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Abstract

One of the principal uncertainties when estimating population risk of late effects from
epidemiological data is that few radiation-exposed cohorts have been followed up to extinction.
Therefore, the relative risk model has often been used to estimate radiation-associated risk and

to extrapolate risk to the end of life. Epidemiological studies provide evidence that children are
generally at higher risk of cancer induction than adults for a given radiation dose. However, the
strength of evidence varies by cancer site and questions remain about site-specific age at exposure
patterns. For solid cancers, there is a large body of evidence that excess relative risk (ERR)
diminishes with increasing age at exposure. This pattern of risk is observed in the Life Span Study
(LSS) as well as in other radiation-exposed populations for overall solid cancer incidence and
mortality and for most site-specific solid cancers. However, there are some disparities by endpoint
in the degree of variation of ERR with exposure age, with some sites (e.g., colon, lung) in the

LSS incidence data showing no variation, or even increasing ERR with increasing age at exposure.
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The pattern of variation of excess absolute risk (EAR) with age at exposure is often similar, with
EAR for solid cancers or solid cancer mortality decreasing with increasing age at exposure in

the LSS. We shall review the human data from the Japanese LSS cohort, and a variety of other
epidemiological data sets, including a review of types of medical diagnostic exposures, also some
radiobiological animal data, all bearing on the issue of variations of radiation late-effects risk with
age at exposure and with attained age. The paper includes a summary of several oral presentations
given in a Symposium on “Age effects on radiation response” as part of the 67th Annual Meeting
of the Radiation Research Society, held virtually on 3—6 October 2021.

Keywords

lonizing radiation; age at exposure; Japanese atomic bomb survivors; /n vivo radiobiological data;
attained age

Introduction

Few groups exposed to radiation have been followed across their lifespan, so there remain
substantial uncertainties about estimating radiation cancer risk. In particular, nearly sixty
years after the bombings of Hiroshima and Nagasaki, over 40% of the survivors remained
alive (Ozasa et al. 2012). Therefore, the relative risk model has often been used to estimate
radiation-associated risk and to extrapolate risk to extinction.

Epidemiological studies provide a growing body of evidence that children are, in general, at
higher risk of cancer compared to adults from a given radiation dose. However, the strength
of evidence varies by cancer site and questions remain about site-specific age at exposure
patterns. For solid cancers, many data suggest that excess relative risk (ERR) diminishes

at large exposure ages (Little 1993; Little 2003; United Nations Scientific Committee on
the Effects of Atomic Radiation (UNSCEAR) 2008). This pattern of risk is observed in the
Life Span Study (LSS) as well as in other radiation-exposed populations (e.g., radiotherapy
patients) (Little 1993, 2003) for overall solid cancer incidence and mortality (Preston et al.
2007; Ozasa et al. 2012) and for most site-specific solid cancers (particularly for mortality).
However, there are some disparities by endpoint in the degree of variation of ERR with
exposure age, with some sites (e.g., colon, lung) in the LSS incidence data showing no
variation, or even ERR that increases at large exposure ages (Preston et al. 2007). This
matter has been considered further by the United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR) (United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR) 2013) and addressed by a number of studies of
the LSS described in more detail below. Excess absolute risk (EAR) often varies similarly
with exposure age, with decreasing EAR for solid cancers incidence or mortality at large
exposure ages in the LSS (Preston et al. 2007; Ozasa et al. 2012).

For leukemia, ERRs display a more complex pattern of variation with exposure age, with
ERR increasing with age at exposure for some subtypes (e.g., acute myeloid leukemia) (Hsu
et al. 2013).
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The pioneering study of Stewart et al. (1956), Stewart et al. (1958), Bithell and Stewart
(1975), the so-called Oxford Survey of Childhood Cancers (OSCC), implied excess risk
of many varieties of childhood cancer following in utero X-ray exposure of about 0.01-
0.03 Gy. There are many other data of childhood exposure from various other sources
also suggesting excess risk associated with childhood exposure at about this level of dose
(Wakeford and Bithell 2021; Little et al. 2022a, 2022b).

In this paper we review the human data from the Japanese LSS cohort, and other groups,
including a review of types of medical diagnostic exposures, also some radiobiological
animal data, all bearing on the issue of variations of radiation risk with exposure age and
with age attained. The current paper includes a summary of several oral presentations given
in a Symposium on “Age effects on radiation response” as part of the 67t Annual Meeting
of the Radiation Research Society, held virtually 3-6 October 2021.

Studies of the Japanese atomic bomb survivors exposed postnatally

The LSS of Japanese atomic bomb survivors is notable for its size, population exposed at
all ages to a wide range of well-characterized doses, and long-term follow-up. The most
up-to-date report on solid cancer incidence in the LSS for the 1958-2009 period (80,205
subjects with individual dose estimates and 25,239 subjects not in Hiroshima or Nagasaki
at the time of the bombings) extended the previous report by 11 years, adding 5,918 cases
for a total of 22,538 (i.e., 36% increase) (Grant et al. 2017). Importantly, 72% of new cases
occurred among survivors aged <20 years at exposure allowing a more accurate evaluation
of radiation risks with childhood exposure.

As the cohort was exposed to atomic bomb radiation simultaneously, the age at exposure
and year of birth are negatively correlated. For individuals born between 1860 and 1945,
age-specific cancer rates have been increasing in successive birth cohorts for many sites
(although an opposite trend has occurred for stomach and cervical cancers), similar to trends
in the general Japanese population. Consequently, careful modeling of effects of year of
birth on rates of cancer in the LSS was conducted while evaluating site-specific patterns of
radiation risk with age at exposure. Another issue related to the interpretation of temporal
patterns of radiation risk in the LSS is the weakening correlation between exposure age

and age attained over time that allows for discrimination of the two effects more clearly as
follow-up is extended.

Similar to the previous LSS cancer incidence report (Preston et al. 2007), both the all solid
cancers ERR and EAR varied significantly and independently with attained age (modelled
as a power trend) and exposure age (modelled as a log-linear trend). For a given exposure
age, solid cancer ERR was lower for larger ages attained while the EAR were larger with
increasing age, slightly less rapidly than the baseline rates of cancer. Continuing increase in
EAR above the baseline rates of cancer suggests the persistent nature of radiation effects. By
contrast to the effects of attained age, the modifications of all solid cancer ERR and EAR by
exposure age were similar, reducing for larger exposure ages by 22% and 30% per decade,
respectively (Grant et al. 2017). Estimates of ERR effect modification by age at exposure
varied substantially across individual cancer sites (from —66% for salivary gland to 24% for
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cancer of the proximal and distal colon (Sugiyama et al. 2020)) although, for many sites,
there was considerable uncertainty in these estimates (i.e., wide confidence intervals). As

in the previous analysis of Preston et al. (2007), significant age at exposure trends in ERR
were found for thyroid cancer and non-melanoma skin cancer (NMSC) whereas a previously
suggested trend for salivary gland cancer reached significance in the current data. Also, as
before (Preston et al. 2007), estimates for an age at exposure effect on ERR were positive
but not significant for colon, esophageal, lung, and bladder cancers.

Comparisons of ERR and EAR patterns with exposure age and age attained for three sites

— thyroid, lung, and female breast cancers, illustrate the varied nature of these age-related
effect modifiers; however, the importance of both age and sex in these cancers and the
changing age of menarche with improved diet (leading to younger age of menarche), also
smoking (active and passive) make these complex sites to study. Specifically, a significant
independent effect of exposure age but not age attained was observed for thyroid cancer
ERR and EAR whereas a significant independent effect of attained age but not exposure
age was observed for lung cancer ERR and EAR (Cahoon et al. 2017). Further, for female
breast cancer, comparison of temporal patterns of radiation risks in the current LSS data
(Brenner et al. 2018) with those in previous reports (Tokunaga et al. 1987; Preston et al.
2007) highlighted how our understanding of modifying effects on ERR and EAR of age
attained and exposure age could change over time. In early LSS data (Tokunaga et al. 1987),
the breast cancer ERR was significantly lower for large exposure age and age attained
considered separately. As the follow-up period increased and the correlation in the LSS
between age attained and exposure age diminished, the evidence for a log-linear trend in the
breast cancer ERR with exposure age lessened and was largely explained by the effect of
attained age (Preston et al. 2007). By contrast, the evidence for a simple exposure age trend
in EAR persisted. In recent breast cancer data, new ERR and EAR patterns emerged, best
described by a non-monotonic spline in exposure age with a changepoint at age at menarche
(Brenner et al. 2018). Under this model, the ERR increased as exposure age approached
menarche and slowly decreased as exposure age increased after menarche. A largely similar
ERR pattern was found for uterine corpus cancer (Utada et al. 2018). For both sites, the
highest radiation risks were estimated for exposures around the time of puberty.

The presence of many new cancers in the LSS for the 1958-2009 period, particularly
among those exposed in childhood, allowed us to estimate radiation risks and temporal
patterns more precisely. For all solid cancers combined, both ERR and EAR varied
significantly and independently with exposure age and age attained. The two measures

of risk provide complementary information on temporal patterns of the risks of radiation
exposure. Exposure age and age attained modify radiation risks (both ERR and EAR) in
various ways by cancer site and, for some sites, our ability to characterize these effects has
evolved over time. The strongest evidence for higher ERR with childhood exposure in LSS
has been found for thyroid, NMSC, and salivary gland cancers.

and genetic effects of medical fetal radiation exposure

Pregnant patient, and fetal exposure, to ionizing radiation may be necessary to address
urgent maternal health conditions, or may at other times be unintentional, such as
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when the woman does not yet know she is pregnant; both diagnostic and therapeutic
radiographic procedures may be involved. In 1982, Mossman and Hill (Mossman and
Hill 1982) found that approximately one percent of women were exposed to abdominal
or pelvic radiation imaging, most often in the first trimester before being aware of
pregnancy. When it does occur, radiation exposure of the pregnant or possibly pregnant
patient is one of the most contentious issues that radiologists, radiologic technologists
and clinicians face in communicating with anxious families and patients (International
Commission on Radiological Protection (ICRP) 2000; National Council on Radiation
Protection and Measurements (NCRP) 2013). Planned diagnostic imaging exposures of
pregnant patients address the clinical conditions for which pregnant women are at risk
(e.g., trauma, pulmonary thromboembolism, stroke, arteriovenous malformations, urinary
stone, appendicitis). One in one-thousand pregnant women have a new cancer diagnosis —
with the most common cancer being breast cancer — and these women may need staging
imaging as well as radiotherapy. Women are also accidentally exposed from procedures
using ionizing radiation — most commonly after trauma - including radiotherapy,
interventional procedures, diagnostic procedures and nuclear medicine imaging.

It is therefore important to consider non-ionizing radiation imaging or treatment techniques
(e.g., ultrasound and magnetic resonance imaging (MRI)) where feasible and limit the
intentional use of ionizing radiation as far as is reasonably possible. The needs of the mother
must be balanced with those of the embryo/fetus; the imaging exam should be optimized

so that it answers the clinical question and the dose is minimized to the developing embryo/
fetus. These risks to the fetus from radiation are principally cancer at low dose (<100

mGy) and teratogenic risks (growth retardation, microcephaly, neuropathology, congenital
malformations) at moderate (>100 mGy but <1 Gy) or high doses (>1 Gy). Based on

a number of epidemiological and cytological marker studies, there are no known human
germline mutation risks from radiation. However, there are known germline changes in
animal research. A new International Commission on Radiological Protection (ICRP) task
group will be reviewing the literature (International Commission on Radiological Protection
(ICRP) 2022).

lonizing radiation and fetal effects

Fetal teratogenic effects (malformations) are dependent on the timing of the exposures.
Much of the evidence is based on animal studies. The epidemiological data are very limited,
relying on the /n utero cohort from Japanese bomb survivors (e.g., Sugiyama et al. (2021)),
and some data from Chernobyl (Hatch et al. 2017). If the exposure occurs within 14 days
post-conception, there is a risk of pregnancy loss at a threshold dose of 150 mGy or above.
This may occur before the woman knows she is pregnant and it is called the “all or none
phenomenon’. The most radiosensitive fetal period is the late organogenesis time period
(8-15 weeks post-conception) radiation exposure in which may result in malformations,
particularly for neuropathology, with a threshold dose of at least 100 mGy. During this most
radiosensitive fetal period, the research from the Japanese /n utero cohort found a linear
increase in intellectual disability of 40% per Gy and a 25 point intelligence quotient (1Q)
drop per Gy (Otake and Schull 1984). After 27 weeks post-conception, the risk is very low
for fetal malformations but there is risk for growth retardation.
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Fetal cancer risk from radiation exposures at 14 days post-conception to birth is not
considered dependent on fetal age, although evidence exists from animal studies of increased
risk at later pregnancy stage. Most of the information from epidemiologic data comes from
the Japanese /n utero cohort (2463 individuals) and the OSCC, a large case-control follow-
up study of people that were exposed /in7 uteroto pelvimetry radiographs (Stewart et al.

1956; Bithell and Stewart 1975), but there is also information from several groups receiving
clinical diagnostic and environmental exposures (Wakeford and Bithell 2021; Little et al.
2022a, 2022b). Recent follow-up in the Japanese cohort demonstrated that females in late
adulthood continue to have excess mortality risk for solid cancer, although males do not
(Sugiyama et al. 2021). The comprehensive review by Wakeford and Bithell (Wakeford and
Bithell 2021) of the /n utero medical exposures concludes that radiation increased the risk of
leukemia and most common childhood cancers. In the OSCC, they estimated the unadjusted
excess relative risk of fatal cancer associated with medical diagnostic radiation to be about
1.4-1.5 (up to age 15 years). Similar relative risks were observed in a systematic review and
meta-analysis of all published studies (Little et al. 2022b). The estimated pelvimetry doses
(on average, 10 mGy) from many decades ago are similar to modern, and optimized, single
pass CT scans of the abdomen. Therefore, there may be opportunities to understand fetal
risks from epidemiological studies of pregnant women undergoing medical imaging.

Frequency and dose estimates of medical imaging

In many regions, there has been a strong shift in awareness and availability of ultrasound
and MR, alternatives to ionizing radiation imaging, especially for radiosensitive populations
like pregnant women and children. Yet, the concern in the medical radiation protection
communities is the continued trend upward in use of ionizing radiation imaging,

in particular, CT and fluorscopically-guided interventional procedures. Brambilla and
colleagues documented recurrent imaging leading to doses >100mSv in 1% of patients in
many developed nations (Brambilla et al. 2020). These doses may occur within one day,
one year, or five years; they also note that 20% of these patients are childbearing-aged girls
and women for which special radiation protection education and guidance is needed. Kwan
et al. (2019) studied a twenty-year trend in use of imaging in a large cohort of 2.2 million
pregnant women and showed a 3.7 fold increase in CT use in the USA and 2.0 fold increase
in CT use in Canada; in fact, 0.8% of pregnant women received a CT in the USA and 0.4%
in Canada.

Angel et al. (2008) estimated that the fetal dose from a typical abdomino-pelvic CT ranged
from 16 mGy to 31 mGy with a mean value of 24 mGy. These doses should be lower with
modern scanners and optimized protocols. As a general conservative rule, the fetal dose
estimate would be 15% of the skin entrance dose.

Age effects in the Wake Forest experimental animal data

The Wake Forest Primate Late Effects Cohort is a unique National Institute of Allergic
and Infective Diseases (NIAID) funded population of rhesus macaques previously exposed
to single-dose ionizing radiation and followed long-term for assessment of late effects.
Major diseases reported in this cohort to date comprise cardiovascular diseases such as
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diastolic dysfunction and myocardial fibrosis (DeBo et al. 2016; Michalson et al. 2020);
type 2 diabetes mellitus due to peripheral insulin resistance (Kavanagh et al. 2015;
Bacarella et al. 2020) and with diminished microvascular density (Fanning et al. 2017);
cerebrovascular disease (Andrews, Metheny-Barlow et al. 2017; Andrews et al. 2020); and
immune impairment (Hale et al. 2019; Macintyre et al. 2021). The work reported in this
section seeks to combine observed patterns of multi-organ morbidity in this unique cohort.

For the analysis, reported attention was focused on 260 rhesus macaques exposed to

single dose total body ionizing radiation (TBI), including clinical, imaging, and pathology
outcomes across all major organ systems, and 51 non-irradiated controls. TBI animals were
exposed to 1.1-8.5 Gy TBI, with a mean age at exposure of 4.8 years (range 2-15 y) and
mean follow-up of 4.6 years (range 0-14 y). Forty percent of irradiated animals received

a single mitigating agent such as a hematopoietic growth factor, cytokine, toll-like receptor
(TLR) agonist, antibiotic, or another agent. Clinical conditions were diagnosed based on
standardized diagnostic criteria, summarized in Table 1. Emergent disease patterns were
analyzed with respect to radiation dose, age at irradiation, current age, mitigator use, and
sex. Morbidities were each considered independent categorical variables for this analysis.
Mitigator use was coded as any mitigator use (all mitigators combined into one category).
Dependent continuous variables were radiation dose, age at irradiation, and current age.
Proportions of animals affected with a given morbidity (yes/no) and radiation status (yes/no)
were assessed by a chi-squared test applied to 2 x 2 tables. Proportions of irradiated
animals, by mitigator status (yes/no), were assessed by a chi-squared test applied to 2 x

2 tables. Effects of current age (irrespective of irradiation status); radiation dose; and age
at irradiation (if irradiated) were analyzed by morbidity status (yes/no) for each disease
condition, using a nonparametric (Wilcoxon) test.

Relationships between disease prevalence and findings are shown in Table 2. Both body
weight and percentage body fat declined with radiation dose and increased with age.
Irradiated animals were osteopenic. Major patterns of radiation-associated disease in TBI
animals included cardiac disease, diabetes mellitus, osteoarthritis, cancers, renal disease,
gastrointestinal disease/diarrhea, gonadal atrophy, posterior pole cataracts, and dermatitis/
alopecia. Age at irradiation was significantly lower (p < 0.05) in animals with subsequent
low body weight, testicular atrophy, brain lesions, osteopenia, and dermatitis/alopecia. Time
since irradiation was longer in animals with at least one type of morbidity (mean number
of morbidities 4.8, range 1-12), relative to animals with no morbidities (p < 0.0001). Age
of animals with any morbidity was greater than unaffected animals (p < 0.0001), except for
those with gastrointestinal tract (GI) disease or testicular atrophy. Mean radiation dose was
higher for animals with diabetes, cataracts, testicular atrophy, neoplasia, and brain lesions
(0 < 0.05), and lower in those with cutaneous disease, periodontal disease, and obesity (p <
0.05).

Use of any mitigator vs none was associated with lower prevalence of periodontal
disease, cataracts, skin disease, cardiac disease, renal disease, overweight body condition,
and presence of brain lesions (p < 0.05); however, animals receiving mitigators were
significantly younger (p < 0.0001). Sex differences could not be determined due to
insufficient numbers of females in the cohort.
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Influence of genetic background and age at irradiation on the induction of

cancer and non-cancer diseases in mice

Individual risk variations for induction of cancer and non-cancer diseases following
irradiation, are important concerns for present system and regulation. Tissue reactions
(formerly termed deterministic effects) and stochastic effects after radiation exposure show
wide individual variation with genetic and other factors, including age at irradiation, which
substantially contributes to individual radiation response. Animal studies are critical for
the mechanistic understanding of the biological factors modifying risk of radiation-induced
health effects, including age at irradiation, dose, dose-rate, organ/tissue specificity and
genetic factors.

Sonic hedgehog (Shh) pathway signaling is fundamental for development of many

organs in mice and humans, such as cerebellum, hippocampus and eye lens. As a
consequence, Patched heterozygous mice (Prch1™™), characterized by constitutive Shh
pathway activation, are predisposed to cerebellar tumors such as medulloblastoma (MB),
defects in the hippocampus and lens opacity (Antonelli et al. 2015; De Stefano et al.

2015; Antonelli et al. 2018), and show a marked radiation hypersensitivity to the induction
of cancer and non-cancer effects (Pazzaglia et al. 2009). PtchI*'~ mice of different age
have been X-irradiated to identify critical susceptible windows for radiation carcinogenesis,
revealing a high sensitivity to MB in neonatal Prch1™'~ mice (Pazzaglia et al. 2009).
Furthermore, a strong decrease in sensitivity to radiation-induced lens opacity was also
reported with increasing of mouse age at irradiation.

A given genetic mutation may produce different phenotypic consequences in genetically
distinct individuals. The individual risk is in fact modulated by genetic background effects
that can strongly modify the phenotype of a genetic mutation, as well as its way of
interacting with environmental agents such as ionizing radiations. Under the Euratom
LDLensRad project (Ainsbury et al. 2022), in order to assess the genetic background-related
variations in sensitivity to the induction of cancer and non-cancer pathologies, neonatal
PtchI*!~ mice maintained on CD1 and C57BL/6 background, have been irradiated at
postnatal day 2 with 0.5 Gy, 1 Gy and 2 Gy of y-rays (89Co). As this mouse developmental
phase may be peculiarly susceptible to radiation effects, being critical for development of
the eye lens, cerebellum, and dentate gyrus, we monitored the irradiated wild-type and
mutant mice for induction of lens opacity, MB and hippocampal neurogenesis defects
(Antonelli et al. 2021).

There are reports suggesting a strong genetic background dependence for both cancer and
non-cancer radiation-induced pathologies (Antonelli et al. 2018, 2021; De Stefano et al.
2022). However, no concordance in the strain-dependent radiosensitivity was reported for
the 3 pathologies in exam. We identified an inverse genetic background-related relationship
between susceptibility to radiation-induced MB and lens opacity and that to neurogenesis
defects, with elevated incidences of MB and cataract and no consequence of irradiation

on neurogenesis in Prch1*~/CD1 mutant mice (De Stefano et al. 2022) (see Figure 1). On
the other hand, Ptch1*'~/C57BL/6 mutants resistant to cataract and MB induction following
irradiation, were instead susceptible to the induction of neurogenesis deficit (De Stefano et
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al. 2022). Increased radiosensitivity to apoptosis was observed in the cerebellum of Ptch1*!~/
C57BL/6 mice compared to Ptch1/~/CD1 mice, suggesting that the opposite strain-related
radiosensitivity to cancer and non-cancer pathologies may be dependent on differences in
processing radiation-induced DNA damage. (De Stefano et al. 2022) (see Figure 1).

Discussion and conclusions

There is abundant data from the Japanese atomic bomb survivors and numerous other groups
exposed to radiation of the modifying effects of exposure age and age attained on the
absolute and relative radiogenic excess cancer risks (United Nations Scientific Committee
on the Effects of Atomic Radiation (UNSCEAR) 2008).

With more than 50 years of follow-up, the LSS continues to add new insights into
knowledge of radiogenic cancer risks. At the end of 2009, nearly 73% of the LSS survivors
exposed at age under 20 years remained alive. As this population ages, the site-specific ERR
and EAR modifications by exposure age will likely be further refined. Extended follow-up
of the LSS will be important to fully characterize temporal patterns of radiation risks and
estimate the lifetime risk of cancer.

The OSCC study (Stewart et al. 1956, 1958; Bithell and Stewart 1975) suggested that

most childhood cancer subtypes were associated with obstetric exposure to doses of no
more than 0.03 Gy. A number of other antenatal case-control studies have also suggested
cancer risks expressed in childhood associated with medical diagnostic exposure /n utero
(Wakeford and Bithell 2021; Little et al. 2022a, 2022b). There are few studies other

than those of natural background radiation suggesting excess cancer risks at about this

level of dose (United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) 2008). Case-control studies are commonly employed in this setting, which

can be subject to a number of biases, in particular due to selection, participation and

recall; however, with appropriate care being taken with the design, large case-control

studies of medically diagnostically exposed groups have been employed without appreciable
bias (MacMahon 1962). Although, the interpretation of these studies remains some-what
controversial, Doll and Wakeford (Doll and Wakeford 1997) concluded that there are strong
grounds for a causal interpretation of the association. Although there have been some
significant exceptions (International Commission on Radiological Protection (ICRP) 2003;
National Council on Radiation Protection and Measurements (NCRP) 2013) there has been
a degree of consensus among recent reviews (Wakeford and Little 2003; Armstrong et al.
2012; Wakeford and Bithell 2021) that this association may represent a causal relationship.
More generally, several recent studies have suggested that there are significant excess risks
below 100 mGy for leukemia and thyroid cancer (Lubin et al. 2017; Little et al. 2018)

after exposure in childhood. The low and moderate dose literature relating in general to

all exposure ages has been recently reviewed by various groups including the National
Council on Radiation Protection and Measurements (NCRP) (National Council on Radiation
Protection and Measurements (NCRP) 2018; Shore et al. 2018; Shore et al. 2019) and by
the National Cancer Institute (NCI) (Berrington de Gonzalez et al. 2020; Daniels et al. 2020;
Gilbert et al. 2020; Hauptmann et al. 2020; Linet et al. 2020, Schubauer-Berigan et al.
2020). Little et al. (2022a) reviewed and summarized a large body (60 studies in all) of data
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relating to exposure in early life (including /in utero), which they concluded provide support
for the existence of excess cancer risk for radiation doses of about 0.02 Gy.

The findings from epidemiological studies are paralleled in experimental animal
radiobiological data. In particular, the analysis of the Wake Forest primate data indicates that
patterns of delayed morbidity vary by age, age at exposure, dose, and time post-exposure,
influencing the interpretation of mitigator effects. Radiation exposure is associated with

a higher proportion of animals with dermatitis, hypertension, brain lesions, cancers, and
testicular atrophy; a lower prevalence of obesity and periodontal disease is seen in irradiated
animals. Age has a profound parallel adverse effect on nearly all delayed radiation health
effects, outweighing the effects of radiation exposure and mitigator status; therefore, a “time
to disease” model may be most appropriate for future analysis. Age at irradiation had little
effect on chronic disease in the dose ranges and age ranges in the rhesus monkeys in the
cohort, with the exception of an association of younger-age exposures with greater testicular
injury and lower attained adult body weight. Animals receiving mitigators were significantly
younger, and age bias and survivor bias are undoubtedly present in the higher-dose animals.
Because of these confounders within the population, it is not yet clear whether there are
long-term benefits of specific mitigators; additional analysis will be possible as mitigator-
treated animals age.

The results of Antonelli et al. (2018), Antonelli et al. (2021) and De Stefano et al. (2022)
demonstrate dependence of cancer and non-cancer radiation risk on age at irradiation,

as well as on the genetic background, that significantly modulates induction of MB,
neurogenesis and lens opacity. In addition, their data demonstrate that individual differences,
specifically PrchI*'~ mutation genetic background, might modify the relationship between
dose and disease. Further understanding interactions of genetic background with various
diseases associated with the same mutation might be important to gain a deeper
understanding of radiation-induced detrimental health effects. Furthermore, developing
mechanistic risk models accounting for individual risk factors could yield important insights
into individual sensitivity and thereby inform the need for revising the system of radiological
protection.

There is growing use of ionizing radiation in medicine that exposes the pregnant patient

and the fetus (sometimes accidentally, sometimes to save the mother’s life). This situation
suggests an opportunity to develop national and global registries of those exposed /n uteroto
study long term outcomes.
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Figure 1.

Summary of genetic background effects on radiation risk for cancer and non-cancer
pathologies. P2: postnatal day 2.
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