertheless ICRP stated that risk assessment based on mortality only represents a conservative approach (Para 97, ICRP 1977). Based on such and further considerations, ICRP Publication 26 considered radiation-induced risks due to exposure to an effective dose equivalent value after uniform irradiation of the whole body below 50 mSv per year as “acceptable” (Paragraph 104 in ICRP 1977) bearing in mind that after application of such a limit, the majority of protected workers will have doses significantly below that value with a median of the corresponding log-normal dose distribution of about 5 mSv. The chosen dose limit was considered to protect any worker in an appropriate way although it was acknowledged that the risk due to radiation exposure varies with age and sex (Paragraph 106, ICRP 1977). It is important to emphasize that any dose limit proposed refers to a reference person and does not describe individual risk. 

ICRP Publication 60

This concept to compare radiation-induced risk with risks in other occupations, which was detailed in ICRP Publications 27 and 45, was not further elaborated in ICRP Publication 60 (ICRP 1991). However, the terms “unacceptable”, “tolerable” and “acceptable” were defined in more detail, to “indicate the degree of tolerability of an exposure (or risk)” (Paragraph 150, ICRP 1991). According to these definitions, unacceptable means any exposure or risk which is not acceptable “on any reasonable basis in the normal operation of any practice”, although such exposures might be acceptable in an emergency situation. In ICRP 1991, Paragraph 123, this reads: “It is the Commission’s intention to choose the values of dose limits so that any continued exposure just above the dose limits would result in additional risks from the defined practices that could reasonably be described as “unacceptable” in normal circumstances.”. In such a framework, a dose limit marks the boundary between unacceptable and tolerable exposures (or risks). Optimisation may lead to exposures (or risks) below the dose limit which might then be considered acceptable. To avoid any confusion in terminology it is important to emphasize that in ICRP60 “tolerable” means what was called “acceptable” in ICRP Publication 26 (Paragraph 9, ICRP 1977). Figure 1 illustrates the risk concept adopted in ICRP 60 (ICRP 1991). 
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Fig. 1  Risk concept as adopted in ICRP 60 (ICRP 1991)

In an effort to quantify the boundary between unacceptable and tolerable, ICRP has considered as a reference “the daily normal occupational or private life in what is usually considered to be a safe society” (Paragraph ‘C13, ICRP 1991). Basis for these considerations were a report published by the British Royal Society which found that „a continuing annual occupational probability of death of 1 in 100 would be unacceptable”. In contrast, the report stated that a corresponding probability level of 1 in 1000 could “hardly be called totally unacceptable provided the individual at risk knew of the situation, judged he had some commensurable benefit as a result, and understood that everything reasonable had already been done to reduce the risk”. In that paragraph, ICRP emphasizes that “the annual probability of death is only one of the attributes which are appropriate to take into account.”. Of course, what is judged a “tolerable risk” cannot be decided on the basis of pure scientific reasoning alone but requires further discussions with and input from additional stakeholders such as the society as a whole.

Once a decision on a tolerable risk has been made, translation into dose limits requires scientific information on radiation-induced health effects that are considered important to be taken into account. In the framework of ICRP the radiation-induced detriment is a central quantity that takes into account radiation-induced stochastic health effects including mortality from solid malignant tumours and leukaemia, and heritable effects, and a number of additional endpoints such as, for example, loss of quality of life, and years of life lost. ICRP Publication 60 (ICRP 1991) has elaborated the concept of detriment, which was initially introduced in ICRP Publication 26 (ICRP 1977), further as a “complex concept combining the probability, severity and time of expression of harm” (Paragraph 42, ICRP 1991). In that concept, the mortality observed among the atomic bomb survivors in Hiroshima and Nagasaki due to radiation-induced solid malignant cancer and leukaemia was a major input. As a result, in 1991 ICRP proposed the nominal probability coefficient for stochastic effects to be 5.6% per Sv for adult workers and 7.3% per Sv for the whole population (ICRP 1991). 

Based on an annual tolerable risk level of 1 death in 1,000 workers (i.e., 0.1% per year) and the detriment-adjusted nominal probability coefficient for stochastic effects of 5.6% per Sv for workers, ICRP Publication 60 proposed a dose limit of 0.1% per year / 5.6% per Sv = 17.8 mSv/y ( 20 mSv/y.

ICRP Publication 103

In 2007, ICRP published its most recent and still valid set of fundamental recommendations (ICRP 2007). Although there were some changes as compared to the previous fundamental recommendation in ICRP Publication 60, the basic philosophy of radiological protection did not change significantly. While due to scientific evidence that was new at that time, for example, detriment was then largely based on the cancer incidence data from the atomic bomb survivors in Hiroshima and Nagasaki (and no longer mainly on the cancer mortality data as was the case in ICRP Publication 60), the detriment-adjusted nominal probability coefficients for stochastic effects did not change much. Consequently, there was no need to change the annual dose limit which remained 20 mSv annual effective dose averaged over defined five year periods (100 mSv in five years) and 50 mSv in any single year. 

More information on the historical development of various ICRP concepts can be found in (Lochard 1992, Mould (1993), Lindell 1996, Meinhold 1996, Streffer (2010), Busch (2013)).

Dose limits in Germany as compared to those recommended by ICRP

In Germany most of the regulations in radiological protection are based on the Directive of the European Commission (EURATOM 2014) and the IAEA Basic Safety Standards (IAEA 2014), which in turn are based on the most recent set of basic recommendations of the ICRP (ICRP 2007). For occupational exposure, the most recent national regulations which became effective in 2017 are detailed in paragraphs 77 and 78 of the German radiological protection law (StrlSchG 2017). An earlier paper discussing the radiological protection regulations in Germany was published by Kaul and co-workers (Kaul et al. 1989).

Annual effective dose

Following ICRP an effective dose of 20 mSv per calendar year is the central dose limit for occupational exposure in Germany (although in single cases the regulator may accept an effective dose of up to 50 mSv in any year, if the effective dose cumulated in five years does not exceed 100 mSv). Anything above 20 mSv is considered unacceptable (except for emergency situations – see below). Additionally, in Germany there is a cumulative life-time occupational effective dose limit of 400 mSv. This differs from the regularities in other countries (see below). 

Annual organ equivalent dose 

In ICRP Publication 26 (ICRP 1977) it was recommended that the annual dose-equivalent to any organs should not exceed 500 mSv, except for the lens of the eye for which a dose-equivalent limit of 300 mSv was recommended (para 103, ICRP 1977). The latter value was based on the assumption that a dose equivalent below 15 Sv would not induce any lens opacification and that a typical working lifetime would be about 50 years. In ICRP Publication 60 (ICRP 1991) it was assumed that the reduction of the annual effective dose limit to 20 mSv per year averaged over defined five year periods (100 mSv in five years) and 50 mSv in any single year was sufficient to protect most of the organs and tissues against deterministic effects, with the exception of the lens of the eye and the skin (Paragraph 171, ICRP 1991). For the lens of the eye an annual dose limit of 150 mSv was recommended, while for the skin an annual limit of 500 mSv averaged over any one square centimeter was recommended (Paragraph 172, ICRP 1991). 

Lens of the eye

Although there is no dedicated tissue weighting factor for the lens of the eye when detriment is calculated (because radiation-induced tumours are not expected in that tissue), ICRP has defined a limit for equivalent dose to the lens of the eye (because radiation-induced lens opacifications were observed). More recently it turned out that the dose threshold for the induction of lens opacifications is lower than previously assumed (note that in (ICRP 2007) a nominal dose threshold for tissue reactions is defined as the dose “estimated to result in only 1 % incidence of tissue reactions”). Consequently, ICRP has reduced the equivalent dose limit to the eye to 20 mSv per year averaged over defined five year periods (100 mSv in five years) and 50 mSv in any single year (ICRP 2012). Thus, a value of 20 mSv per calendar year was adopted in the German law on radiological protection (StrlSchG 2017).

Skin, extremities

Because the tissue weighting factor for the skin as proposed by ICRP is 0.01, an effective dose of 20 mSv could imply an equivalent dose to the skin of 2 Sv. For a working career of 47 years (from age 18 y to 65 y), receiving an effective dose at the average annual limit of 20 mSv would imply a cumulative skin equivalent dose of almost 100 Sv which is well above the assumed threshold for skin tissue reactions (note that for fractionated exposures in man, “the threshold dose for telangiectasia and late dermal atrophy five years post irradiation is about 30 – 40 Gy” (Paragraph B183, ICRP 1991)). Therefore, the annual effective dose limit does not necessarily prevent from tissue reactions of the skin and, consequently, the annual equivalent dose limit for the skin of 500 mSv as proposed by ICRP was also included in (StrlSchG 2017) as dose limit per calendar year. This limit also holds for extremities such as hands, forearms, feet, and ankles.

Further regulations
In the previous version of the German law on radiological protection additional dose limits per calendar year were included such as 50 mSv for gonads, uterus and red bone marrow, 300 mSv for thyroid and bone surface, and 150 mSv for colon, lung, stomach, bladder, breast, liver, esophagus, and others (StrlSchV 2001), although these had not been recommended by ICRP. The reasoning for these additional organ dose limits was that after incorporation of certain radionuclides and a selective enrichment in single organs an annual effective dose limit of 20 mSv would not necessarily prevent radiation-induced tissue effects in those organs. It might well be, however, that such scenarios are only relevant for a few organs such as skin, lung and thyroid. This issue is currently being investigated by the SSK.  

Special regulations

Individuals below an age of 18 years

Individuals below an age of 18 years are considered more radio-sensitive than adults. Furthermore, because of the long life-expectancy of children, latency periods of cancer formation (which might reach several decades) may be more relevant for children than for adults. For this reason and in contrast to ICRP, the German law on radiological protection includes additional and lower occupational dose limits per calendar year for these individuals: an effective dose limit of 1 mSv; organ equivalent dose limits of 15 mSv for the lens of the eye; 50 mSv for local skin dose; 50 mSv for hands, forearms, feet and ankles (para 78(3), StrlSchG 2017). However, if necessary for the completion of a professional training, an effective dose per calendar year of 6 mSv and equivalent doses per calendar year of 150 mSv for skin, hands, forearms, feet and ankles are accepted for individuals with age between 16 and 18 years.   

Women in child-bearing age

In 1991, ICRP had recommended that the dose to the abdomen of a pregnant woman should not exceed 2 mSv between notification and end of pregnancy, and to limit the intake of radionuclides to about 1/20 of the annual limits of exposure (Paragraphs 177, 178, ICRP 60). In the more recent ICRP Publication 103, a dose limit of 1 mSv to the embryo/fetus is recommended for pregnant women after notification of pregnancy for the remainder of pregnancy (Paragraph 300, ICRP 2007). This is somewhat in contrast to Germany where for women in child-bearing age, the dose limit to the uterus is 2 mSv per month. Additionally, after notification of pregnancy, the equivalent dose to the uterus from external and internal exposures must not exceed 1 mSv until the end of pregnancy (Paragraph 78(4), StrlSchG 2017).

Lifetime occupational dose limit

In addition to ICRP recommendations, the German law on radiological protection limits the lifetime occupational dose to a cumulated effective dose of 400 mSv (Paragraph 77, StrSchG 2017). This does not mean, however, that anybody who exceeds this limit would automatically be banned from his/her profession. In such a case the corresponding individuals can continue to work in their profession, provided any additional effective doses in the years to come do not exceed 10 mSv per year, and the individuals themselves and the corresponding approved medical practitioner (“Ermächtigter Arzt”) agree. 

Emergencies

For “planned special exposures” as it was called at that time, ICRP Publication 26 (Paragraph 113, ICRP 1977) permitted exposures that do not “exceed twice the relevant annual limit (which was 50 mSv; added by the authors) in any single event, and, in a lifetime, five times this limit.”. Later these situations were called “emergency exposure situations” and broad “intervention levels” were given in ICRP Publication 60 (ICRP 1991), and “reference levels” in ICRP Publication 103 (Table 8, ICRP 2007).

Based on these considerations, the German law on radiological protection introduces a reference value for effective dose of 100 mSv which should not be exceeded in case of an emergency situation. In life-saving operations, operations to avoid severe radiation-induced health effects, or operations to prevent or fight against a catastrophe (situations of life-saving), higher exposures might be allowed. In such cases, if an exposure below 100 mSv cannot be achieved despite considerable radiologicalprotection efforts, a reference level for the effective dose of 250 mSv is set, which might be increased by the local operation controllers to up to 500 mSv in exceptional cases (Paragraph 114, StrSchG 2017).  

Radiological protection measures in practice – The German case

This section gives an overview on the occupational radiation exposure in Germany with emphasis on the annual occupational exposure in 2012 as an example, the historical development of annual occupational exposures, and information on lifetime occupational exposures. The information shown is based on annual reports of the German government to the German parliament, and on the reports of the German dose registry. 

Regular monitoring of workers exposed to ionizing radiation began in 1957 in East Germany and in the 1960s in West Germany. After reunification in 1989, about 300,000 individuals were monitored. This number increased when European Directive 96/29 (which was based on Report 60 of ICRP) was translated into German law, and in 2014 almost 360,000 workers were monitored. Since 1989, occupational doses have to be reported to the German dose registry with emphasis on monitoring of a) external exposures through personal dosemeters, b) internal exposures through measurement of whole body activity or by means of excretion analyses, c) air crew exposures through calculation of doses from cosmic radiation, and d) exposures at workplaces with increased radon exposures through measurement of radon concentration in air. 

Annual occupational exposure in 2012

In 2012 351,901 individuals were monitored in Germany, 71% working in medicine, 10% in industry, 10% as aircrew, 5% in research and development, 4% in nuclear industry, and <1% at places with natural radioactive sources (BMU 2014b, BfS 2014). Readings of personal dose meters were mostly below the decision threshold (“Erkennungsgrenze”) (i.e., 0.05 mSv). For those working in medical and non-medical areas, the dose distribution was strongly log-normal. In two cases, the annual limit of effective dose of 20 mSv was exceeded. If only incorporation of radioactivity is considered, there were only three cases where the annual effective dose exceeded 1 mSv (but was less than 6 mSv). This compares to 147 cases in 1998 and 101 cases in 1999 exceeding an annual effective dose of 20 mSv, with significantly decreasing numbers thereafter, demonstrating the continuous success in the application of the optimisation principle (to keep the doses as low as reasonably achievable - ALARA) and related dose constraints (see Fig. 1). Note that the annual limit of 20 mSv for the effective dose was introduced in Germany in 2001 through the radiological protection ordinance (StrlSchV 2001) in which the previous dose limit of 50 mSv was abandoned. 

The number of monitored aircrew increased from 31,229 individuals in 2005 (the first year when this occupation was monitored) to 40,273 in 2012, with mean annual effective doses between 1.9 and 2.3 mSv. In 2012, the dose distribution was close to normal with the majority of individuals exposed to doses between 1 and 6 mSv; An effective dose of 10 mSv was not exceeded, while in only six cases the effective dose was larger than 6 mSv.

At workplaces with increased exposures from natural sources, 57 individuals got effective doses higher than 6 mSv, and one individual exceeded 20 mSv. It is noted that these values depend on the dose conversion coefficients used for radon. For completeness, corresponding effective doses for workers at the Wismut GmbH who were involved in closing and remediation actions in areas with significant former uranium mining and who were exposed to radon and external gamma radiation were below 6 mSv. 

Historical development of annual occupational exposures since 1986

Figure 2 shows the development of the number of exposed workers (annual individual occupational dose larger than 0 mSv) and the mean annual occupational exposure as a function of time, from 1986 until 2012. Although the number of workers considered was roughly constant (within ± 20%), there was a constant decrease in mean annual effective dose from more than 2 mSv in 1986 to about 0.5 mSv in 2012. Probably, this decrease was due to the rigorous application of the optimisation principle (ALARA) and a continuously increasing awareness of the need of radiological protection measures. In this context it is noted that mean annual effective dose differed considerably among different occupations: 0.4 mSv in medicine, 0.9 mSv in industry, 1.0 mSv in nuclear industry, 2.0 mSv for aircrew, and 3.0 mSv for those working at work places with increased exposures from natural radiation or at the Wismut GmbH company. 
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Fig. 2  Number of monitored workers with annual effective doses exceeding 0 mSv, and their mean annual effective dose. Data are for Germany, for the years 1986 – 2012. Figure: Federal Office for Radiation Protection, Germany). Figure adapted from SSK 2019. For details see text.

Lifetime occupational exposures
The German dose registry also stores individual occupational doses cumulated through the duration of work (1 to 44 years). In 2012, 535,293 out of 1,445,813 workers showed cumulated effective doses of more than 0 mSv. 95% of these cumulated effective doses were below 10 mSv, and only 0.4% cumulated effective doses were in excess of 100 mSv. Lifetime effective doses exceeding 200 mSv were reported for individuals with more than 40 years of work experience (1,704 cases corresponding to 0.12%). Finally, in the period between 1960 and 2012, 268 individuals (0.02 % of those registered) were reported to show a lifetime occupational dose of more than 400 mSv. More specifically, 90% of those doses were received before the year 2000, and 70% between 1970 and 1990. About 48% of the reported cases above 400 mSv were employed in nuclear industry and industry, while 28% were employed in the medical sector. It should be noted, however, that there are indications that an individual evaluation of those 268 cases would finally result only in about 130 – 150 actual cases (BfS 2014). These numbers may be subject to further change, because currently on average only about 92% of the total period of work are covered (BfS 2015). 

In Germany, the annual effective dose for aircrew is calculated only since 2004. For a period of 13 years of work, the median in the cumulated effective dose was 30 mSv, the 95th percentile at about 45 mSv (BfS 2016). If one uses these data and extrapolates to a maximal duration of work of 45 years, then lifetime occupational effective doses of more than 100 mSv are possible, and could exceed 150 mSv. Lifetime occupational effective doses of more than 200 mSv cannot be ruled out in single cases. It is noted that the effective doses calculated for aircrew do not account for the actually flown routes and altitudes (because they are calculated on the basis of planned flight routes and altitudes) and that any additional doses due to Solar Particle Events are currently not included in the calculations. 

Similar to aircrew, annual effective doses of those with increased exposures from natural sources of ionizing radiation are reported to the dose registry since 2004. Most of the 400 monitored individuals were monitored for 1 - 4 years only. The median of cumulated occupational effective dose for those monitored for 13 years was about 100 mSv. Based on this information extrapolation to lifetime occupational effective doses is practically impossible and associated with considerably uncertainties. This is so because most of these exposures are from radon, and it is currently not yet legally decided in Germany which dose coefficient to be used to translate radon concentrations in air into effective dose. Furthermore, it is currently unclear how many individuals work at workplaces with radon air concentrations in excess of 300 Bq/m3 which have to be reported to the dose registry in the future. Finally, extrapolation is not meaningful because a number of effective radiological protection measures have been implemented more recently which are expected to reduce the occupational exposure at those working places considerably in the future. 

Measures to limit occupational risks after exposure to genotoxic carcinogens – the German case

Generally speaking, carcinogens are substances that increase the probability of cancer incidence or shift cancer incidence towards earlier age. In contrast to genotoxic carcinogens which are able to directly act on the DNA (structure or content of information) or its segregation during cell division, non-genotoxic carcinogens are able to influence cell growth above a certain threshold of exposure. In the present section, only genotoxic carcinogenic substances are discussed, which are assumed to show no threshold. 
Generally speaking, there is no unified European approach to regulate exposure to carcinogenic substances. To give an example, in Switzerland, maximum working place concentrations (“Maximale Arbeitsplatzkonzentration”, MAK) (corresponding to “tolerance concentrations”) for genotoxic carcinogens without threshold concentration are generally defined such that the additional incidence of malignant tumours is not more than 1 case among 100,000 exposed workers, per year. Thus, for an exposure over the whole career of 40 years, this corresponds to an excess incidence risk of 4 x 10-4 (Suva 2019). This is even one order of magnitude lower than the tolerable risk for genotoxic carcinogenic substances in Germany (see below). In the Netherlands, the occupational risk due to carcinogens in air must not be greater than 1 / 10,000 per year, which corresponds – for a working life of 40 years – to a tolerable risk of 4 / 1,000. Note that this compares to a detriment-adjusted cancer risk (incidence) of about 4 / 100 for an effective dose of 400 mSv which is the lifetime occupational limit for effective dose in Germany (see above). 
Regulatory framework in Germany
In Germany, protection of workers against the effects of carcinogens and other hazardous substances is regulated in the Hazardous Substances Ordinance (GefStoffV 2010). The ordinance distinguishes between two different categories of genotoxic carcinogens without threshold: category 1 includes substances which are known to be carcinogenic based on observations on humans, while category 2 includes substances which are probably carcinogenic based on observations on animals. For these two categories, GefStoffV 2010 requires from the employer application of a risk-based concept of action to avoid or – if this is not possible – to minimize occupational risks with regard to health and safety when handling those substances. This in turn requires quantification of occupational exposures to these substances for example through measurement of concentrations in air or other suitable methods. In this context, any regulations, findings, standards of evaluations, etc. related to the occupational exposures to genotoxic carcinogens developed by the Committee on Hazardous Substances (“Ausschuss für Gefahrstoffe” - AGS) need to be considered. This committee includes members from various stakeholders in Germany such as employers, trade unions, state authorities, statutory accident insurance institutions, and the scientific community. The relevant information gathered by this committee is summarized and published in the Technical Recommendations for Hazardous Substances 910 (“Technische Regeln für Gefahrstoffe” - TRGS 910 (TRGS 910 (2016)). 

The risk-related concept of action described in TRGS 910 (2016) includes a) definition of and reasoning for risk limits, b) guidelines for the development of substance-specific exposure-risk-relationships for cancer, c) corresponding substance-specific concentrations in air and biological samples (blood, urine), and d) actions to minimize any occupational risks from the substances under consideration.

In the context of TRGS 910 (2016), “risk” means the life-long probability of cancer incidence due to exposure to a genotoxic carcinogen during the whole working life. An acceptable risk is defined as occupational risk which is low enough that no further protection actions are required. In contrast, the tolerance risk is defined as threshold above which workers shall not be exposed. From 2018 on, a risk over the whole working life is considered acceptable if it is less than 4 / 100,000. Correspondingly, a risk over the whole working life is considered tolerable if it is higher than 4 / 100,000 but lower than 4 / 1,000 (i.e., 100 times the acceptable risk). As a reference for these values, TRGS 910 (version from 2016) takes life-long risks for lethal occupational accidents, risks to die from cancer due to other reasons than exposure to genotoxic carcinogens, and other German and foreign regulations related to carcinogenic substances. For example, according to TRGS 910 (2016) in Germany known occupational risks for lethal accidents for a working life of 40 years in agriculture are 3 / 1,000, in construction industry 2 / 1,000, in mining 3 / 1,000, and in retail industry 4 / 10,000. 

TRGS 910 (2016) also includes guidance on how to deduce exposure-risk-relationships for genotoxic carcinogens in air. For example, a) for parameter estimates it is explicitly recommended not to use worst case scenarios in all cases, to avoid unrealistic overestimation of risk, b) lifetime cancer risk should be calculated at least until the attained age of 80 years, c) individuals specifically sensitive to the substance of interest are considered sufficiently protected if the risk for individuals with average sensitivity is sufficiently small, d) for risk estimation cancer incidence is preferred over cancer mortality, e) a daily breathing volume of 10 m3 should be considered for 240 working days per year and a working life of 40 years, and f) a linear correlation between exposure and risk should be assumed for genotoxic substances or for substances for which the mechanism of action is not or not sufficiently known.

The “acceptance concentration” of a substance in air (or in biological material) is defined as the concentration below which related risks are considered acceptable, while the “tolerance concentration” is the concentration above which related risks are not considered tolerable. For genotoxic substances that also show a non-carcinogenic risk to human health with a corresponding occupational limit below the tolerance concentration for the genotoxic effect, the limit defined through the non-carcinogenic effects defines the tolerance concentration. Consequently, the tolerance concentration can be less than 1/100 of the acceptance concentration. In TRGS 910 (2016) tolerance concentrations are not explicitly called “concentrations limits”. However, because they define – together with the acceptance concentrations – any actions to be taken by an employer (see below), they essentially act like limits.

The required risk assessment is based on concentrations of genotoxic carcinogens in air averaged over one working shift. Any background concentrations can be subtracted. Should there be – in addition to inhalation – additional incorporation pathways such as uptake through the skin or unintended ingestion, biomonitoring is recommended as a more suitable means for exposure assessment. It should be emphasized that only single genotoxic carcinogens are considered in this approach. Any assessment of the combined risk due to occupational exposure to several different genotoxic carcinogens is not foreseen in this approach (although the Committee on Hazardous Substances must be informed by the employer in case several genotoxic carcinogens are present at a work place – except at work places involving welding, restructuring, maintenance and laboratory work). This is in contrast to radiological protection regulations where risks from all radiation sources that contribute to occupational exposure at a certain work place are considered for risk assessment and dose limitation.

The risk-related concept described in TRGS 910 (2016) – also called “traffic light concept” – distinguishes between three areas of risk: a) the green area of low or acceptable risks (concentrations) below the acceptance risk (concentration), b) the yellow area of intermediate risks (concentrations) between the acceptance and the tolerance risks (concentrations), and c) the red area of high and non-tolerable risks (concentrations) above the tolerance risk (concentration) (Fig. 3). 
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Fig 3  Correlation between risk and protection measures depending on concentration of a carcinogen in air (or biological material)

Any actions required to reduce occupational risk depend on the individual acceptance and tolerance concentrations for a single genotoxic carcinogen as described in TRGS 910 (2016). A) Below the acceptable risk (green area of low risks) no additional protection measures are needed. However, efforts for example to further reduce the amount of the genotoxic carcinogen required should continue if commensurate/proportionate (“verhältnismäßig”). B) Tolerable risks (yellow area of intermediate risks) might be present for a transition period, but must be reduced by applying or developing (if needed) state-of-the-art measures with increasing intensity as the distance to the acceptable risk increases. The goal is to shift any occupational risk from the substance of interest closer towards the acceptable risk. Again any actions taken should be commensurate/proportionate. C) For risks above the tolerable risk extensive technical, organizational, administrative and personal protection measures are required to reduce risk immediately (Fig. 3). Organizational measures (such as minimization of time of exposure, minimization of number of exposed individuals, measures to enhance risk transparency and communication, training and education, etc.) should be undertaken for all risk levels. Respiratory protection must be offered by the employer above the acceptance air concentration and must be used by the employee above the tolerance air concentration. If any acceptance concentration is exceeded, the employer must define a detailed plan and roadmap how and when exposure reductions will be achieved. This plan must be sent to the competent authority in case exposures exceed the tolerance concentration for longer than three months. Cases where respiratory protection has to be used for more than 120 working hours within three working months require approval by the competent authority, and the competent authority must be informed by the employer how concentrations at this particular working place will be reduced within a period of three years.

Conclusions - Recommendations of the German Commission on Radiological Protection

Protection concepts and standards for work places with ionising radiation and genotoxic carcinogens – need for harmonization
The SSK acknowledges that the concepts used in occupational radiological protection and those used in the protection of workers against risks from genotoxic carcinogens have converged in recent years. This is mainly due to the fact that dose effect relationships for a number of carcinogens other than radiation were established (based on human and animal data) which could be used in Germany to define acceptability and tolerability in a legal framework (TRGS 910, 2016).

In Germany, the TRGS 910 (2016) combined with the Hazardous Substances Ordinance (Gefahrstoffverordnung GefStoffV 2010) states that below a “tolerable” risk of cancer incidence of 4 per 1000 individuals (based on lifelong occupational exposure) there is the commitment to advance technical state of the art in an effort to reduce exposure to a single carcinogen towards the acceptable level. This can be interpreted in terms of the optimisation principle formulated by ICRP for radiological protection. Below the “acceptable” level – except for any organizational efforts – no further measures are postulated. This acceptable level was, however, rather low – 4 cases per 10,000 individuals – and has recently been reduced further down to 4 cases per 100,000 individuals. Tolerable and acceptable risks are identified by the Committee of Hazardous Substances (AGS) based on consultation with various societal stakeholders such as churches, unions, and science representatives. 

Recommendation 1

The SSK recommends to further improve harmonization of both a) concepts used to deduce occupational exposure limits and b) evaluation of health risks due to exposure to ionizing radiation and other carcinogens that might be present at work places. 

Limit for lifetime occupational exposure to ionizing radiation 

In 1989 the German Radiological Protection Ordinance has introduced a limit for lifetime occupational exposure to ionizing radiation of 400 mSv effective dose, although this was not explicitly recommended in any of the ICRP recommendations. This dose limit corresponds to a lifetime risk of 4% for detriment-adjusted cancer incidence (or 2% for detriment-adjusted cancer mortality). In ICRP Publication 60 (ICRP 1991) ICRP opted against introduction of such a limit, because the Committee saw difficulties “in the practical application of lifetime limits. One of these relates to the interpretation of the limit for a worker who is employed in work involving significant occupational exposure for only part of his working life. Decisions have also to be taken about the long-term future employment of workers who exceed the lifetime limit. Short-term limits would also be needed because the Commission’s risk estimates are derived for doses distributed fairly uniformly over the occupational age range.“ (Paragraph 165, ICRP 1991). In ICRP Publication 103 (ICRP 2007) this issue was not further discussed. 

The SSK notes that the concerns expressed by ICRP against the introduction of a lifetime occupational dose limit are not fully convincing. In fact, since about 60 years only about 0.02 % of monitored workers have shown an excess in lifetime occupational effective dose of 400 mSv. Today, occupations with highest lifetime effective doses are air crew and workers at work places with high natural radiation (radon). For aircrew, lifetime effective doses of more than 200 mSv cannot be ruled out. For workplaces with radon exposures the median of lifetime effective dose (for a monitoring period of 13 years) is about 100 mSv with considerable uncertainty involved with the small number of cases and the use of appropriate dose conversion coefficients.

The SSK continues to consider a lifetime effective dose limit of 400 mSv to be useful. It is emphasized that the radiation-induced cancer risk for doses of several 100 mSv can be quantified much more reliably from epidemiological studies than that of doses on a level of the annual dose limit of 20 mSv.
The radiation-induced detriment-adjusted cancer incidence risk associated with an exposure of 400 mSv (i.e., 4 / 100) is one order of magnitude higher than the level considered tolerable after exposure to carcinogens other than ionizing radiation (genotoxic carcinogens) (4 / 1000). However one has to keep in mind that the risks assumed for doses of several 100 mSv are based on various radio-epidemiological studies on human populations, while those assumed for exposure to genotoxic chemical substances are largely based on animal experiments and, as a consequence, associated with much larger but unquantified uncertainties. Furthermore, the lifetime effective dose limit of 400 mSv for ionizing radiation considers all sources of ionizing radiation including various exposure situations, while the evaluation of risks from exposure to genotoxic carcinogens is done for single substances, and summation of risks from a diverse exposure to more than one substance is not made. 

Recommendation 2

The SSK recommends keeping with the use of a lifetime effective dose limit for workers in Germany, and encourages an international discussion on this concept. 

Harmonization of the concept of tolerable risk in the fields of ionizing radiation and genotoxic carcinogens

Recommendation 3

The SSK recommends the German Federal Ministry for Environment, Nature Conservation and Nuclear Safety (BMU) a) to continue discussions on the numerical value of the lifetime effective dose limit for workers and b) to harmonise what is considered a tolerable cancer risk after exposure to ionizing radiation and genotoxic carcinogens in consultation with other responsible ministries. These discussions should include a) the fact that the current lifetime occupational limit for effective dose of 400 mSv is only rarely reached, b) any changes in the current system of radiological protection should only be pursued if scientifically and societally justified, and if a clear improvement in the benefit-risk-ratio can be achieved and c) the changes currently under way with respect to the regulation of the exposure to genotoxic carcinogens. 

Limit for annual occupational exposure

The SSK supports the use of the annual effective dose limit for occupational exposure of 20 mSv and 50 mSv in any single year as recommended by ICRP since 1991 (ICRP 1991). Although considerable progress has been made during the last decade in the quantification of radiation risk of exposed human cohorts, the current scientific evidence and the uncertainties still associated with any risk estimates do not justify any change in the annual effective dose limit. It is noted that the mean annual doses for about 350,000 workers monitored in Germany have significantly decreased during the last decades, due to a rigorous application of the ICRP optimisation of protection principle involving dose constraints. Violations of the annual dose limit were the exception.

In case the effective dose exceeds the dose limit of 20 mSv per calendar year, the German Radiological Protection Law mentions that, consistent with ICRP recommendations, in single cases the regulator may accept an effective dose of up to 50 mSv in any year, if the effective dose cumulated in five years does not exceed 100 mSv. This corresponds to a radiation-induced detriment-adjusted risk for cancer incidence of 1% accrued within a relatively short period of the lifetime working time.

Recommendation 4

The SSK recommends an international discussion on the effective dose limit of 100 mSv that may be accumulated during five years of exposure, although the evaluation of radiation-induced risk has not changed recently. Nevertheless, this discussion is considered important given that the evaluation of risks considered acceptable by the society are changing over time.

Independent from this recommendation, the SSK emphasizes again the usefulness of dose constraints as a central tool for optimisation.

Need for further action

Recommendation 5

The SSK recommends efforts to reduce uncertainties in the quantification of radiation-induced risks to be continued. This will require a long-term continuity in research and funding, consideration of new scientific concepts to be applied in radio-epidemiology (e.g, establishment of biobanks), and commitment to pursue basic research (e.g., on the mechanisms of carcinogenesis, individual radiation response, identification and validation of biomarkers and their integration in risk quantification). This is important in order to get a better knowledge about the dose response for cancer induction in the dose range below 100 mSv. Due to the dimension of the scientific challenge associated with these efforts, an international collaboration is needed that should be supported by the European research platforms that were established as part of the EURATOM program.

An open discussion including scientific and societal aspects should lead to a consensus on occupational risks tolerable for the society. Here the communication of scientific evidence as a basis for setting limits is a fundamental challenge which goes far beyond the mere presentation of scientific facts.
Improvement of risk communication

Recommendation 6

The SSK recommends to complement transparency in estimation and decision processes with effective forms of documentation and risk communication, in an effort to make risk management more understandable and comprehensible. This process should include experts in communication and target individuals occupationally exposed to ionizing radiation. 
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�  Deceased during preparation of this review


� 	UNSCEAR uses the term „solid tumours“ instead of „solid malignant tumours“. 


� One röntgen in tissue corresponds roughly to a dose of 10 mGy or (for low-LET radiation) 10 mSv. 





1

[image: image3.png]Level of individual exposure

Tolerable
Risk

Tolerance concentration

Acceptance concentration

Acceptable
Risk




