
HAL Id: hal-04598255
https://hal.science/hal-04598255v1

Submitted on 3 Jun 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

The ICRP, MELODI, and ALLIANCE workshop on
effects of ionizing radiation exposure in offspring and

next generations: a summary of discussions
Ämilie Degenhardt, Shayenthiran Sreetharan, Aidana Amrenova, Christelle

Adam-Guillermin, Fieke Dekkers, Sara Dumit, Sandrine Frelon, Nele
Horemans, Dominique Laurier, Liudmila Liutsko, et al.

To cite this version:
Ämilie Degenhardt, Shayenthiran Sreetharan, Aidana Amrenova, Christelle Adam-Guillermin, Fieke
Dekkers, et al.. The ICRP, MELODI, and ALLIANCE workshop on effects of ionizing radia-
tion exposure in offspring and next generations: a summary of discussions. International Journal
of Radiation Biology, 2024, Special Issue of the ICRP 2022 Budapest workshop, 20247, pp.1-11.
�10.1080/09553002.2024.2306335�. �hal-04598255�

https://hal.science/hal-04598255v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=irab20

International Journal of Radiation Biology

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/irab20

The ICRP, MELODI, and ALLIANCE workshop on
effects of ionizing radiation exposure in offspring
and next generations: a summary of discussions

Ämilie Degenhardt, Shayenthiran Sreetharan, Aidana Amrenova, Christelle
Adam-Guillermin, Fieke Dekkers, Sara Dumit, Sandrine Frelon, Nele
Horemans, Dominique Laurier, Liudmila Liutsko, Sisko Salomaa, Thierry
Schneider, Manoor P. Hande, Richard Wakeford & Kimberly E. Applegate

To cite this article: Ämilie Degenhardt, Shayenthiran Sreetharan, Aidana Amrenova, Christelle
Adam-Guillermin, Fieke Dekkers, Sara Dumit, Sandrine Frelon, Nele Horemans, Dominique
Laurier, Liudmila Liutsko, Sisko Salomaa, Thierry Schneider, Manoor P. Hande, Richard
Wakeford & Kimberly E. Applegate (29 Jan 2024): The ICRP, MELODI, and ALLIANCE workshop
on effects of ionizing radiation exposure in offspring and next generations: a summary of
discussions, International Journal of Radiation Biology, DOI: 10.1080/09553002.2024.2306335

To link to this article:  https://doi.org/10.1080/09553002.2024.2306335

Published online: 29 Jan 2024.

Submit your article to this journal 

Article views: 182

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=irab20
https://www.tandfonline.com/journals/irab20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/09553002.2024.2306335
https://doi.org/10.1080/09553002.2024.2306335
https://www.tandfonline.com/action/authorSubmission?journalCode=irab20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=irab20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/09553002.2024.2306335?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/09553002.2024.2306335?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/09553002.2024.2306335&domain=pdf&date_stamp=29 Jan 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/09553002.2024.2306335&domain=pdf&date_stamp=29 Jan 2024
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ABSTRACT 
Purpose: Task Group 121 – Effects of ionizing radiation exposure in offspring and next genera
tions – is a task group under the Committee 1 of the International Commission on Radiological 
Protection (ICRP), approved by the Main Commission on 18th November 2021. The main goals of 
Task Group 121 are to (1) review and update the scientific literature of relevance to radiation- 
related effects in the offspring of parent(s) exposed to ionizing radiation in both human and non- 
human biota; (2) to assess preconceptional and intrauterine effects of radiation exposure and 
related morbidity and mortality; and, (3) to provide advice about the level of evidence and how 
to consider these preconceptional and postconceptional effects in the system of radiological pro
tection for humans and non-human biota.
Methods: The Task Group is reviewing relevant literature since Publication 90 ‘Biological effects 
after prenatal irradiation (embryo and fetus)’ (2003) and will include radiation-related effects on 
future generations in humans, animals, and plants. This review will be conducted to account for 
the health effects on offspring and subsequent generations in the current system of radiological 
protection. Radiation detriment calculation will also be reviewed. Finally, preliminary recommenda
tions will be made to update the integration of health effects in offspring and next generations in 
the system of radiological protection.
Results: A Workshop, jointly organized by ICRP Task Group 121 and European Radiation 
Protection Research Platforms MELODI and ALLIANCE was held in Budapest, Hungary, from 31st 
May to 2nd June 2022. Participants discussed four important topics: (1) hereditary and epigenetic 
effects due to exposure of the germ cell line (preconceptional exposure), (2) effects arising from 
exposure of the embryo and fetus (intrauterine exposure), (3) transgenerational effects on biota, 
and (4) its potential impact on the system of radiological protection.
Conclusions: Based on the discussions and presentations during the breakout sessions, newer 
publications, and gaps on the current scientific literature were identified. For instance, there are 
some ongoing systematic reviews and radiation epidemiology reviews of intrauterine effects. 
There are newer methods of Monte Carlo simulation for fetal dosimetry, and advances in radiation 
genetics, epigenetics, and radiobiology studies. While the current impact of hereditary effects on 
the global detriment was reported as small, the questions surrounding the effects of radiation 
exposure on offspring and the next generation are crucial, recurring, and with a major focus on 
exposed populations. This article summarizes the workshop discussions, presentations, and conclu
sions of each topic and introduces the special issue of the International Journal of Radiation 
Biology resulting from the discussions of the meeting.
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Introduction

The potential for radiation-related deleterious effects in 
offspring is a recurrent issue for the general public and a 
concern for parents exposed or potentially exposed to 

ionizing radiation from occupational, medical or 
environmental sources. There are still some gaps in the 
knowledge (and subsequent uncertainties in risk estimates) 
about the fundamental mechanisms underlying potential 
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radiation-related genetic diseases, the contribution of epigen
etic processes to adverse outcomes, and the potential con
tributory role of lifestyle, physiological, and maternal versus 
paternal factors. This uncertainty is reinforced by several 
studies with differing experimental set up or models either 
in the laboratory and/or in the field on various fauna and 
flora species, and between humans and non-human species.

This topic has not been updated by the ICRP since 2003 
for intrauterine exposures (Publication 90, 2003) and since 
2001 for hereditary effects by UNSCEAR (UNSCEAR 2001). 
More recently, NCRP Report No.174 covered this subject in 
2013 but not reviewed studies of non-human biota (NCRP 
2013). In the current system of radiological protection, con
genital malformations due to intrauterine exposures are con
sidered as tissue reactions (formerly called deterministic 
effects) whereas cancer and hereditary effects are considered 
stochastic effects. Consequently, in some ways, congenital 
malformations are considered both as stochastic effects and 
tissue reactions, depending on the type of exposure (precon
ceptional or intrauterine). Currently, hereditary effects are 
considered as a simple add-in risk estimate to the radiation 
detriment calculation process, representing approximately 
four percent of the total. So far, there is no specific consid
eration that the data used for the calculations are derived 
primarily from animal experiments. A revised assessment of 
the effects of ionizing radiation on offspring and the next 
generations is needed to inform future general recommenda
tions of the ICRP on the system of radiological protection. 
In the second half of 2021, an ICRP task group (TG121) 
was formed dedicated to this topic.

One of the first major projects of this task group (TG) 
was to bring together its members and other experts to 
examine key questions to study, to generate updates of cur
rent knowledge and to identify ongoing knowledge gaps. 
The TG identified MELODI and ALLIANCE as interested 
organizational partners. The present article summarizes the 
discussions that took place during the Workshop ‘Effects of 
Ionising Radiation Exposure in Offspring and Next 
Generations’ in May-June 2022 in Budapest in conjunction 

with the sixth European Congress of International Radiation 
Protection Association (IRPA).

Motivation of the workshop and breakout sessions

The MELODI, ALLIANCE and ICRP Workshop ‘Effects of 
Ionising Radiation Exposure in Offspring and Next 
Generations’ took place from 31st May to 2nd June. 
Invitations were sent out to these three organizations for 
participation. There were 52 (32 in-person and 20 online) 
workshop participants. Short presentations at the breakout 
sessions were planned. Before the workshop, participants 
were assigned to one of the four breakout groups. In each 
group, specific questions were prepared in advance to guide 
discussions.

Group A: Hereditary and epigenetic effects due to exposure 
of germ cell line (preconceptional exposure) (Sisko 
Salomaa, chair; Manoor Prakash Hande, co-chair; and 
Fieke Dekkers, Katalin Lumniczky – rapporteurs);

Group B: Effects arising from exposure of the embryo and 
fetus (post-conceptional exposure, also termed the prenatal 
period) (Richard Wakeford, chair; Kimberly Applegate, co- 
chair; and Liudmila Liutsko, €Amilie Degenhardt, Sara 
Dumit – rapporteurs);

Group C: Transgenerational effects in biota (Christelle 
Adam-Guillermin, chair; Nele Horemans, co-chair; and 
Sandrine Frelon, Shayen Sreetharan – rapporteurs);

Group D: Potential impact on the System of Radiological 
Protection (Dominique Laurier, chair; Thierry Schneider, 
co-chair; and Aidana Amrenova, Friedo Z€olzer – rappor
teurs) (Figure 1).

The Workshop began with a plenary session for all par
ticipants with in-depth presentations on the current under
standing of genetics, epigenetics, trio studies, and congenital 
malformations in children of atomic bomb survivors. 
Transversal topics were presented on both the dosimetry 
and confounders/complexity of health effects of radiation 

Figure 1. The first page of the announcement and invitation sent out and also placed on the ICRP web page.
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pre- and post-conception. Most of the discussions were held 
in the four breakout groups during the 2 first days of the 
Workshop. On the final day, the breakout groups prepared 
and presented the summary of their discussions.

The final day of the workshop included a joint session 
between ICRP TG121 and the IRPA radiation biology ses
sion. Presentations included dosimetry issues of epidemio
logical studies of Chornobyl clean-up workers (Vadim 
Chumak, Ukraine), and effects of radiation exposure on off
spring and next generations in both human and non-human 
biota. Sisko Salomaa presented a brief review of the key gen
etic and epigenetic factors for the TG121 consideration (rep
resenting Group A) while Richard Wakeford summarized 
the current radiation epidemiology effects from intrauterine 
exposures. Stephane Grison discussed ‘Multigenerational 
Effects from Chronic Low-Dose intrauterine Exposure’ in a 
mouse model (representing Group B). Christelle Adam- 
Guillermin presented current knowledge of hereditary effects 
in non-human species (representing Group C) and 
Dominique Laurier gave an overview of the potential impact 
and issues for consideration in the system of radiological 
protection (representing Group D). Several complementary 
manuscripts from the presentations at the workshop were 
agreed to be prepared and to be published in this special 
issue of the International Journal of Radiation Biology.

All TG121 workshop presentations were recorded and are 
available on the ICRP website.

Group A – Hereditary and epigenetic effects due to 
exposure of germ cell line (preconceptional 
exposure)

The activities of Group A started with short topical presen
tations of the state of the art on recent developments that 
are relevant to our understanding of the effects of precon
ceptional exposure. An epidemiological re-analysis of the 
A-bomb survivor studies showed consistent, but not signifi
cant, associations between preconceptional exposures and 
the increase in the risk of major congenital malformations 
and perinatal death (Yamada et al. 2021). In another impor
tant trio study – exposed parents and their offspring – the 
findings indicated that multisite e novo mutations could be 
suitable to assess DNA damage from ionizing radiation in 
humans (Holtgrewe et al. 2018). However, in both the 
Yamada and Holtgrewe studies, information about dosim
etry was limited. In addition, tools such as whole genome 
sequencing have opened new possibilities for research (Satoh 
et al. 2020). A critical point addressed was on the uncer
tainty on the risks associated with preconceptional exposure.

State of the science since the last general 
recommendations

Based on the state of the art on technologies used in the 
analysis of mutations following preconceptional exposures, 
no conclusive evidence has emerged for the effects of pre
conceptional exposure leading to disease in humans 
(Holtgrewe. 2018). A re-analysis of A-bomb survivor studies 

is indicative of effects on untoward pregnancy outcomes, 
although most results are not statistically significant 
(Yamada et al. 2021).

Whereas studies of the A-bomb survivors can contribute 
to risk estimates, trio studies are not yet at a stage where 
long-term risk estimations for preconceptional exposures 
could be evaluated. Trio studies appear to point toward an 
effect of age of the individual during the exposure rather 
than dose. It should be noted that in trio studies involving 
military personnel exposed during atmospheric testing, the 
effects of low doses incurred 60–70 years ago have been 
investigated (Rake et al. 2022; Moorhouse et al. 2022). 
However, they are characterized by having large uncertain
ties on the estimates of the external and internal exposures. 
Regarding the health endpoints that are seen as potentially 
relevant after preconceptional exposure, they have not 
changed in recent years, but new findings on mechanisms 
that may contribute have emerged, indicating that epigenetic 
mechanisms may play an important role on the effects of 
the radiation exposure during preconceptional phases to the 
offspring and next generations. However, quantitative esti
mates for such effects are not yet available.

Epidemiology: open questions, directions for further 
research and new cohorts

Follow-ups of existing epidemiological cohorts did not start 
until years after exposure for example in Hiroshima/ 
Nagasaki and Chornobyl, and in the nuclear weapons testing 
veterans, and therefore contain very limited information 
about possible sensitive stages in oogenesis or spermatogen
esis. Existing epidemiological studies therefore would not be 
a reliable source of information on sensitive stages in pre
conceptional exposure. In addition, dosimetry is still a chal
lenge in epidemiological studies, due to the lack of 
information on background radiation exposure and other 
parameters to estimate the radiation exposure.

It was remarked that in trio studies, parental age is par
ticularly important (Kaplanis et al. 2022), as can be seen 
from the following: the doubling parental age for mutations 
in off-spring is 20–40 years; the doubling dose of ionizing 
radiation is defined as 1 Gy in mice. In a low dose-setting, 
the effects of ionizing radiation will be far smaller than 
those that are a result of variations in parental age.

It is hoped that future studies would involve French vet
eran cohorts as French atmospheric tests went on for longer 
than those carried out by other countries. Information about 
sensitive stages, for which data collected soon after exposure 
would be relevant, for instance data on medical exposures 
and occupationally exposed persons. Furthermore, cohorts 
of pediatric patients followed over time may contribute new 
insights.

Confounding factors could be one reason why transge
nerational effects are not seen in humans. The confounding 
factors which may influence the outcome of preconceptional 
exposures to radiation were highlighted and include: 
medical exposure, residential exposure (categorical high/low 
radon), smoking, alcohol, ethnicity, chemical exposures 
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(e.g. pesticides and medications), time after radiation expos
ure (for example, effects not seen in Chornobyl trios study), 
diet, stress and inflammatory status. Confounding factors 
that could be particularly important for preconceptional 
exposure are (i) parental age (most likely maternal for 
chromosomal aberrations, paternal for germline mutations), 
(ii) parity, (iii) general gynaecological health (miscarriages), 
(iv) other parental occupational exposures to radiation and 
chemical compounds, and (v) social factors and perinatal 
infections (e.g. in studying leukemia). These confounding 
factors may modulate the effects of preconceptational radi
ation exposure and/or alter the interpretation of the out
come. Identifying the relevance of candidate confounding 
factors requires structured interviews, which may add layers 
of complexity to the existing research studies. The inclusion 
of lifestyle and personal choice factors in research may lead 
for example, to ethical considerations.

Open research questions

Beyond the recent (and ongoing) trio studies (Boice 2020; 
Chumak et al. 2021; Rake et al. 2022), a study on Mayak 
workers is under review for this special issue series (refer
ence will be updated later). According to review conducted 
by Boice (2020) from the epidemiological studies carried out 
to date on the Trinity population, no effect has been seen in 
the low doses estimates received by the occupational 
exposed parents. However, there is a large uncertainty in the 
dosimetry and there may be added cancers, primarily thy
roid cancers in the exposed resident population (Boice 2020; 
NCI 2020). Adverse Outcome Pathway (AOP) approaches 
may be applicable to preconceptional effects, but the crucial 
question is: what would be the event initiating epigenetic 
changes?

Recommendations for future research

There was a consensus that new tools such as those used to 
study epigenetic changes and whole genome sequencing 
could be utilized in both human and mouse studies to 
achieve comparability. However, radiation sensitivity may 
differ over orders of magnitude between species, so caution 
should be taken when making comparisons. In addition, 
new mathematical models can contribute when extrapolating 
data between species.

The group suggested that collection of data from at least 
three generations would be pertinent for understanding pre
conceptional effects, but studies beyond 3 generations may 
not be feasible in humans. It is important to note that 
fathers and mothers may contribute in different ways— 
qualitatively and quantitatively to offspring after preconcep
tional exposure. Existing human studies were started years 
after exposure, and therefore do not contain some pertinent 
information needed to identify sensitive stages in oogenesis 
and, spermatogenesis.

Dosimetry details are often limited in the literature or 
ongoing epidemiological studies. Future epidemiological 
studies need to include the following information: variations 

in dose and dose rate (acute/chronic), internal and external 
exposure and radiation quality, and age at exposure. This 
can be applied to animal studies as well.

Diseases that occur earlier in life and continue to have an 
effect could be considered to limit the need for long-term 
follow-up research (Nakamura et al. 2013). Since hereditary 
diseases are not very common, the group suggested research 
on diseases caused by loss of a single allele as an effective 
method to study the effects of preconceptional exposure.

In cohorts including cancer survivors and their offspring, 
the occupational and environmental exposure to radiation 
should be described. Genetic and life-style factors may influ
ence the consequences of preconceptional exposure; there
fore, standard information about these factors need to be 
included in future epidemiological studies.

In general, the members of Group A recommended col
lecting as much data as is reasonable for future use, which 
includes biological samples. Similarly, the group suggested 
considering a range of (possible confounding) outcomes as 
described above, including those with (currently) uncertain 
relevance for detriment. While the group agreed on the col
lection of data for three generations after exposure, they rec
ommend reconsidering the use terminologies such as F1, F2 
and F3 terms. TG121 has begun a review of important ter
minologies from ICRP and other pertinent publications to 
create a glossary. This glossary would be a part of the final 
Annals publication and would be integrated into the 
ICRPaedia glossary.

Group A Conclusions

The three key points identified by group A were i) to date 
effects associated with preconceptional exposure to radiation 
in humans remain unclear, 2) epigenetic mechanisms may 
play an important role on such effects, but there are no 
available quantitative estimates for them, and 3) fathers and 
mothers may contribute in different ways to the transge
nerational effects after preconceptional exposure.

To conclude, to make progress in our understanding of 
the effects of preconceptional radiation on offspring and 
later generations, it is important to look beyond the radi
ation sciences. This widened scientific perspective would 
include the study of epigenetic effects, where collaboration 
with non-radiation genetics researchers is expected to con
tribute to a better mechanistic understanding. For example, 
a recent animal study by Wang et al. (2023) identified a 
mechanism by which paternal DNA damage was inherited 
through a unique epigenetic pathway. While epidemiological 
studies provide data on human preconceptional exposures, 
animal studies continue to add important mechanistic 
information.

Group B – Effects arising from exposure of the 
embryo and fetus (post-conceptional exposure)

The activities of Group B started with short topical presenta
tions of new findings on transgenerational effects due to 
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ionizing radiation exposure during the intrauterine period 
based on medical, epidemiology, and radiobiology studies.

Fundamental biology of embryonic and fetal 
development

‘Are we unable to detect human central nervous system 
effects especially cognitive ones from low dose irradiation?’ 
That was the kickoff of the discussions in group B. This 
group acknowledged the lack of human studies on the out
comes of infants and children of pregnant patients who 
were exposed to diagnostic and therapeutic radiation and 
yet there are newer imaging methods to do so (e.g. MRI). 
And in fact, there is also an exponential increase in the 
amount of radiological imaging since the last ICRP review 
of fetal effects. Low dose fetal exposures have estimated leu
kemia risk similar to that for the young child, and at high 
doses, the cancer risks are known to persist into late adult
hood (Sugiyama et al. 2021). The key takeaway for post-con
ceptional exposures is its critical link to fetal development 
based on both animal and limited human data (UNSCEAR 
2001). In addition, several recent radiation epidemiology 
publications reported an association between low dose fetal 
exposures with cancer risk in childhood (Wakeford and 
Bithell 2021), and with small head size (Hatch et al. 2017; 
Sugiyama et al. 2021)). There is uncertainty about whether 
the risk might be higher when the exposure occurs during 
late gestation.

Development and irradiation: a quick look relevant for 
Multigenerational and transgenerational effects studies

There are epidemiological observations in which no signifi
cant transgenerational effects were seen with preconcep
tional exposures in F0 humans and animals. On the other 
hand, post-conceptional exposures in women seemed to be a 
more sensitive phase. The possible involvement of epigenetic 
effects, induced genomic instability or neighborhood effects 
were not considered. In epigenetics and developmental ori
gins of health and disease, the intrauterine developmental 
periods appear to be more sensitive to environmental inju
ries. DNA methylation programming occurs during the 
organogenesis period to differentiate cell function, which 
means that intrauterine epigenetic DNA methylation switch 
during this particularly sensitive period, may induce genetic 
instability and potentially cause late adverse effects. The 
hypotheses include:

� Low doses of ionizing radiation appear to induce little to 
no biological effects: but can early intrauterine radiation 
stress increase the risk of long-term effects through epi
genetic mechanisms?

� Impact of endogenous/exogenous factors (pollution, dis
ease, diet, aging, gender, genetic background): can con
founding factors influence the effect of ionizing radiation 
on the fetus and increase the risk of later adverse health 
effects?

� Epigenetic DNA methylation profile as a potential bio
marker: can epigenetic fingerprints be useful as an indi
cator of hereditary effects and risks of delayed adverse 
effects?

Radiation exposure during brain development & long- 
lasting persistent effects

Animal studies investigating the intrauterine radio-sensitivity 
at different developmental stages showed that in mice the 
gestational day 7.5 (E7.5) is the most radiosensitive day for 
microphthalmia and anophthalmia, and the dose threshold 
for exencephaly was at 1.0 Gy. Doses � 0.5 Gy at E7.5 cause 
adult sensory and brain defects but do not affect postnatal 
survival. Irradiation at the onset of neurogenesis (E11) indu
ces cognitive impairments in adult mice (Craenen et al. 
2018). However, further studies are needed to identify coun
termeasures to prevent microcephaly and lifelong cognitive 
impairments after intrauterine exposure to radiation.

Main discussion in Group B

The Group B discussions produced a fruitful exchange of 
knowledge, limitations, and uncertainties, and participants 
raised numerous questions, resulting in a lively debate.

Discussions on the experimental evidence for congenital 
malformations and the presence or absence of a threshold 
were a substantial part of the discussion. It is unclear 
whether the recent contribution of new results and their 
potential impact has changed what we know currently about 
the effects of prenatal exposure and the effect on the classifi
cation and risk calculation after prenatal exposure. For 
example, the ‘all-or-none’ was pointed out to be a 50-year- 
old concept which may need to be reconsidered using bio
markers, epigenetics, organoids, or simulations. Regarding 
the important features to be considered in such studies, the 
focus was on understanding the mechanisms of radiation- 
induced conceptus effects. For example, clinical and/or life
style information may be important to control confounding 
factors, such as parental age, improved dose estimations, 
and perhaps provide insights into effect modifiers. Likewise, 
there is a need to better understand which endpoints and/or 
surrogate markers are likely to be most informative. These 
features are important to better understand the pathways 
and processes of systemic, local and multi-organ effects (e.g. 
central nervous system – central nervous system, cognitive 
disorders, epigenetics, growth retardation, dose dependence, 
types of tissue, accelerated aging/other biological processes, 
etc.) The group noted the need for better stakeholder educa
tion and radiological protection training at large (including 
members of the public, technical audience, etc.).

The discussions also concluded that the potential effect 
on IQ is not a single-cell effect for instance, and in this par
ticular case, the brain continues to develop after birth. The 
IQ threshold model was based on studies developed during 
the decade of the 1950s and it is an oversimplification of the 
process. The new concept should account for multi-cellular 
effects and the existence or not, of a threshold. In the 
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pre-implantation phase, there is also evidence for stochastic 
induction suggested by recent data, especially related to gen
omic stability.

Regarding the data available to study the effects of radi
ation exposure during fetal development, there was a general 
agreement that threshold doses for malformation observed 
for animals could not be directly transferred in human mod
els. A recent summary of mice and human data was pre
sented earlier in the workshop and later published to 
describe why there may be shorter cancer latency after radi
ation exposure (Nakamura 2023). However, most of the data 
that has been used is derived from radiobiology studies due 
to ethical and practical reasons. Another topic of ongoing 
concern to researchers, parents, the medical community, 
and the public is the uncertainty of effects related to ioniz
ing radiation at low (defined by the ICRP as <100 mGy) to 
moderate doses (100–500 mGy) The threshold of 100 mGy 
was also based on animal research, limited human data, and 
therefore oversimplified, prudent estimations. Thus, new 
information and mathematical approaches to relate to old 
and new data is required. One example is the radiation epi
demiology follow-up studies (Chornobyl, Hiroshima and 
Nagasaki). They would provide information on tissue (con
genital malformations) effects after intrauterine exposure 
and also cancer effects that are still being found many deca
des after exposure in those populations.

Priorities for research

Group B was challenged to identify gaps in what is known, 
what is important but not known, and what are the uncer
tainties surrounding them in post-conceptional exposures.

Regarding the exposure of pregnant women to ionizing 
radiation, there are fewer studies on occupationally exposed 
women compared to men which need further review. 
Although there are more recent publications, especially of 
women in the medical radiation protection careers, not 
much has been discussed. More significant data on pregnant 
women exposed to environmental radiation (e.g. radon), 
outcomes of the fetus from pregnant women exposed to low 
dose CT and other imaging procedures, and those women 
undergoing radiation therapies would be crucial to further 
conclusions.

Another topic that requires a thorough review and fur
ther investigation is the correlations between animal and 
human models, especially on chromosomal translocations 
and, for example, neural tube defects induced by radiation.

On medical exposures, the estimated risk of childhood 
cancers (except for bone tumor risk) are found to be uni
form from low dose fetal exposures. Further research to 
understand the reason is needed. It is important to note that 
the radiological protection community will need to prepare 
multi-media materials and learn how to share this informa
tion with the medical community and patients/families is 
also crucial.

Considering the non-cancer effects, their role in epigenet
ics is still a question that remain unanswered. Applying a 
holistic model approach considering social trauma and other 

confounding factors in epidemiological studies (such as by 
Sugiyama et al. 2021) could also be taken into account. Are 
we missing health effects that can also impact well-being, 
even though they may not be related to mortality?

As with the Group A discussions, dosimetry was consid
ered to be a crucial area that needs improvement in under
standing and standardization (regarding the dosimetry 
standardization, a contribution to this special issue was pub
lished by Degenhardt et al. [2023]). The embryonic dose is 
taken to be the same as the uterine dose in some publica
tions (ICRP 2003) depending on the age of development. 
Do we have new models or is this assumption still accept
able? What is the impact of fractionated dose rates on the 
dose-response compared to the A bomb intrauterine cohort?

Lastly, it is important to study the new analytical meth
ods applied in epidemiological studies and the impact of 
their application in old studies. Would this lead to new 
findings?

Group B conclusions

The key points and priority research topics identified during 
the discussions were the following: the need to review and 
reconsider, for intellectual disability and for the ‘all or none 
phenomenon’, whether there is a dose threshold or if these 
effects are better thought as stochastic effect; modeling the 
impact of fractionation on dose response; the impact of 
radon and NORM exposures on the embryo/fetus in preg
nant women; and the revision of the effects of exposure to 
ionizing radiation at low doses that were based on animal 
studies – new mathematical approaches to relate to old and 
new data are required.

Group C – Transgenerational effects on biota

The activities of Group C started with short topical presen
tations of recent findings of transgenerational or multigener
ational effects caused by ionizing radiation exposure during 
various life stages.

Is there evidence of ionizing radiation effects in 
offspring and next generations for non-human biota?

One of the first transgenerational studies was done in the 
frog Rana japonica after in vitro fertilization with F0 irradi
ated gametes, resulting in a decreased egg laying and female 
frequency still observed in the F4 generation (Nishioka 
1978). Dubrova hypothesized that ionizing radiation could 
indirectly lead to persistent genetic instability, manifested as 
transgenerational increases in mutation rates. In line with 
that assumption, they showed that the F2 offspring of irradi
ated male mice continued to exhibit an increase in tandem 
repeat mutation rate despite being a generation removed 
from the exposure (Dubrova et al. 2000).

Such transgenerational genetic changes have also been 
observed in natural populations of Drosophila melanogaster 
sampled in 2007 in Chernobyl and later studied under 
laboratory conditions. The survival rate of offspring 
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decreased over 160 generations and significantly correlated 
with gross chromosomal rearrangements (dominant lethal 
mutation levels). However, no significant change in the fre
quency of point or gene mutations (recessive sex-linked 
lethal mutations) was observed (Yushkova and Bashlykova 
2021). For multigenerational field exposures, decreased fer
tility increased mutation rates, and increased levels of DNA/ 
chromosomal damage were also observed in birds (Ellegren 
et al. 1997; Bonisoli-Alquati et al. 2010) and mice in 
Chernobyl (Pomerantseva et al. 1997). Such changes were 
also observed at the mitochondrial level, in Chernobyl frog 
populations approximately 30 years after the accident, dis
playing a higher mitochondrial mutation rate and a smaller 
effective population size (Car et al. 2022).

Regarding laboratory investigations of D. magna gamma 
irradiations (137Cs) over several generations, studies have 
reported an increase in the severity of effects in the off
spring (slowed growth and delayed egg laying) after 3 gener
ations, as well as an increase in DNA alterations (Parisot 
et al. 2015; Trijau et al. 2018). In addition, the dose rate at 
which these observations become statistically significant 
tended to decrease (from 35 mGy.h−1 to 70 mGy.h−1) from 
one irradiated generation to another (Parisot et al. 2015). 
Multigenerational exposure showed evidence for an 
increased severity in damage in later generations. Data from 
a laboratory experiment that demonstrated evidence for 
changes in DNA methylation following exposure of multiple 
generations of a plant species (A. thaliana) was presented 
and also discussed (Laanen et al. 2021).

Multigenerational studies and ecological risk 
assessment in environmental radiation protection

Ecological risk assessment relies on the link between expos
ure and effects; which requires the development of reference 
levels. Derived Consideration Reference Levels (DCRLs) are 
ranges of dose-rates that have been proposed and identified 
following a review of the literature, to guide environmental 
radiation protection work in a number of different species. 
For more information on DCRLs, the reader is referred to 
ICRP Publication 108 (ICRP 2009). Several values have been 
recommended for these reference levels, such as 10 mGy/h 
for radiation protection of 95% of environmental species 
(i.e. a generic ecosystem). However, most of the data relies 
on studies that monitored effects in a single generation. This 
leads to potential problems of representativeness and 
extrapolation of the effects observed in one generation to 
the next (i.e. questions about persistence, aggravation and 
transmission of effects between generations) and highlights 
the need to understand the long-term response of popula
tions to radio-contaminants. This new information could 
challenge the currently prescribed reference values under 
ecologically realistic exposure conditions.

Main discussion in Group C

Following the short topical presentations, members of 
Group C engaged in fruitful discussion of this evidence in 

non-human biota, and potential challenges when incorporat
ing this evidence into the systems of radiological protection 
of the environment.

Differences in study designs of multigenerational effects 
in non-human biota were one aspect of the discussions. 
This included a discussion of the advantages and disadvan
tages of information that is gained in laboratory versus field 
experiments. For example, laboratory studies allow for pre
cise control and manipulation of experimental parameters, 
which aims to limit the influence of confounding variables. 
Alternatively, field studies bring more realistic conditions of 
exposure, multiple inputs or stressors but can make it more 
difficult to isolate the effects of radiation alone. It is valuable 
to understand the effects of multiple stressors that better 
simulate field conditions (Vanhoudt et al. 2012; Salbu et al. 
2019).

The choice of study model, and differences between dif
ferent biota species were also discussed. Several differences 
between species such as generation time, reproductive strat
egy and radio-sensitivity would influence responses across 
generations. Therefore, it is important to exercise caution 
when extrapolating results across species. Comparisons and 
understanding variation within the same species or category 
of species was another important discussion point for study 
design. The group noted the importance of understanding 
the diversity of species with a range of radio-sensitivity, in 
an attempt to cover a broad range of ecosystems and envi
ronments. Using the Reference Animals and Plants (RAP) 
system from ICRP (ICRP 2009) would represent a starting 
point of categories when assessing radiation protection of 
the environment and these species. Also, since endpoints for 
human radiological protection are very different (effects gen
erally considered for individuals rather than populations for 
non-human biota), and more dependent on confounding 
factors (such as the lifestyle or other contributing factors), 
the applicability of data from these non-human species for 
the purposes of human radiological protection needs to be 
very carefully considered.

There was also a discussion on the possibility that epigen
etics can play a role in species evolution when considering 
responses over many generations, which has been reported 
and discussed previously (Esteller 2008; Ashe et al. 2021). 
There is evidence of organisms adapting to a changing 
environment (which could include areas with high back
ground radioactivity or radioisotope contaminated areas 
such as Chernobyl or Fukushima). The study by Laanen 
et al. (2021) of DNA methylation in A. thaliana is one 
example of the growing literature that demonstrated epigen
etic modifications after radiation exposure over multiple 
generations.

There was consensus toward the conclusion of Group C’s 
discussions that this is an exciting and important area of 
future research regarding long-term effects of ionizing radi
ation exposure over multiple generations. It is not easily 
feasible to perform such investigations in humans (although 
biobanks could capture information for future study in 
select medical, occupational, and accident exposed popula
tions); therefore, it is important to investigate if radiation 
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exposure can lead to long-term adaptation and possibly even 
evolutionary changes in non-human biota.

Group C conclusions

The group’s discussions highlighted non-human biota mod
els as a critical tool for the study of transgenerational and 
multigenerational effects of ionizing radiation exposure 
which is not possible in humans. Indeed, it offers numerous 
possibilities for study designs, models and endpoints, dose 
range, and new understanding of epigenetics as noted in 
Group A. The group could not identify a single ideal spe
cies, endpoint, or experimental design during these 
discussions.

For a more detailed and comprehensive review of these 
concepts, we direct the reader to the publication prepared 
by members of Group C available in this special issue 
(Sreetharan et al. 2023).

Group D – Potential impact on the system of 
radiological protection

The Group D discussions focused on various important 
aspects related to the assessment of hereditary effects in 
ICRP Publication 103 (ICRP 2007), consideration of heredi
tary effects in the implementation of the system of radio
logical protection, and ethical aspects related to radiological 
protection of offspring and next generations.

How hereditary effects were quantified in ICRP 
Publication 103

The ICRP Publication103 (ICRP 2007) and UNSCEAR 2001
report (UNSCEAR 2001) served as an introduction to the 
quantification of hereditary effects observed in human off
spring. It describes the doubling dose method used, provides 
insights into the justification behind the method, and dis
cusses the data sources and how the parameters have 
evolved. The concept refers to the amount of radiation dose 
required to double the number of spontaneous genetic 
mutations in a given population of cells. It is calculated as a 
ratio of the average rate of spontaneous and induced muta
tions at a set of defined gene loci. This doubling dose 
method has been used from the early 1970s onwards until 
now, and the conceptual basis to calculate doubling dose has 
undergone various changes and fluctuations over time.

Addressing hereditary effects in the implementation of 
the system of radiological protection: preliminary 
reflections

It was noted that the challenges to estimate the risk of her
editary effects are mainly due to limited scientific knowledge 
compared to radiation-induced cancer, and most available 
knowledge comes from animal experiments and not from 
accidental medical patient, environmental, or occupational 
human exposures. For example, concerns expressed by 
parents with young children and pregnant women/families 

regarding nuclear installations such as Sellafield, La Hague, 
legacy sites, and Polynesia emphasized the need for address
ing several issues. These concerns include the review process 
of how the integration of hereditary effects in the calculation 
of radiation detriment and consideration of the potential 
long-term impact of radiation on future generations. In con
clusion, it necessitates an integrated approach that includes 
hereditary effects, ethical considerations, long-term surveil
lance, dialogue with stakeholders, and a focus on resilience 
and reproductive issues.

Ethical aspects of radiological protection for offspring 
and next generations

It is important to address the growing recognition of ethical 
and societal aspects within radiological protection. ICRP has 
acknowledged the importance of ethics in its publications, 
with specific works dedicated to ethical foundations and 
ongoing discussions in a wide variety of areas of radiological 
protection (ICRP 2018). The Group highlighted the rele
vance of ethical and societal perspectives in assessing pre
conceptional and postconceptional radiation exposures, 
given the heightened global concern for children’s health 
and well-being and the desire to protect future generations. 
ICRP provided valuable insights into these critical aspects 
and contributed to advancing the understanding of their 
impact on the system of radiological protection.

Key points discussed

� Group D identified several areas for future research, 
highlighting the need to review and update old data, and 
consider the results of new epigenetic studies. These 
insights will contribute to the advancement of knowledge 
in the field of radiological protection and improve risk 
assessment for post-conceptional exposures.

� The participants acknowledged the limitation of directly 
transferring threshold doses for malformations observed 
in animal studies to human models. They emphasized 
the need for reliable methodologies to correlate animal 
data with human models and suggested further research 
in this area.

� Some questions related to the epidemiological evidence 
and dosimetric assessments raised by Group B were dis
cussed, including: the lack of human epidemiological evi
dence for somatic cell effects, the importance of 
controlling for clinical and lifestyle factors that can be 
confounding variables or play as effect modifiers in epi
demiological studies, the need for more detailed dosimet
ric information and assessments to support 
epidemiological studies, the relevance of different species 
as models for human risk assessment in radiation studies, 
the contribution of new research results published since 
2007 to understanding and calculating risks of prenatal 
radiation exposure, the definition of targets for interven
tion in stakeholder education and radiological protection 
community training.
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Group D participants identified the following questions 
where there is a lack of knowledge regarding preconcep
tional and/or postconceptional exposures:

� What are the non-threshold effects of irradiation during 
the preimplantation (malformations) stage (as in animal 
experiments)?

� What role does genetic predisposition play?
� How confident are we about the threshold doses estab

lished for malformations (based on animal experiments) 
and severe mental retardation (based on data from 
Hiroshima and Nagasaki)?

� What kind of safety margins would be prudent when 
transferring animal data to humans? Do the earlier rec
ommendations still seem appropriate?

� Can we anticipate any potential influence on dose limits 
or radiological criteria due to new data?

� Should postconceptional (prenatal) effects, for example 
cancer, be part of the detriment?

� Should hereditary effects be taken into consideration for 
derived consideration reference levels?

� What is the paramount role of prudence, inclusivity/ 
empathy and justice in considering both male and female 
individuals, as well as mother and fetus, and the impact 
on future generations?

Group D conclusions

The impact on the radiation protection system can only be 
assessed after recent scientific evidence has been thoroughly 
reviewed and analyzed. It is currently difficult to foresee the 
outcome of this review, but the ICRP TG121 is expected to 
contribute valuable explanations to support future ICRP rec
ommendations. This work will help identify areas that 
require refinement and assess the potential impact on detri
ment calculation. While the current impact of hereditary 
effects on the global detriment is currently small, the ques
tions surrounding the effects of radiation exposure on off
spring and the next generation are urgent, recurring, and a 
major focus for exposed populations. It is crucial to give 
special attention to the ethical dimensions when considering 
hereditary effects within the radiological protection system.

Two articles derived from the work of Group D are also 
included in this special issue (Amrenova et.al 2023; Z€olzer 
et al. 2023).

General conclusions

Continued research and analysis of new data from human 
and non-human species in the fields of epidemiology, genet
ics, epigenetics, and cell biology as it becomes available will 
be needed to improve knowledge on possible effects of 
exposure to ionizing radiation on offspring and future gen
erations in human and non-human biota. New frontiers of 
research are opening that were not available at the last ICRP 
review that include epigenetics, artificial intelligence in com
bination with large data registry research, and the use of 
organoids in understanding radiation biology mechanisms.

To provide advice about the level of evidence and consid
eration of these effects in the system of radiological protec
tion for human and non-human biota, a Task Group of 
Committee 1 of the ICRP was recently established. In close 
cooperation with stakeholders, Task Group 121 will review 
published literature and consider both preconceptional and 
post-conceptional (intrauterine) effects of radiation, address
ing genetic and epigenetic effects as well as effects due to 
the exposure of the embryo and fetus, respectively, and eth
ical and societal issues for the application of the system of 
radiological protection. The final results of TG121 will be 
presented in an ICRP Annals issue.
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