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During a radiological or nuclear public health emergen-
cy, given the heterogeneity of civilian populations, it is
incumbent on medical response planners to understand
and prepare for a potentially high degree of inter-
individual variability in the biological effects of radiation
exposure. A part of advanced planning should include a
comprehensive approach, in which the range of possible
human responses in relation to the type of radiation
expected from an incident has been thoughtfully consid-
ered. Although there are several reports addressing the
radiation response for special populations (as compared to
the standard 18–45-year-old male), the current review
surveys published literature to assess the level of consid-
eration given to differences in acute radiation responses in
certain sub-groups. The authors attempt to bring clarity to
the complex nature of human biology in the context of
radiation to facilitate a path forward for radiation medical
countermeasure (MCM) development that may be appro-
priate and effective in special populations. Consequently,
the focus is on the medical (as opposed to logistical) aspects
of preparedness and response. Populations identified for
consideration include obstetric, pediatric, geriatric, males,
females, individuals of different race/ethnicity, and people
with comorbidities. Relevant animal models, biomarkers of
radiation injury, and MCMs are highlighted, in addition to
underscoring gaps in knowledge and the need for consis-
tent and early inclusion of these populations in research.
The inclusion of special populations in preclinical and
clinical studies is essential to address shortcomings and is
an important consideration for radiation public health
emergency response planning. Pursuing this goal will
benefit the population at large by considering those at

greatest risk of health consequences after a radiological or
nuclear mass casualty incident. � 2023 by Radiation Research

Society

INTRODUCTION

The U.S. Government (USG) has established and
continues to refine disaster-response planning guidance at
the federal, state, tribal, and local levels. The Federal
Emergency Management Agency’s comprehensive pre-
paredness guide (CPG) 101, ‘‘Developing and Maintaining
Emergency Operations Plans,’’2 promotes a common
understanding to help planners establish coordinated and
risk-informed plans for responding to disasters and public
health emergencies. A fundamental concept in this guidance
is that ‘‘planning should be community-based and represent
the whole of the affected community and its needs.’’ In the
event of a radiological or nuclear mass casualty incident, the
affected population is likely to be a microcosm of the
broader national population at large. As such, planning
should take into consideration all likely subpopulations
within an affected area that may have special needs or
considerations with respect to their medical management
and/or protection from radiation exposure. Identifying such
subpopulations and determining any associated group-
specific needs is the first step toward planning and
integrating the response to a radiological mass casualty
incident.

Understanding the nature of the medical response needed
after a radiological or nuclear incident has been explored
and refined in response to lessons learned from previous
accidents and mass disruption incidents, such as the

1 Address for correspondence: DAIT, NIAID, NIH, 5601 Fishers
Lane, Room 7A65, Bethesda, MD 20892 twinters@mail.nih.gov.

2 https://www.ready.gov/sites/default/files/2019-06/comprehensive_
preparedness_guide_developing_and_maintaining_emergency_
operations_plans.pdf.
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Chernobyl and Fukushima Daiichi Nuclear Power Plant
accidents, as well as casualties resulting from the atomic
bombings of Hiroshima and Nagasaki (1–3). Based on these
events, individuals who are exposed to 1 Gy or more of
ionizing radiation may exhibit mild symptoms of radiation
exposure, while those exposed to �2 Gy are at risk of
developing medically significant acute radiation syndrome
(ARS) and its subsyndromes (Fig. 1); hematopoietic ARS
(H-ARS; .2 Gy), gastrointestinal ARS (GI-ARS; .6–8
Gy), neurovascular syndrome (.8 Gy), and cutaneous
radiation injury (CRI). It is important to note that these are
guidelines, whereas individual responses to radiation
exposure can vary widely within a population (4–6).
Knowledge of the human response to acute high-dose/
dose-rate ionizing radiation is largely derived from
individuals who have received accidental exposures, the
majority of which resulted from the Chernobyl accident (7,
8). Of those exposed at Chernobyl for all ARS grades, 93%
were men ranging in age from 18–60 years with an average
age of ;35 years old (1). Hence, little is known about the
impact of sex, age, ethnicity, or prior health status within
clinical data documenting the course of ARS. Consequently,
it is important to consider the needs of broader populations

in the planning and response for radiological or nuclear
mass casualty incidents. This manuscript endeavors to
identify subpopulations that may have specific medical
needs and considerations during a radiation public health
emergency that may merit incorporation into medical
management and response plans. These populations are
presented in Table 1 and will be considered in light of the
known clinical aspects of human radiation exposure, as well
as exposure in animal models.

Pregnancy and In Utero Populations

The in utero period of mammalian development is
characterized by active and rapid cell proliferation,
migration, and differentiation, which can render an
organism sensitive to radiation effects during this time. In
utero exposure to ionizing radiation can result in teratogen-
ic, carcinogenic, or mutagenic effects (9). The main factors
that determine the outcome of an in utero exposure are the
dose, dose rate and the gestational stage at which exposure
occurs (10). Pregnant women are generally considered to be
among the healthy adult population; therefore, for the
purposes of this review only offspring will be considered as
a special population and not pregnant women themselves.

Developmental stages. Radiation is highly damaging to
rapidly proliferating cells; therefore, biological systems with
high cell proliferation rates, such as the intrauterine
development stages, are radiosensitive (11). Gestational
stages were initially defined using rodent models in studies
of exposure to radiation during these ‘‘critical periods’’ that
resulted in abnormalities (12). To demarcate the radiation
effects at different embryonic or fetal stages, gestation was
divided into stages: 1. pre-implantation, from cell fertilization
to embryo attachment (UNSCEAR 1986),3 2. organogenesis,
when the major organs are formed, and 3. fetal stage, from
growth of organs to birth (13). Figure 2 depicts the different
developmental stages in mice and in humans with accom-
panying incidence of abnormalities at each stage.

FIG. 1. Spectrum of ionizing radiation effects in humans.

TABLE 1
Scope of the Populations Reviewed

Populations at Risk Subpopulations Considered

Pregnancy and in utero Pre-implantation, organogenesis, fetal,
animal models and MCMs

Children Pediatric; birth through late adolescence,
animal models and MCMs

Geriatric Late adulthood through elderly, animal
models and MCMs

Autoimmune diseases Lupus, rheumatoid arthritis, multiple
sclerosis, fibromyalgia

Immunocompromised Cancer patients, transplant, severe
combined immunodeficiency

Comorbidities Cardiovascular disease, smoking,
pulmonary disease, obesity, diabetes,
genetic predispositions

Sex differences Limits of historical data, animal models
Racial disparities Limits of historical data, societal impact,

inclusive model development
3 https://www.unscear.org/docs/publications/1986/UNSCEAR_

1986_Annex-C.pdf.
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In vivo pre-implantation stage studies. The pre-implanta-

tion period is the most sensitive stage, prone to lethal effects
of radiation, resulting in increased prenatal deaths and

embryo resorption (14, 15). There are no human data for a
parallel comparison (as pregnancy is often not established

this early), but data in mice, rats, rabbits and dogs suggest
that if an irradiated embryo does not die, it survives without

malformation (9, 11, 15–17). Rodents irradiated in the pre-
implantation stage demonstrate genomic instability with

increases in chromosomal aberrations (18). This is con-
cerning since instability can carry down generations (19).

The quality of irradiation also impacts survival; embryos
exposed to neutrons exhibit higher lethality than with X or

gamma rays (20, 21).

In vivo organogenesis studies. The main effects of

radiation in rodents during this period are induction of
congenital abnormalities, growth retardation, embryonic or

neonatal death (22). Congenital frequent and highly varied
aberrations are related to the developmental stage during

exposure, radiation dose and quality, and other compound-
ing factors (23, 24). Eye defects, renal, and skeletal

anomalies have also been noted. Another group confirmed
that 14 days after conception in rodents is a critical period

for radiation-induced impairment of postnatal growth (25).
As with the pre-implantation stage, neutrons and beta

particles are more damaging to the in utero irradiated fetus
than gamma or X rays (22).

The fetal stage. This stage is relatively resistant to
radiation lethality at doses below 3 Gy (26), although sense

organs are especially sensitive, resulting in growth retarda-
tion at ;1 Gy. In another study to understand potential

long-term impacts of prenatal irradiation, 1,680 beagles

were exposed to gamma radiation. Offspring presented with
renal disease, diabetes mellitus, and convulsive seizures
over their lifespan (27).

Human studies. Most human data are from atomic bomb
survivors, affected individuals from the Chernobyl and

Fukushima Daiichi Nuclear Power Plant accidents, and
occupational or medical over-exposures. From these data
(discussed below), it is clear that few atomic bomb-exposed
fetuses (defined as less than four weeks gestation at time of
exposure) survived, which may indirectly indicate high fetal

loss or resorption in the early stages of pregnancies. Higher
numbers of stillbirths and neonatal infant deaths were also
reported for survivors in Nagasaki, and fetal, neonatal, and
infant mortality was higher in women who demonstrated
radiation sickness and were closer to the epicenter of the
explosion (22). Data from Chernobyl are inconsistent. For

example, Sweden reported an increase in neonatal mortality,
while Germany, Norway, Finland, and the highly contam-
inated Kiev region observed no changes in perinatal
mortality after the accident (28, 29). Another study
involving 18 European countries found elevated stillbirths

after Chernobyl in the more eastern countries. An increased
mortality among infants within the first week of life in West
Germany in May of 1986 was observed, which was
attributed to Chernobyl fallout (28).

Data from Japan and the Fukushima region reflect
somewhat similar outcomes to those observed after
Chernobyl. Analyses of birth outcomes as assessed by
low-birth weights, pre-term births, and congenital abnor-

malities, indicate there was no significant change in these
parameters with respect to the 3 years prior to the accident
and in any of the 4 years afterward (30, 31). In contrast, a
drop of 14% in the expected number of live births was
observed in Fukushima prefecture during December 2011

with respect to the live birth trends for all other months from
January 2008 through December 2018. Overall, a dose-
dependent reduction in live births was observed in
Fukushima prefecture and the 3 surrounding prefectures in
December 2011 (–14% and –7.8%, respectively) with
respect to all other prefectures evaluated in the study, and

it was suggested that this may reflect early deaths of the
conceptus due to the 0.5–1 mSv radiation exposures
experienced in these areas during the first year after the
accident (32).

Growth retardation. Adolescents exposed to the atomic
bomb detonation in Hiroshima while in utero have reported

lower heights and weights (33); the average growth pattern
over 17 years of 1,613 children exposed in utero at
Hiroshima demonstrated significant growth retardation. It
has also been reported that pregnant women exposed to
radiation gave birth to low-birth weight offspring (34).
Low-birth rates were also reported for offspring of

individuals that were exposed during pregnancy in the
1983 Taiwanese radiation building incident, where contam-
inated apartments were identified (35).

FIG. 2. The occurrence of lethality and abnormalities in mice after a
prenatal radiation exposure of about 2 Gy, given at various times after
conception. The two scales for the abscissa compare developmental
stages in days for mice and humans. [Reprinted with permission from
Springer Nature: (Springer) Pediatr Radiol. Radiation biology for
pediatric radiologists. Eric J. Hall, 2008.]
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Teratogenic effects. Historically, reports of children with
severe mental retardation and microencephaly as well as
other physiological malformations born to mothers exposed
to radiotherapy have been documented (10). In one study,
1,500 individuals were exposed in utero during their
mother’s radiotherapy treatments; a higher incidence of
microencephaly, growth and mental retardation, seizures,
decreased school performance, and low performance on
intelligence tests were reported (36). Neonates irradiated in
utero during the Chernobyl accident presented with
significantly reduced head and chest circumference (37),
and there are reports of lower neuropsychological perfor-
mance among adolescents irradiated in utero compared to
unirradiated age-matched controls (38). Studies of offspring
irradiated during medical exposures also report malforma-
tions including eye anomalies, hydrocephaly, ossification of
the cranial bones, alopecia, blindness, and spina bifida (9).
Further, there are reports of increased frequency for a
number of congenital malformations (39).

Impact of treatments during. in utero irradiation. Reports
on MCM efficacy to address radiation-induced injuries
during the in utero stage of development are limited. Most
studies are in rodents, and endpoints assayed are postnatal
mortality, growth, learning and memory, and genomic
instability (26, 40–42). Preclinical studies show that pre-
irradiation administration of an extract of Podophyllum
hexandrum mitigated in utero radiation-induced postnatal
delays in the appearance of reflexes and physiological
markers (41). In other studies, hamsters administered
misoprostol pre-irradiation demonstrated increased clonoge-
nicity and reduced oncogenic transformation (43). Flavo-
noids, orientin and vicenin, reduced chromosomal anomalies
in fetal and adult hematopoietic cells, restored blood counts
to the normal range, and reduced tumor incidence when
administered prior to in utero irradiation on day 14 after
conception in mice (42). Manganese superoxide dismutase
liposomes given to irradiated mice on day 13 after conception
improved neonatal survival and reduced teratogenic effects in
pups (26). Finally, offspring of mice irradiated with 3 Gy on
day 13.5 of gestation and dosed with a small molecule GS-
nitroxide at 24 h postirradiation, presented with significantly
higher body weights and decreased hematological and
neuronal anomalies (44). These findings suggest that it may
be possible to intervene in radiation-induced in utero damage
and mitigate adverse outcomes.

Approved mitigators. Of the four FDA approved products
for radiation mitigation, available data for the use of
Neupogent (Amgen, 2015), Neulastat (Amgen, 2015), and
Leukinet (Partner Therapeutics, 2018) in pregnant women
have not identified a drug-associated risk of adverse
maternal or fetal outcomes; however, in animal studies,
Neupogen, Neulasta and Leukine had some adverse effects
in pregnant rabbits at doses that were not toxic to the
mother.4 In addition, Nplatet (Amgen, 2021) was shown to

increase perinatal pup mortality when given to pregnant rats
at 11 times the maximum human dose (Nplate package
insert).5 This highlights a large gap in understanding use of
these products during a radiological emergency.

Pediatric Populations

With children representing 25% of the U.S. population,
pediatric disaster preparedness is needed. To effectively
navigate the pediatric product development pathway, drug
developers must understand the current emergency response
framework and be aware of knowledge gaps, pediatric
requirements/policies, and a MCM’s target product profile
(45). In 2010, the National Commission on Children and
Disasters assessed the state of preparedness for children and
issued a report to the President and Congress concluding
that even though children are disproportionately affected by
chemical, biological, radiological, nuclear, or explosive
agents, the availability of pediatric MCMs in Strategic
National Stockpile (SNS) sites is limited (46). MCMs that
lack specific labeling may have limited use for pediatric
victims since, unlike physicians, emergency responders are
not authorized to administer MCMs off-label. Therefore, the
SNS must make every effort to stockpile products with
pediatric labeling for use in disaster response. The USG
seeks to address the needs of the pediatric population after a
radiological incident (47), including preparation for me-
chanical/thermal burns concomitant with radiation expo-
sure, and understanding potential long-term cancer risks of
radiation mitigators, which may be magnified in children.
Further, the U.S. Department of Health and Human Services
(HHS) is committed to the development of therapeutics for
pediatric use, as demonstrated by the National Institutes of
Health (NIH) and the Food and Drug Administration (FDA)
partnership designed to implement the Best Pharmaceuticals
for Children Act (BPCA), which has helped spearhead the
development of over 150 drugs and therapeutics and has led
to improvements in pediatric labeling.6

Concept of Operations (CONOPs). During a radiation
incident, those in need of immediate assistance will be
triaged by survivability and not by age; therefore, first
response scenarios for a pediatric population must be
considered. Pediatric needs can be complex. For example,
personal protective equipment (PPE) may impact IV
placement in a pediatric victim (48), and the use of pre-
filled syringe injectors may only be suitable for certain
groups. A 2006 NATO exercise in the Czech Republic
highlighted the challenges of triaging children after a
radiological dispersal event (49). Many logistical pediatric
considerations surfaced, and the activity highlighted the
importance of using exercises to better understand actual
needs.

4 https://remm.hhs.gov/cytokines.htm.

5 https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/
125268s167lbl.pdf.

6 https://www.nichd.nih.gov/research/supported/bpca/activities.
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Current status of treatment development. In the aftermath
of the Chernobyl accident, which occurred prior to the
existence of any approved MCM other than KCl use to
block radioactive iodine uptake, Ukrainian authorities
endeavored to protect radiation exposed pediatric popula-
tions through nutritional supplementation. Ukrainian chil-
dren from various locations who were exposed to gamma-
radiation due to environmental contamination were provid-
ed antioxidant dietary supplements that were found to
reduce radiation-associated lipoperoxidative cascade prod-
ucts (50, 51). In a different cohort, Cesium-137 exposed
children from the Narodichi region were provided dietary
supplementation with radionuclide-free food from 1986
through 1998. By contrasting various health parameters
between cohorts of children from the highest intervention
years (1993–1995, 3 meals per day) and reduced interven-
tion years (1996–1998, 2 meals per day), it was determined
that improved hematological parameters were observed with
the highest intervention. In addition, prevalence of the
common cold and bronchitis also increased after the
reduced food intervention, suggesting the radionuclide-free
food intervention may have provided a measure of
protection against Cesium-137 ingestion and exposure
(52). However, it is difficult to determine whether these
results were a direct effect of reduced radionuclide exposure
or due to the improved overall nutrition provided by the
nutritional intervention, especially given that much of the
population in the region around Chernobyl exhibited
vitamin and mineral deficiencies (53).

Computational modeling estimates that children can be
twice as sensitive to acute effects of radiation, with younger
children at greatest risk (54). Fortunately, Neupogen,
Neulasta, Leukine, and Nplate have all been approved for
adult and pediatric populations, and the Biomedical
Advanced Research and Development Authority (BARDA),
within the HHS, has procured all four MCMs for potential
use in a mass casualty scenario. There have also been
investments in developing special populations-amenable,
oral formulations of radionuclide decorporation agents like
diethylenetriaminepentaacetic acid (DTPA) (55–57) that
could be easily administered to all ages, as well as pediatric
versions of Prussian blue.7 Even with these approvals,
concerns about the long-term effects of MCM use in non-
irradiated pediatric populations must be addressed. For
Neupogen, existing data in normal pediatric donors from the
U.S. Pediatric Blood and Marrow Transplant Consortium,
National Marrow Donor Program, and Spanish Donor
Registry was considered. This information reduced the
complexity of obtaining data and offered acceptable
background on pediatric safety profiles. Unfortunately, this
kind of information is not always available, especially as
researchers seek to develop MCMs with pediatric indica-
tions for GI-ARS and delayed effects of acute radiation

exposure (DEARE) in radiosensitive tissues/organs such as
lung (58, 59), and brain (60–62). These tissues are sensitive
in both adults and children; therefore, as MCMs are
developed for radiation toxicity, it is critical to consider
their use in the pediatric population.

Animal model development. NIAID and BARDA-funded
pediatric animal model development and efficacy studies
have encountered financial and experimental difficulties,
including, 1. multiple pediatric age groups, 2. increased
sample size to overcome loss of animals not able to
withstand study rigor, 3. physical difficulty of handling
fragile animals, and 4. ethical concerns associated with
pediatric studies. It is also important to note that the age of
the mice used in most radiation studies (8–12 weeks)
corresponds to adolescence in humans. Drug safety and
efficacy data, demographic and risk assessment information
and formulations for the pediatric population are in limited
supply; therefore, pediatric model development and pre-
clinical toxicity trials are necessary (63–65). To develop
pediatric models, one must consider study endpoints,
differences in the immune system, and study durations that
can ‘‘blur the lines’’ between age groups. Children are not
‘‘little adults’’, and organ systems are still growing and
developing in children. Therefore, pharmacokinetic and
pharmacodynamic (PK/PD), and/or toxicological differenc-
es may lead to over- or under-medication and unanticipated
adverse events (66, 67).

Pediatric radiation animal models have been established
in rodents (68, 69), and a Göttingen minipig pediatric model
has also been developed for ARS in a partnership between
the NIAID and the Department of Defense’s Armed Forces
Radiobiology Research Institute (AFRRI) (70). Three adult
nonhuman primate (NHP) radiation models [total-body
irradiation (TBI), whole-thoracic lung irradiation (WTLI),
and partial-body irradiation (PBI)] are also available (71–
74), but no NHP pediatric animal model exists. Nonethe-
less, the age of the NHPs that are typically used (3–5 years)
most closely represents a teenage human.

Clinical requirements. Pediatrics spans newborn (birth to
28 days), infant (29 days to 2 years), child (2 to 12 years),
and adolescent (12 to 21 years) age sub-categories (67, 75,
76). Since physiology and pharmacokinetic can vary
considerably, studies should be completed on the most
relevant age group and extrapolation should be used when
possible. Unfortunately, pediatric populations differ enough
that extrapolation is not recommended for the development
of products for use during a radiation emergency. A wide
variety of scientific, ethical, and regulatory challenges exist,
such as bioethics and limited size of clinical trials, and lack
of formulations with flexible dosing. Moreover, pharma-
ceutical development of pediatric MCMs is sometimes
deferred due to costs that often exceed $1 billion (77). There
is a small market for biothreat applications, additional costs
for special formulations, and an often lengthy and
complicated pediatric clinical trial approval process. How-
ever, these impediments must be addressed to adequately

7 https://www.phe.gov/Preparedness/news/Pages/prussianblue.
aspx.
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meet the medical care needs of children in the event of a
radiation incident. To accelerate pediatric pharmaceutical
research, the USG has enacted the BPCA and the Pediatric
Research Equity Act of 2003 (PREA) (78). Even with these
efforts, the development of most pediatric MCMs falls
within the ‘‘greater than minimal risk category’’, but ‘‘direct
benefit to subjects’’ (45CFR§46.405/21), which poses
regulatory complications. In contrast, the United Kingdom
Nuffield Council concluded that children will be best
protected by doing studies on children, and pediatric
research is a social responsibility that will benefit the
participant by providing an opportunity to demonstrate
social solidarity (79). Clearly, the opinions differ and
demonstrate the ethical nuances of pediatric research and
clinical trials.

Pediatric formulations. USG funding agencies urge
investigators to consider pediatric formulations and child-
friendly routes of administration when developing radiation
MCMs. Physiological differences in the pediatric popula-
tion make tailored dosing such as pre-filled syringes and
fixed tablets impractical. Auto-injectors can be adjusted for
weight, but the technology is not widely used. Under PREA
(78), most sponsors have a commitment to supply drugs
using a delivery method that allows mg/kg dosing or a
multi-use vial, but in a mass casualty incident, individually-
tailored administration is impractical. Challenges faced in
the development of pediatric MCMs and medical devices
include 1. specimen collection size limitations that restrict
experiments, 2. biological and physiological variations
within pediatric subpopulations, 3. small pediatric popula-
tions, which limit the size and duration of clinical trials for
safety and efficacy studies, and 4. limitations due to ethical
concerns. To overcome these challenges, it may be
beneficial to extrapolate data from adults to children if the
disease progression and outcome of therapy are similar.
Additionally, understanding the mechanism of action can
provide more information about drugs that share a similar
classification (e.g., antibodies).

In summary, understanding how pediatric populations
might respond differently to radiation exposure, and
subsequent MCM development is challenging, but careful
data collection and planning at all stages can help close the
gaps. It is critical that children are not treated as small
adults, and that pediatric-specific equipment, training, and
plans are put in place well in advance of a radiation
incident. Although the level of awareness raised by the
American Academy of Pediatrics Disaster Preparedness
Advisory Council has led to codified U.S. laws (80, 81),
continued efforts are needed to prioritize areas that will
make the biggest difference in pediatric emergency
preparedness.

Geriatric Populations

Older adults (generally, individuals over the age of 65)
may be more susceptible to injury in a radiological

emergency because of limited physical mobility and an
increased incidence of chronic health conditions.8 Given the
frequent increase in physical and healthcare-related infirmi-
ties that come with increasing age, even the logistical
response to a radiological or nuclear incident may require a
greater degree of healthcare worker intervention in this
population when compared to younger adults and children.

Clinical and preclinical experience. Data from survivors
of the atomic bombs dropped on Hiroshima and Nagasaki
showed that the youngest and oldest cohorts were most
susceptible to leukemogenesis caused by radiation exposure
(82), although the low number of older persons examined
made the comparison of acute effects difficult (83). Some
contributing factors to this effect included impaired
antioxidant capacity and DNA repair mechanisms (84,
85). It is also difficult to separate the contributions of other
comorbidities on the effects of radiation exposure (86, 87).

Aged animal models. Researchers face challenges testing
MCMs in geriatric animals due to difficulties securing
animals that are age-matched to the elderly population.
Several NHP species have been well-characterized and
share many similarities to humans (88); yet with a lifespan
of up to 40 years (89), determining MCM efficacy, let alone
establishing and characterizing a geriatric NHP model, is
impractical. Aging rodent models of radiation exposure,
however, are well characterized and can provide a glimpse
into radiation and MCM effects in geriatric animals,
although purchasing aged animals or aging animals on-site
can add to the expense and length of these efforts. A TBI
mouse model of H-ARS has been used to test MCM
efficacy in normal adult, pediatric, and aged mice (90). Of
note, in this model, the radiation exposure needed to achieve
an LD50/30 was 10.08 Gy (for males) and 9.47 Gy (for
females) for 24-month-old mice, compared to 8.53 Gy for
12-week-old mice at the same site, suggesting possible
increased radio-resistance in geriatric mice. These results
parallel those obtained in a rat model, where older (;570
days) irradiated animals showed delayed mortality and a
decreased incidence of pneumonitis compared to younger
(;42 days) animals (69). Translating these data to the
human experience could require a better understanding of
whether these animals experience the same high level of
chronic inflammation observed in elderly people (91). One
interesting finding is that 21-month old, irradiated mice
(;70 in human years) (92) had reduced phagocyte activity
that could lead to the accumulation of cellular debris and
account for chronic inflammation (93).

Possible mechanisms and MCM development. Aging
causes reductions in the innate and adaptive immune
systems and erythropoiesis, which may lead to increased
susceptibility to neutropenia and infection (94, 95). In mice,
older animals have impaired leukocyte recovery after
exposure to radiation (96), possibly linked to impaired
function of hematopoietic stem cells (97). It is also known

8 https://www.cdc.gov/aging/pdf/disaster_planning_tips.pdf.
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that transplantation of HSCs from older individuals is not as
effective as transplantation from younger donors. Studies
have shown that 16,16-dimethyl prostaglandin E2 (dmPGE2)
is an effective MCM in mice of all ages, including aged
mice (90), and treatment of bone marrow cells from aged
mice with dmPGE2 improves their engraftment (98).
Similarly, lisinopril is an effective lung injury mitigator in
juvenile and older rats (69). In the published article
mentioned previously (93), transcriptome analysis showed
impairment of several HSC developmental, growth factor,
and cell signaling pathways in aged mice. These data and
pathways suggest mechanistic targets for MCMs to
overcome the effects of aging on the biological response.

An important aspect of MCM development for radiation
injuries has been the repurposing of existing licensed
products from the oncology space to address radiation-
induced neutropenia and thrombocytopenia (99). One of the
many advantages of this effort includes having access to
data from a larger patient population, which often includes
older patients undergoing anti-cancer therapies. Information
on geriatric use can be found in the package inserts for the
four drugs approved for H-ARS as of 2021. These package
inserts describe both results from clinical studies and from
the clinical experience but do not recommend a different
dosing regimen for older adults. Although there is a
probable difference in radiation response in the elderly that
might lead them to be better protected from radiation
exposure, continued efforts to clarify biological responses in
later life through preclinical modeling are still needed.

Individuals with Altered Immune Responses

Although USG medical emergency preparedness planning
documents specifically mention individuals with compro-
mised immune systems as requiring special care during a
radiological or nuclear incident, little information exists as
to how the biological impact of radiation exposure might
differ based on immune status.9 Both overactive immune
responses (e.g., persons having autoimmune diseases like
lupus, rheumatoid arthritis, multiple sclerosis, etc.) and
disease states characterized by immunosuppression (e.g.,
transplant patients on anti-rejection drugs, individuals
undergoing chemo- or radiotherapy for cancer, persons
taking corticosteroids, etc.) should be considered. For
example, the myelosuppressive nature of radiation exposure
could help to minimize over-active autoimmune responses.
Similarly, radiation exposure in immuno-suppressed indi-
viduals could either dampen their protective responses
further or generate a reduced inflammatory response since
they are starting with a lower immune baseline. This
phenomenon could in turn result in less overall injury.
Clearly, these contradictory conditions need to be better
understood in these special populations.

Autoimmunity (overactive immune system). Overall, the
incidence of radiotherapy complications in patients with a
variety of autoimmune disorders does not seem to be a
concern (100, 101), with only a few forms of radiotherapy
(e.g., to the pelvis) having a possible negative effect (102).
These cancer findings suggest but do not definitively prove
that individuals with these overactive immune response
conditions are unlikely to suffer greater damage after the
kind of radiation exposure that might be anticipated during a
radiological or nuclear incident. There are several immu-
nocompromised populations afflicted with overactive auto-
immune diseases - through focusing on the following with
high prevalence: lupus, multiple sclerosis, fibromyalgia, and
rheumatoid arthritis, it is evident that these populations
warrant special consideration during a radiation public
health emergency.

Lupus. Systemic lupus erythematosus (SLE), is an
autoimmune disease that causes the immune system to
attack the body. The prevalence of SLE in the U.S. is
approximately 40 per 100,000 persons (103). While
approximately 50% of all cancer patients receive radiation
therapy after they are diagnosed, and many SLE cancer
patients are advised they may safely receive radiation, only
a small number actually choose to undergo the treatment. In
one study, SLE patients who received radiation did not
exhibit any increased toxicity with respect to non-SLE
patients (103). Another study used standard-dose adjuvant
radiation on a patient with SLE with no unexpected side
effects (104). Other research produced data in severe
combined immunodeficient (SCID) mice, and human/
mouse radiation chimera mice, that reproducibly modeled
human SLE (105). These two models could be used when
exploring potential therapies for the treatment of lupus
patients (105). Nonetheless, caution is advised when
radiation treatment is used in patients with discoid lupus
because severe skin reactions may occur (106). There have
been experiments to better understand the etiology of
autoimmune disorders. For example, in a study of DNA
single-strand break repair after in vitro irradiation of cells
from children with autoimmune disorders, lymphocytes
from these patients had more DNA damage after irradiation
than controls (107). Given the potential underlying
sensitivity to radiation, extra care should be taken to assess
these patients, even if lower radiation doses are received.

Rheumatoid arthritis (RA). This disease is characterized
by a buildup of macrophages in affected joints, with an
aberrant immune system attacking the tissues. The disorder
has a worldwide incidence of about 30 per 100,000
people.10 The age at which most people are diagnosed is
between 35 and 50 years, and the prevalence is higher in
females than males within that age range (108). Unlike

9 https://emergency.cdc.gov/radiation/pdf/population-monitoring-
guide.pdf.

10 https://www.medscape.com/answers/331715-5335/what-is-the-
global-prevalence-of-rheumatoid-arthritis-ra-among-different-age-
groups-and-ethnic i t ies#:;: tex t¼Worldwide%2C%20the%20
annual%20incidence%20of,of%2035%20and%2050%20years.

REVIEW 307

Downloaded From: https://complete.bioone.org/journals/Radiation-Research on 06 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use



some other anti-self-antibody reactions, there are fewer

concerns that a diagnosis of RA could lead to greater
radiation sensitivity, given that radiation itself is often used

as a treatment to address complications of the disease. For

example, radioactive gold injected as a form of local
radiotherapy into knee joints during arthroscopy has been

used to decrease inflammation in the joints of RA patients

(109, 110), by destroying inflamed tissues in the joint,
leading to healthy regrowth. In addition, dating back to the

1950s, RA patients have received RT (111, 112).11 This

therapy, although effective, is not normally used because of
the potential late effects resulting from the radiation. It is

hypothesized that more standard radiotherapy, in the form

of external irradiation up to 20 Gy to an affected joint, could
also be used as a treatment; however, there have been

varying degrees of efficacy noted (113). In what is perhaps

the closest clinical situation to a radiation emergency
scenario, a retrospective analysis was conducted on a

database of women with RA who were undergoing

radiotherapy for breast cancer (114). Patients were matched
with normal controls, and toxicities resulting from their

breast cancer radiotherapy were assessed. Among RA

patients, the radiation treatment did not lead to a significant

increase in toxicity. These data suggest that individuals with
RA likely will not require special medical consideration in

the event of a radiation incident.

Multiple sclerosis (MS). MS is a neurodegenerative
autoimmune disease of the central nervous system (115).

The 2020 global prevalence is ;36 per 100,000 people

(116). MS has a very high rate of morbidity and
disproportionately affects women between 20–40 years of

age (115). In a study focused on a 43-year-old woman who

was treated with radiation, MS developed months after the
last radiotherapy session. The authors of this study

concluded that ‘‘conventional doses of radiation might

trigger MS’’ (115). Given the scant clinical data linking
radiation exposure and individuals with MS, it is difficult to

draw conclusions as to the susceptibility of people with this

disease to radiation injuries.

Fibromyalgia. Although this review is not exhaustive,
studies looking at radiation responses in patients living with

fibromyalgia were not identified, despite a relatively high

prevalence of around 10 million people currently diagnosed
with fibromyalgia in the U.S. alone. Although no formal

clinical studies looking at the potential differential biolog-

ical impact of radiation exposure in these patients were
found; one preclinical finding in a rat model of chemically

induced fibromyalgia that exposed the animals to gamma

radiation found that low dose irradiation may help (117).
Given the paucity of information on how these patients

might respond to radiation exposure, it is advisable to

provide additional treatment oversight.

Immunosuppression (underactive immune system). The
connection between radiation response and the immune
system is well established. Radiation exposures associated
with ARS are known to be immunosuppressive based
primarily on their impact on several aspects of immunity,
including induction of neutropenia and lymphopenia (118).
However, far less is known about how these kinds of
exposures would affect individuals with existing radiation
sensitivity. Some studies suggest that immune responses to
radiation vary based on the differential sensitivity of sub-
classes of immune cells, with certain cells being more
radiosensitive (e.g., stem, T helper, cytotoxic T and B cells),
and others presenting as more radioresistant (e.g., T
regulatory, dendritic and natural killer cells) (118).

Cancer patients undergoing radiotherapy. Because there
have been relatively few incidents involving human
exposures to high doses or TBI in the context of an
accident, it is helpful to consider humans who are
undergoing radiation therapy (albeit focused/localized), to
seek information on how TBI might affect someone who is
immunocompromised. The incidence of individuals with
cancer in the United States in 2020 has been estimated to be
over 1.8 million.12 Of those, some 650,000 people will have
undergone chemotherapy,13 and between 50 and 70% of all
cancer patients will also receive some form of radiation
therapy (119, 120). For this reason, it is essential to
understand how people who are being treated for tumors
will respond to an unanticipated radiation exposure. For
some, the exposure could be in addition to radiation that
they are already receiving, and for others, it could represent
a combined injury if they have recently undergone surgery
or are being treated with chemotherapeutic agents. It is
uncertain if the response to irradiation will mean that they
are at greater risk for injury than a normal healthy
individual, or if their altered immune state might make
them better able to deal with the insult.

Individuals with concomitant COVID-19. Experiences
with COVID-19 illness, which creates an immune state not
unlike radiation exposure, characterized by myelosuppres-
sion, an unchecked inflammatory response, and multi-
system injury (121), suggests that immunocompromised
patients might have a differential response to radiation if
they are COVIDþ. For example, the American Society for
Radiation Oncology has recommended that scheduled
radiation, ‘‘can be considered if ‘reasonable’ – meaning
the cancer is not rapidly progressing and is potentially
curable.’’14 Observational studies also hint at a higher risk of
severe COVID-19 presentation in cancer patients, although
the causes are not clear (122–124).15 Finally, there have
been studies that suggest low-dose irradiation might reduce

11 https://www.news-medical.net/health/Radiotherapy-and-
Rheumatoid-Arthritis.aspx1.

12 https://www.cancer.gov/about-cancer/understanding/statistics.
13 https://www.cdc.gov/cancer/preventinfections/.
14 https://www.astro.org/Daily-Practice/COVID-19-Recommendations-

and-Information/COVID-19-FAQ-Updates/COVID-19-FAQs#q8.
15 https://www.idsociety.org/covid-19-real-time-learning-network/

special-populations/cancer/.
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SARS-CoV-2-induced lung inflammation, further clouding
the impact of irradiation on individuals with the virus (125).
The risk of irradiating someone with COVID-19 is therefore
still unknown.

Generalized immunodeficiencies. There is evidence that
individuals with different types of severe combined immu-
nodeficiency (SCID) have differential responses to radiation
conditioning regimens for stem cell transplant (SCT) (126).
This suggests that these patients would require more
individualized care during triage and treatment after a
radiological or nuclear mass casualty incident. Furthermore,
patients with a condition known as common variable
immunodeficiency also demonstrate higher levels of radio-
sensitivity, which must be accounted for when these
individuals require radiological exams (even though the
radiation dose levels are much lower than what would likely
be experienced during a radiation emergency). Physicians
therefore advise that these patients be evaluated using
ionizing radiation-free, magnetic resonance imaging (MRI)
as opposed to computed tomography (CT) scans that involve
ionizing radiation, to minimize the development of any late
complications from the exposure (127). Researchers have
also reported that radiosensitive patients with immunosup-
pressive disorders should be carefully evaluated, if it is
determined that they require radiation exposure for a SCT
(126). They cite patients with immune deficiencies that have
undergone radiation pre-conditioning and conclude that there
is an increased risk for morbidity and early mortality.
Although not the same as a radiation exposure anticipated
during a public health emergency, these studies suggest that
these patients may present with more severe symptoms.
Clearly, even low doses of radiation can lead to damage in
individuals with enhanced sensitivity; therefore, laboratory
models can provide important details to better assess and treat
patients who are immunocompromised.

There are studies in the literature that have addressed the
impact of radiation exposure on animals, mice in particular,
that lack an immune system. These SCID mice are
sometimes bred with non-obese diabetic mice (NOD)
(128) and are more radiosensitive than their wild type
counterparts (129). For example, a specific NOD-SCID
genetic variant, the gamma mouse from the Jackson
Laboratory (NSG) can tolerate only up to 4 Gy irradiation,16

whereas a typical wild-type, inbred mouse strain has an
LD50 ranging from 5 to 8 Gy (130, 131). These laboratory
models are important, since they simulate the immunosup-
pressed (132).

More research is needed to better understand how these
unique populations might respond to radiation from a mass
casualty incident, so that emergency responses can be
appropriately modeled and planned. In addition, use of
medications that could dampen and cause either further
immunosuppression or protection (e.g., hormonal agents

(133) or anti-inflammatories (134)) could also play a role in
an individual’s radiation response; as well as other
immunosuppressed states, including individuals with HIV
or other systemic viral or bacterial infections. Radiation
exposure while also infected with a bacteria or virus, such as
influenza, could be considered a combined injury (135)
based on small animal model data (136).

Populations with Comorbidities or Lifestyle Risks

As discussed above, acute radiation exposures impact
health deterministically through direct damage at the
molecular, cellular, and organ levels, as well as stochasti-
cally by increasing rates of late effects such as organ
damage and cancer (137–142). A direct consequence of
such exposures and their associated acute damage is a
systemic inflammatory response (121, 143). Therefore,
essentially all preexisting health conditions in the popula-
tion could be considered comorbidities. As such, preexisting
medical conditions have the potential to exacerbate the
acute and/or delayed effects of radiation exposure. Although
preexisting medical conditions are likely to complicate
medical management of exposed individuals, the added
level of complexity that comorbidities present is not
currently incorporated into response planning for radiation
mass casualty incidents (4, 5). Although some regional
effects may play a role in a given subpopulation, most
common preexisting health conditions that may act as
comorbidities to radiation would be expected to follow
distributions consistent with their national distribution prior
to a mass casualty radiation incident. Therefore, response
planning for an exposed population should take such
potential comorbidities into consideration as a function of
how many exposed people are likely to exhibit a particular
comorbidity and to what extent specific comorbidities may
require modifications of planned medical interventions.

According to 2017 data from the U.S. Centers for Disease
Control and Prevention (CDC),17 the most common
morbidities and causes of death among the U.S. population
are heart disease, cancer, chronic lower respiratory diseases,
stroke, Alzheimer’s disease, diabetes, influenza, pneumonia,
and kidney disease. As of the year 2000, the prevalence of
heart disease in those 18 years and older was ;11%
whereas among those 65 years and older it approached 30%.
While cancer incidence among these groups is approxi-
mately half that of heart disease, among those 20 years and
older, nearly half (48.1%) exhibit hypertension, ;30%
exhibit obesity, and ;11% have diabetes.18 As of 2019
cigarette smoking was reported among ;14% of those 18
years and over, with more than half of smokers having
smoking-related diseases.19 As such, smoking may also be

16 https://www.jax.org/jax-mice-and-services/find-and-order-jax-
mice/nsg-portfolio/frequently-asked-nsg-questions.

17 https://www.cdc.gov/nchs/data-visualization/mortality-leading-
causes/index.htm.

18 https://www.cdc.gov/nchs/hus/ataglance.htm.
19 https://www.cdc.gov/tobacco/data_statistics/fact_sheets/adult_

data/cig_smoking/index.htm.
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considered a comorbidity that is likely to have a negative
impact on ARS and DEARE. Consequently, a large
proportion of any U.S. subpopulation exposed to a radiation
mass casualty incident will have a potential comorbidity at
the time of exposure. Depending on regional demographics,
this proportion may approach or exceed 50% of the exposed
population. Therefore, capturing clinical history including
potential comorbidity status during initial evaluation of the
exposed population may have a role in making triage
decisions and future medical interventions.

Cardiovascular and kidney disease. Based on CDC data,
as much as 30% of a U.S. population exposed to a radiation
mass casualty incident would be expected to have
preexisting heart disease and/or hypertension. Although
there is little in the way of direct studies addressing these
comorbidities in combination with the kind of acute
radiation exposure expected in a mass casualty incident,
radiotherapy of cancer is a well-established cause of
radiation-induced atherosclerosis and cardiovascular mor-
bidity and mortality (144, 145). Furthermore, DEARE has
been observed in the form of delayed lung, heart, and
kidney injury in ARS survivors from various radiological
incidents (1, 3, 63). Cardiovascular disease has been
implicated as a significant cause of death among atomic
bomb and Chernobyl ARS survivors and has been linked to
increased hypertension and radiation-induced nephropathy
(1, 139, 146, 147).

These late effects of acute radiation exposure have also
been established and studied in animal models (69, 139,
148, 149). In a mouse study, ARS survivors of 8.53 or 8.72
Gy gamma-ray TBI had increased collagen deposition in
coronary arteries that increased with age with respect to
unirradiated controls (139). In addition, focal regions of
interstitial myocardial fibrosis were observed along with a
reduction in arterial cell density and microvascular injury in
the pericardium, myocardium, and coronary arteries of the
left ventricle in the irradiated animals. Renal DEARE,
assessed by increased blood urea nitrogen and aberrant
histopathology, also increased in these H-ARS survivors.
The authors concluded that major differences in vasculop-
athy, inflammation, oxidative imbalance, and senescence
between the heart and kidney suggest the need for different
MCMs in different organs to be administered at different
times post-irradiation. Further support for the concept of a
time-dependent polypharmacy approach to mitigating ARS
and DEARE comes from a study employing PBI in a rat
model (150). In this study, a triple combination of H-ARS
mitigators were used to support survival through H-ARS.
When the combination was used with or without the
angiotensin converting enzyme (ACE) inhibitor lisinopril,
the combination with lisinopril increased survival to nearly
100% and reduced lung and kidney DEARE pathology to
levels approaching that of unirradiated controls. ACE
inhibitors are one of the most commonly prescribed class
of drugs with nearly 163 million prescriptions in the United
States alone in 2009 (151). Since such large numbers of

people with hypertension take ACE inhibitors, if the ACE
inhibitor DEARE mitigation observed in rats translates to
humans, it might provide coincidental protection in those
who have the drug onboard during a radiation mass casualty
incident.

While long-term radiation-induced systemic inflamma-
tion, lung pneumonitis and fibrosis, heart and kidney
vasculopathy and fibrosis have been identified in controlled
animal models and in humans after accidental radiation
exposure, in most cases pre-existing comorbid disease in
these organs prior to radiation exposure either did not exist
(most animal models) or was not known or evaluated
(humans) at the time of exposure. Consequently, the extent
to which radiation exposure might compound, exacerbate,
and/or accelerate such comorbid disease states is unknown.
However, given the propensity for radiation to induce acute
hematopoietic morbidities as well as delayed morbidities,
particularly in the lungs, heart, and kidneys, those already
suffering from chronic conditions affecting these organs
might be at greater risk than otherwise healthy individuals.
Therefore, in addition to the supportive therapies expected
to be needed by persons suffering an acute high-dose
radiation exposure, it is anticipated that a polypharmacy
approach for treating organ-specific radiation injuries will
also be employed (152).

Diabetes mellitus (DM). Approximately 11% of the U.S.
and 8.5% of the global population is estimated to have DM
according to the CDC20 and the World Health Organiza-
tion,21 respectively. DM and radiation both increase
oxidative stress and inflammatory cytokines with inflam-
mation taking longer to subside in diabetic cancer patients
(153). This inflammation exacerbates various types of
radiation injury. For example, one of the hallmarks of DM is
vascular damage, particularly microvascular injury, leading
to atherosclerosis, nephropathy, retinopathy, and cardiovas-
cular disease even in well-managed diabetic patients in the
absence of radiation (154). When radiation, which also
injures the vasculature (155), is added, it is not surprising
that diabetic cancer patients are at a higher risk and
experience more rapid onset of cardiovascular disease after
radiation exposure compared to nondiabetic patients (144,
145). Diabetic patients are also at higher risk of known
hallmarks of ARS. For example, diabetic cervical cancer
patients experienced a higher incidence of GI toxicity after
pelvic radiotherapy (156). The increased incidence of GI
dysmotility in diabetic patients may contribute to this higher
risk or exacerbate injury (157). Many studies have also
found almost double the incidence of radiation pneumonitis
in diabetic cancer patients undergoing radiation therapy, as
compared to normal patients (158–162). Radiation-induced
lung injury was also observed at higher rates in diabetic
patients (163), and diabetic cancer patients were found to be
at higher risk of death from acute radiation pneumonitis

20 https://www.cdc.gov/diabetes/data/statistics-report/index.html.
21 https://www.who.int/news-room/fact-sheets/detail/diabetes.
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(164). GI-ARS, and pneumonitis and pulmonary fibrosis,

are known acute and delayed effects of radiation exposure
respectively, and expected outcomes of a nuclear disaster,

but as of the writing of this review have no approved
treatment (165). The increased risk of these conditions in

diabetic patients is of great concern. Of less concern but still

noteworthy, a study of U.S. radiologic technologists
indicated that DM combined with low-level occupational

radiation exposure was associated with a higher risk of
developing cataracts (166).

In addition to exacerbating radiation-induced injury to the

cardiovascular system, GI, and lungs, the combination of
DM and radiation-induced microvascular damage may slow

wound healing; a major concern given the likelihood of
combined injuries in a radiological or nuclear incident (167,
168). The exacerbation of all of these radiation injuries by

diabetic complications is further concerning given that
diabetic patients are at higher risk of infection due to

hyperglycemia-related suppression of neutrophil function,
depression of the antioxidant system, and more (157).

Indeed, a large retrospective study of head and neck cancer

patients who underwent radiotherapy found patients with
DM had higher rates of hematologic toxicity, infection, and

treatment-related mortality (169).

Curiously, metformin, one of the most prescribed drugs

for diabetic patients, has recently been shown to protect

normal lung tissue through the prevention of bronchial
epithelial cell senescence in a mouse model (170).

Metformin had previously been reported to radiosensitize
tumors, though studies had mixed results (171), but these

new data suggest that the drug may also protect normal

tissue and may be of interest as a MCM. While these data
are promising, it is also important to note that diarrhea and

other GI side effects are very common with metformin (172)
and may exacerbate GI-ARS if used as a MCM. Proper

timing of administration may be an important variable.

Tobacco use. Similar concerns may also apply to
enhanced radiation-induced morbidity and mortality among

tobacco users. In addition to the well-established cancer
risks, smoking causes lung and airway inflammation, as

well as inflammation in peripheral organs such as the

vasculature, heart, and intestines (173-176). The CDC
estimates that smoking increases the risk of heart disease

and stroke by 2–4 times.22 Given the systemic effects of
smoking and the inflammatory response induced by

radiation, smokers exposed to a radiation mass casualty

incident may be at higher risk of morbidity and mortality.
Although there is a dearth of data in the literature for this

topic, comorbidities associated with conditions of systemic
inflammation, such as cardiovascular disease, have been

observed to negatively impact overall survival in lung

cancer patients receiving radiotherapy (177, 178).

Obesity. Given the prevalence of obesity, with ;13% of
adults globally and 40% of American adults as well as 7%
of children globally and 19% of American children falling
in this category, the effects of obesity on radiation injury are
important to consider in a radiological or nuclear disaster
(179, 180). Few studies on the impact of obesity on
radiation injury have been conducted outside of radiother-
apy patients, thus the studies discussed here are in that
group. This limits applicability to a radiological or nuclear
disaster scenario, but these cases are still of interest.
Curiously, cancer patients with a BMI of 20–35 have a
lower risk of mortality in a phenomenon known as the
‘‘obesity paradox’’ (181), perhaps due to higher body
volume protecting organs and tissues (182) and adiponectin,
a protein secreted by adipocytes that was recently found to
be protective against radiation-induced fibrosis (183). This
phenomenon is not reflected well in animal models of
obesity and/or metabolic disease, which showed increased
susceptibility to radiation injury including muscle fibrosis
and mortality (184, 185). Although the obesity paradox
shows higher BMI linked to higher overall survival,
correlations between obesity and risk of specific tissue
and organ radiation injury vary. GI injury is not seen at
higher rates in obese patients who received radiation therapy
for endometrial (186) cervical (187, 188), prostate (189), or
esophageal cancers (190). In fact, patients with lower BMI
may be at higher risk for GI radiation injury (191) and lower
survival (192). However, obese patients had higher rates
and/or severity of radiation-induced oral mucositis (193,
194), genitourinary radiation toxicity (189), and CRI (186,
188). These higher rates of organ-specific radiation injury,
particularly CRI, may be linked to higher C reactive protein
levels in obese patients undergoing radiation therapy (186).
Efforts must be made to evaluate each patient holistically as
an individual, even in the chaos of a nuclear disaster
scenario.

Sex Differences in Radiation Responses

Understanding inconsistencies that have been observed
between both animal models and humans of different sexes
and addressing them in the conduct of research and practice
of medicine will facilitate better preparation for the next
public health emergency (195). Exactly how these factors
contribute to the manifestations of radiation injury and
interindividual differences is yet to be clearly understood.

Preclinical models. To determine the influence of sex on
the radiation response, survival experiments have been
conducted in irradiated male and female animals. Several
studies found survival estimates to be consistent for both
sexes in multiple mouse strains, with no statistical
differences in lethality observed (130, 131). Likewise,
radiation dose-response data for male and female NHPs in a
WTLI model were reported to not be significantly different
with an LD50/180 of 10.28 Gy in females and 10.27 Gy in
males (165); nor were differences observed in a 180-day

22 https://www.cdc.gov/tobacco/data_statistics/fact_sheets/health_
effects/effects_cig_smoking/index.htm.

REVIEW 311

Downloaded From: https://complete.bioone.org/journals/Radiation-Research on 06 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use



survival study using males and females in a WTLI mouse
model (196). Yet other studies have reported a clear sex
difference in studies with C57BL/6J mice. In those
experiments, irradiated mice had a threshold dose for
morbidity/mortality of ;12 Gy in females and ;14 Gy in
males (196). In another survival study in mice, a significant
difference in survival time was observed, with females
dying earlier (197). Interestingly, ovary removal in female
mice abolished this difference (198), suggesting a potential
role for the endocrine system in radiation sensitivity. Sex
differences in mice have also been observed on the
molecular level after acute or chronic TBI, with radiation
modulating gene and protein expression, DNA methylation,
(199–202), and microRNA expression patterns (203–208).

The importance of having both males and females
represented in preclinical and clinical research has long
been understood by the NIH. While it has been an
established requirement since 1993 to include women and
underrepresented minorities in NIH-funded clinical studies,
efforts to address this critical topic were expanded in 2016
with the implementation of the sex as a biological variable
policy.23 Inclusion of both sexes enables a more accurate
application of results to the broader population, to better
understand disease course and treatment planning. The need
to consider sex as a critical component of rigorous radiation
experimental design is equal to the need for randomization,
blinding, sample-size calculations, among other basic
experimental design elements (209). To that end, the
NIAID RNCP held a scientific workshop in April 2022 to
address how sex differences can affect animal models and
MCM development.

In sync with the NIH, the FDA’s Animal Rule Guidance
for approval/licensure of products to address radiation and
other injuries where human studies are neither feasible nor
ethical states the importance of including both sexes in
research studies. The FDA has defined well-designed
experiments as having not only a sufficient number of
animals to achieve the scientific objective, but also
including the necessary control groups, and incorporating
appropriate statistical analyses, in addition to having
adequate representation of both sexes (21CFR§314.600-
650 and 21CFR§601.90-95). Research institutes can
address these concerns by establishing radiation response
curves in both male and female animal models and
including both sexes in subsequent studies. Both sexes
should also be included in pilot studies for endpoints other
than survival, to expand the breadth of understanding for
any potential differential radiation responses. In addition,
human safety is a dominant concern of the FDA, and the
agency expects nonclinical and clinical safety of MCMs
developed under the Animal Rule to proceed in a manner
similar to that of drugs developed under traditional
regulatory pathways.

CONCLUSIONS

The possibility of a radiological or nuclear mass casualty
incident presents a complex planning scenario that must
involve a trans-government response and include private
entities such as healthcare systems and hospitals at local and
national levels. Understanding the populations that need to
be served by these planning activities is fundamental to an
effective and well-integrated response. As indicated in this
review, much of what is known about human biological
responses to acute radiation exposure in a radiation incident
is derived from relatively small populations that lack the
diversity typical of a larger national group that would be
expected to be involved in such an event. Consequently, it is
unknown to what extent specific characteristics of the
various subpopulations exposed to a radiation mass casualty
incident will affect the range of responses and health
outcomes within the overall population. Animal modeling
beyond the standard age ranges is limited, and although
meager in breadth and inclusiveness, more relevant data for
special populations have been obtained from the clinical
experience. Expanding animal studies to include modeling
that better characterizes special populations could provide
the necessary platforms for more effective MCM develop-
ment. Various special populations have been identified in
this review, for whom establishing tailored advanced
emergency response planning may improve medical
outcomes. It appears that most sub-groups, aside from
pediatrics, have radiation responses similar to the general
population (although there are exceptions as noted above).
The inclusion of special planning and response scenarios for
all subgroups may not be possible or practical, but every
effort should be made to address as many of these
subpopulations as possible to best serve those at risk during
a radiation public health emergency.
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ical Principles Underlying The Blood Cell Concentration
Responses Used To Assess The Severity Of Effect After
Accidental Whole-Body Radiation Exposure: An Essential Basis
For An Evidence-Based Clinical Triage. Exp Hematol. 2007;
35(4, Supplement):8-16.

8. Dainiak N, Ricks RC. The Evolving Role Of Haematopoietic Cell
Transplantation In Radiation Injury: Potentials And Limitations.
Br J Radiol. 2005; 78(Supplement 27, 1):169-74.

9. Williams PM, Fletcher S. Health Effects Of Prenatal Radiation
Exposure. Am Fam Physician. 2010; 82(5):488-93.

10. Rugh R. The Impact Of Ionizing Radiations On The Embryo And
Fetus. Am J Roentgenol Radium Ther Nucl Med. 1963; 89:182-
90.

11. Streffer C, Shore R, Konermann G, Meadows A, Uma Devi P,
Preston Withers J, Et Al. Biological Effects After Prenatal
Irradiation (Embryo And Fetus). A Report Of The International
Commission On Radiological Protection. Ann ICRP. 2003; 33(1-
2):5-206.

12. Russell LB, Russell WL. An Analysis Of The Changing
Radiation Response Of The Developing Mouse Embryo. J Cell
Physiol Suppl. 1954; 43(Suppl. 1):103-49.

13. Devi PU, Baskar R. Influence Of Gestational Age At Exposure
On The Prenatal Effects Of Gamma-Radiation. Int J Radiat Biol.
1996; 70(1):45-52.

14. Schlesinger DM, Brent RL. Effects Of X Irradiation During
Preimplantation Stages Of Gestation On Cell Viability And
Embryo Survival In The Mouse. Radiat Res. 1978; 75(1):202-16.

15. Russell LB. X-Ray-Induced Developmental Abnormalities In The
Mouse And Their Use In The Analysis Of Embryological
Patterns. II. Abnormalities Of The Vertebral Column And
Thorax. J Exp Zool. 1956; 131(3):329-95.

16. Friedberg W, Hanneman GD, Faulkner DN, Darden EB, Jr., Deal
RB, Jr. Prenatal Survival Of Mice Irradiated With Fission
Neutrons Or 300kvp X-Rays During The Pronuclear-Zygote
Stage: Survival Curves, Effect Of Dose Fractionation. Int J Radiat
Biol Relat Stud Phys Chem Med. 1973; 24(6):549-60.

17. Michel C, Blattmann H, Cordt-Riehle I, Fritz-Niggli H. Low-
Dose Effects Of X-Rays And Negative Pions On The Pronuclear
Zygote Stage Of Mouse Embryos. Radiat Environ Biophys. 1979;
16(3):299-302.

18. Pampfer S, Streffer C. Increased Chromosome Aberration Levels
In Cells From Mouse Fetuses After Zygote X-Irradiation. Int J
Radiat Biol. 1989; 55(1):85-92.

19. Pils S, Müller WU, Streffer C. Lethal And Teratogenic Effects In
Two Successive Generations Of The HLG Mouse Strain After
Radiation Exposure Of Zygotes – Association With Genomic
Instability? Mutat Res. 1999; 429(1):85-92.

20. Pampfer S, Streffer C. Prenatal Death And Malformations After
Irradiation Of Mouse Zygotes With Neutrons Or X-Rays.
Teratology. 1988; 37(6):599-607.

21. Friedberg W, Faulkner DN, Neas BR, Darden EB, Jr., Parker DE,
Hanneman GD. Prenatal Survival Of Mouse Embryos Irradiated
In Utero With Fission Neutrons Or 250 Kv X-Rays During The
Two-Cell Stage Of Development. Int J Radiat Biol. 1998;
73(2):233-9.

22. UNSCEAR. Sources And Effects Of Ionizing Radiation. New
York: United Nations; 2000.

23. Chang DS, Lasley FD, Das IJ, Mendonca MS, Dynlacht JR.

Radiation Effects In The Embryo And Fetus. Basic Radiotherapy
Physics And Biology; Https://Doi.Org/10.1007/978-3-030-
61899-5_35. New York: Springer International Publishing;
2021. P. 349-53.

24. De Santis M, Cesari E, Nobili E, Straface G, Cavaliere AF,
Caruso A. Radiation Effects On Development. Birth Defects Res
C Embryo Today. 2007; 81(3):177-82.

25. Devi PU, Hossain M. Effect Of Early Fetal Irradiation On The
Postnatal Development Of Mouse. Teratology. 2001; 64(1):45-
50.

26. Epperly MW, Smith T, Zhang X, Goff JP, Franicola D,
Greenberger B, Et Al. Modulation Of In Utero Total Body
Irradiation Induced Newborn Mouse Growth Retardation By
Maternal Manganese Superoxide Dismutase-Plasmid Liposome
(Mnsod-PL) Gene Therapy. Gene Ther. 2011; 18(6):579-83.

27. Benjamin SA, Lee AC, Angleton GM, Saunders WJ, Keefe TJ,
Mallinckrodt CH. Mortality In Beagles Irradiated During Prenatal
And Postnatal Development. I. Contribution Of Non-Neoplastic
Diseases. Radiat Res. 1998; 150(3):316-29.

28. Grosche B, Irl C, Schoetzau A, Van Santen E. Perinatal Mortality
In Bavaria, Germany, After The Chernobyl Reactor Accident.
Radiat Environ Biophys. 1997; 36(2):129-36.

29. Little J. The Chernobyl Accident, Congenital Anomalies And
Other Reproductive Outcomes. Paediatr Perinat Epidemiol. 1993;
7(2):121-51.

30. Ishii K, Goto A, Ota M, Yasumura S, Fujimori K. Pregnancy And
Birth Survey Of The Fukushima Health Management Survey:Re-
view Of 4 Surveys Conducted Annually After The Disaster. Asia
Pac J Public Health. 2017; 29(2_Suppl):56S-62S.

31. Leppold C, Nomura S, Sawano T, Ozaki A, Tsubokura M, Hill S,
Et Al. Birth Outcomes After The Fukushima Daiichi Nuclear
Power Plant Disaster: A Long-Term Retrospective Study. Int J
Environ Res Public Health. 2017; 14(5).

32. Körblein A. Reduction In Live Births In Japan Nine Months After
The Fukushima Nuclear Accident: An Observational Study.
PLOS ONE. 2021; 16(2):E0242938.

33. Mole RH. Detriment In Humans After Irradiation In Utero. Int J
Radiat Biol. 1991; 60(3):561-4.

34. Hujoel PP, Bollen AM, Noonan CJ, Del Aguila MA. Antepartum
Dental Radiography And Infant Low Birth Weight. JAMA. 2004;
291(16):1987-93.

35. Tsou M-W, Liu J-T, Hammitt JK, Lu C-H, Kao S-YZ. The Effect
Of Prenatal Exposure To Radiation On Birth Outcomes:
Exploiting A Natural Experiment In Taiwan. Jpn Econ Rev.
2020; 71(3):379-403.

36. Otake M, Schull WJ. Radiation-Related Brain Damage And
Growth Retardation Among The Prenatally Exposed Atomic
Bomb Survivors. Int J Radiat Biol. 1998; 74(2):159-71.

37. Hatch M, Little MP, Brenner AV, Cahoon EK, Tereshchenko V,
Chaikovska L, Et Al. Neonatal Outcomes Following Exposure In
Utero To Fallout From Chernobyl. Eur J Epidemiol. 2017;
32(12):1075-88.

38. Heiervang KS, Mednick S, Sundet K, Rund BR. The Chernobyl
Accident And Cognitive Functioning: A Study Of Norwegian
Adolescents Exposed In Utero. Dev Neuropsychol. 2010;
35(6):643-55.

39. Goldstein L, Murphy DP. Etiology Of Ill-Health In Children Born
After Postconceptional Maternal Irradiation. Am J Roentgenol.
1929; 22:322-31.

40. Baskar R, Devi PU. Influence Of Gestational Age To Low-Level
Gamma Irradiation On Postnatal Behavior In Mice. Neurotoxicol
Teratol. 2000; 22(4):593-602.

41. Goel HC, Sajikumar S, Sharma A. Effects Of Podophyllum
Hexandrum On Radiation Induced Delay Of Postnatal Appear-
ance Of Reflexes And Physiological Markers In Rats Irradiated In
Utero. Phytomedicine. 2002; 9(5):447-54.

42. Uma Devi P, Satyamitra M. Protection Against Prenatal

REVIEW 313

Downloaded From: https://complete.bioone.org/journals/Radiation-Research on 06 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use



Irradiation-Induced Genomic Instability And Its Consequences In
Adult Mice By Ocimum Flavonoids, Orientin And Vicenin. Int J
Radiat Biol. 2004; 80(9):653-62.

43. Miller RC, Lanasa P, Hanson WR. Misoprostol-Induced
Radioprotection Of Syrian Hamster Embryo Cells In Utero From
Cell Death And Oncogenic Transformation. Radiat Res. 1994;
139(1):109-14.

44. Epperly M, Rigatti L, Li S, Wipf P, Greenberger JS. Small
Molecule GS-Nitroxide Radiation Mitigator JP4-039/F14 Is Safe
And Effective In Pregnant E13.5 Mice. Int J Radiat Oncol Biol
Phys. 2016; 96(2, Supplement):E568.

45. U.S. Food And Drug Administration. Target Product Profile: A
Strategic Development Process Tool - Guidance For Industry
And Review Staff. US Department of Health and Human
Services. Rockville, MD: Center For Drug Evaluation And
Research; 2007.

46. National Commission On Children And Disasters. 2010 Report
To The President And Congress. Rockville, MD: Agency For
Healthcare Research And Quality; October 2010.

47. Hamele M, Poss WB, Sweney J. Disaster Preparedness, Pediatric
Considerations In Primary Blast Injury, Chemical, And Biolog-
ical Terrorism. World J Crit Care Med. 2014; 3(1):15-23.

48. Adler MD, Krug S, Eiger C, Good GL, Kou M, Nash M, Et Al.
Impact Of Personal Protective Equipment On The Performance
Of Emergency Pediatric Tasks. Pediatr Emerg Care. 2021;
37(12).

49. Waller EJ. First Response Considerations For Children Exposed
To A Radiological Dispersal Device. Radiat Prot Dosimetry.
2010; 142(1):63-7.

50. Ben-Amotz A, Yatziv S, Sela M, Greenberg S, Rachmilevich B,
Shwarzman M, Et Al. Effect Of Natural Beta-Carotene
Supplementation In Children Exposed To Radiation From The
Chernobyl Accident. Radiat Environ Biophys. 1998; 37(3):187-
93.

51. Neyfakh EA, Alimbekova AI, Ivanenko GF. Radiation-Induced
Lipoperoxidative Stress In Children Coupled With Deficit Of
Essential Antioxidants. Biochemistry (Mosc). 1998; 63(8):977-
87.

52. Mcmahon DM, Vdovenko VY, Stepanova YI, Karmaus W,
Zhang H, Irving E, Et Al. Dietary Supplementation With
Radionuclide Free Food Improves Children’s Health Following
Community Exposure To 137Cesium: A Prospective Study.
Environ Health. 2015; 14(1):94.

53. Spirichev VB, Kodentsova VM, Blazheevich NV, Ale�ınik SI,
Sokol’nikov AA, Vrzhesinskaia OA, Et Al. [The Vitamin And
Trace Element Status Of The Personnel Of The Chernobyl
Atomic Electric Power Station And Of Preschool Children In The
City Of Slavutich]. Fiziol Zh (1994). 1994; 40(3-4):38-48.

54. Adams TG, Sumner LE, Casagrande R. Estimating Risk Of
Hematopoietic Acute Radiation Syndrome In Children. Health
Phys. 2017; 113(6):452-7.

55. Huckle JE, Sadgrove MP, Pacyniak E, Leed MGD, Weber WM,
Doyle-Eisele M, Et Al. Orally Administered DTPA Di-Ethyl
Ester For Decorporation Of 241Am In Dogs: Assessment Of
Safety And Efficacy In An Inhalation-Contamination Model. Int J
Radiat Biol. 2015; 91(7):568-75.

56. Wilson JP, Cobb RR, Dungan NW, Matthews LL, Eppler B,
Aiello KV, Et Al. Decorporation Of Systemically Distributed
Americium By A Novel Orally Administered Diethylenetriami-
nepentaacetic Acid (DTPA) Formulation In Beagle Dogs. Health
Phys. 2015; 108(3):308-18.

57. Shankar GN, Potharaju S, Green CE. Evaluating The Toxicity Of
Novel Zn-DTPA Tablet Formulation In Dogs And Rats. Drug
Dev Res. 2014; 75(1):37-46.

58. Bolling T, Konemann S, Ernst I, Willich N. Late Effects Of
Thoracic Irradiation In Children. Strahlenther Onkol. 2008;
184(6):289-95.

59. Mertens AC, Yasui Y, Liu Y, Stovall M, Hutchinson R, Ginsberg

J, Et Al. Pulmonary Complications In Survivors Of Childhood
And Adolescent Cancer. A Report From The Childhood Cancer
Survivor Study. Cancer. 2002; 95(11):2431-41.

60. Caceres LG, Aon Bertolino L, Saraceno GE, Zorrilla Zubilete
MA, Uran SL, Capani F, Et Al. Hippocampal-Related Memory
Deficits And Histological Damage Induced By Neonatal Ionizing
Radiation Exposure. Role Of Oxidative Status. Brain Res. 2010;
1312:67-78.

61. Moravan MJ, Olschowka JA, Williams JP, O’Banion MK.
Cranial Irradiation Leads To Acute And Persistent Neuro-
inflammation With Delayed Increases In T-Cell Infiltration And
CD11c Expression In C57BL/6 Mouse Brain. Radiat Res. 2011;
176(4):459-73.

62. Roman DD, Sperduto PW. Neuropsychological Effects Of
Cranial Radiation: Current Knowledge And Future Directions.
Int J Radiat Oncol Biol Phys. 1995; 31(4):983-98.

63. Dicarlo AL, Maher C, Hick JL, Hanfling D, Dainiak N, Chao N,
Et Al. Radiation Injury After A Nuclear Detonation: Medical
Consequences And The Need For Scarce Resources Allocation.
Disaster Med Public Health Prep. 2011; 5 Suppl 1:S32-44.

64. Stricklin D, Millage K. Evaluation Of Demographic Factors That
Influence Acute Radiation Response. Health Phys. 2012;
103(2):210-6.

65. Roth WJ, Kissinger CB, Mccain RR, Cooper BR, Marchant-
Forde JN, Vreeman RC, Et Al. Assessment Of Juvenile Pigs To
Serve As Human Pediatric Surrogates For Preclinical Formula-
tion Pharmacokinetic Testing. AAPS J. 2013; 15(3):763-74.

66. Baldrick P. Developing Drugs For Pediatric Use: A Role For
Juvenile Animal Studies? Regul Toxicol Pharmacol. 2004;
39(3):381-9.

67. U.S. Food And Drug Administration. Nonclinical Safety
Evaluation Of Pediatric Drug Products - Guidance For Industry.
In: Services. Usdohah, Editor. Rockville, MD: Center For Drug
Evaluation And Research; 2006.

68. Patterson AM, Sellamuthu R, Plett PA, Sampson CH, Chua HL,
Fisher A, Et Al. Establishing Pediatric Mouse Models Of The
Hematopoietic Acute Radiation Syndrome And The Delayed
Effects Of Acute Radiation Exposure. Radiat Res. 2021;
195(4):307-23.

69. Medhora M, Gao F, Gasperetti T, Narayanan J, Khan AH, Jacobs
ER, Et Al. Delayed Effects Of Acute Radiation Exposure
(DEARE) In Juvenile And Old Rats: Mitigation By Lisinopril.
Health Phys. 2019; 116(4):529-45.

70. Kaur A VN, Severson G, Gulani J, Bolduc D, Moroni M.
Development Of Pediatric Model Of Hematopoietic Acute
Radiation Syndrome (H-ARS) And Countermeasure Testing
Using The Gottingen Minipig. Rad Applic. 2017; 2(2):75-81.

71. Farese AM, Cohen MV, Katz BP, Smith CP, Gibbs A, Cohen
DM, Et Al. Filgrastim Improves Survival In Lethally Irradiated
Nonhuman Primates. Radiat Res. 2013; 179(1):89-100.

72. Macvittie TJ, Bennett AW, Farese AM, Taylor-Howell C, Smith
CP, Gibbs AM, Et Al. The Effect Of Radiation Dose And
Variation In Neupogent Initiation Schedule On The Mitigation
Of Myelosuppression During The Concomitant GI-ARS And H-
ARS In A Nonhuman Primate Model Of High-Dose Exposure
With Marrow Sparing. Health Phys. 2015; 109(5):427-39.

73. Macvittie TJ, Farese AM, Jackson W, 3rd. The Hematopoietic
Syndrome Of The Acute Radiation Syndrome In Rhesus
Macaques: A Systematic Review Of The Lethal Dose Response
Relationship. Health Phys. 2015; 109(5):342-66.

74. Zhang P, Cui W, Hankey KG, Gibbs AM, Smith CP, Taylor-
Howell C, Et Al. Increased Expression Of Connective Tissue
Growth Factor (CTGF) In Multiple Organs After Exposure Of
Non-Human Primates (NHP) To Lethal Doses Of Radiation.
Health Phys. 2015; 109(5):374-90.

75. U.S. Food And Drug Administration. General Clinical Pharma-
cology Considerations For Pediatric Studies For Drugs And
Biological Products - Guidance For Industry. US Department of

314 WINTERS ET AL.

Downloaded From: https://complete.bioone.org/journals/Radiation-Research on 06 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use



Health and Human Services. Rockville, MD: Center For Drug
Evaluation And Research 2014.

76. U.S. Food And Drug Administration. Pediatric Expertise For
Advisory Panels - Guidance For Industry And FDA Staff. US
Department of Health and Human Services. Rockville, MD:
Center For Devices And Radiological Health; 2003.

77. Dimasi JA, Grabowski HG, Hansen RW. Innovation In The
Pharmaceutical Industry: New Estimates Of R&D Costs. J Health
Econ. 2016; 47:20-33.

78. U.S. Food And Drug Administration. How To Comply With The
Pediatric Research Equity Act (PREA) - Guidance For Industry.
US Department of Health and Human Services. Rockville, MD:
Center For Drug Evaluation And Research, Center For Biologics
Evaluation And Research; 2005.

79. Nuffield Council On Bioethics. Children And Clinical Research:
Ethical Issues. London: ESP Colour Ltd.; 2015.

80. Disaster Preparedness Advisory Council. Medical Countermea-
sures For Children In Public Health Emergencies, Disasters, Or
Terrorism. Pediatrics. 2016; 137(2):E20154273.

81. Disaster Preparedness Advisory Council. Ensuring The Health Of
Children In Disasters. Pediatrics. 2015; 136(5):E1407-17.

82. Ichimaru M, Ishimaru T. Review Of Thirty Years Study Of
Hiroshima And Nagasaki Atomic Bomb Survivors. II. Biological
Effects. D. Leukemia And Related Disorders. J Radiat Res. 1975;
16 Suppl:89-96.

83. Oughterson AW, Leroy GV, Liebow AA, Hammond EC, Barnett
HL, Rosenbaum JD, Et Al. Medical Effects Of Atomic Bombs:
The Report Of The Joint Commission For The Investigation Of
The Effects Of The Atomic Bomb In Japan Volume 1. US
Department of Health and Human Services. Washington, DC
(United States): Office Of Scientific And Technical Information;
1951.

84. Hernández L, Terradas M, Camps J, Martı́n M, Tusell L, Genescà
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