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The Likelihood of Adverse Pregnancy Outcomes and Genetic Disease (Transgenerational
Effects) from Exposure to Radioactive Fallout from the 1945 Trinity Atomic Bomb Test
John D. Boice, Jr.1,2
Abstract—The potential health consequences of the Trinity nuclear
weapon test of 16 July 1945 at Alamogordo, New Mexico, are
challenging to assess. Population data are available for mortality
but not for cancer incidence for New Mexico residents for the first
25 y after the test, and the estimates of radiation dose to the nearby
population are lower than the cumulative dose received from
ubiquitous natural background radiation. Despite the estimates
of low population exposures, it is believed by some that cancer
rates in counties near the Trinity test site (located in Socorro
County) are elevated compared with other locations across the
state. Further, there is a concern about adverse pregnancy outcomes
and genetic diseases (transgenerational or heritable effects) related
to population exposure to fallout radiation. The possibility of an
intergenerational effect has long been a concern of exposed
populations, e.g., Japanese atomic bomb survivors, survivors of
childhood and adolescent cancer, radiation workers, and
environmentally exposed groups. In this paper, the likelihood of
discernible transgenerational effects is discounted because (1) in
all large-scale comprehensive studies of exposed populations, no
heritable genetic effects have been demonstrated in children of
exposed parents; (2) the distribution of estimated doses from
Trinity is much lower than in other studied populations where no
transgenerational effects have been observed; and (3) there is no
evidence of increased cancer rates among the scientific, military,
and professional participants at the Trinity test and at other
nuclear weapons tests who received much higher doses than New
Mexico residents living downwind of the Trinity site.
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INTRODUCTION

ON 16 July 1945, the first detonation of a nuclear device oc-
curred at the Trinity site near Alamogordo, NewMexico (in
Socorro County), on what is now part of White Sands
Missile Range. Robert Oppenheimer, the director of Los
Alamos National Laboratory at the time, was inspired by
the poetry of John Donne to assign the code name “Trinity”
to the test. The test was of an implosion-design plutonium
device, informally nicknamed “The Gadget.” Among those
present at the test, 396 were commissioned officers or
enlisted men in the US Army; they have been studied for
late effects as nuclear weapons test participants (Till et al.
2014; Boice et al. 2019a).

Population data are available for mortality for New
Mexico residents (but not for cancer incidence) for the first
25 y after the test, and the estimates of radiation dose to the
population (except that for the thyroid gland) are practically
all <10 mGy (Simon et al. 2020), lower than the cumulative
external dose received from ubiquitous natural background
radiation of approximately 80 mGy over a 40 y period. Despite
these estimates of low population exposures, concerns
have been raised by the citizens living in the vicinity of
the Trinity test that the fallout radiation has caused
increased rates of cancer and transgenerational effects,
i.e., genetic and adverse pregnancy outcomes (APOs)
(TBDC 2017).

The possibility of intergenerational effects has long
been a concern of exposed populations, e.g., Japanese
atomic bomb survivors and other exposed groups. However,
there is little to no convincing or consistent evidence among
the offspring of environmentally exposed populations;
childhood, adolescent, and young adult cancer survivors;
Japanese atomic bomb survivors; or radiation-exposed
workers for an excess of malformations, stillbirths, neonatal
deaths, cancer, cytogenetic syndromes, single-gene disorders,
or cytogenetic markers that would indicate an increase of her-
itable genetic mutations in the exposed parents (UNSCEAR
2001; COMARE 2004, 2016; Nakamura 2006; NA/NRC
www.health-physics.com
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2006; Fujiwara 2008; Winther and Olsen 2012; NCRP 2013;
Brent 2015; Grant et al. 2015).

Radiation clearly induces mutations in somatic cells of
rodents and humans, and transgenerational (heritable) ef-
fects are established from experimental studies conducted
in the 1950s and 1960s of irradiated Drosophila and mice
(UNSCEAR 2001; NA/NRC 2006; NCRP 2013). Thus,
the possibility of human germ-cell mutation following radi-
ation is recognized and considered by radiation protection
committees (ICRP 2007; NCRP 2018b). However, the abil-
ity to establish an association between parental exposure
and transgenerational effects in humans, if one exists, is in
the future and would be related to advances in genetic tech-
nologies (NCRP 2013; Brent 2015). It is noteworthy that the
“mega-mice” studies involved nearly 7 million rodents,
which suggest the enormity of a comparable human investi-
gation. Further, the lack of clear and convincing evidence
for transgenerational effects in human studies conducted
since the 1960s has reduced the level of concern of heritable
effects (Fig. 1) (Hall 2009), and radiation protection com-
mittees have reduced the genetic component assigned to
the radiation health detriment (ICRP 2007; NCRP 2018b).
The experimental and human studies support the notion that
if transgenerational effects occur in humans, they are too
small to be detected by epidemiologic study (IOM 1995).
METHODS

Human studies of the children of radiation-exposed
parents are discussed; specifically, studies of the offspring
of environmentally exposed populations; childhood, adoles-
cent, and young adult cancer survivors; atomic bomb survi-
vors; and radiation-exposed workers. The studies sought to
identify any excess of malformations, stillbirths, neonatal
deaths, cancer, cytogenetic syndromes, single-gene disor-
ders, or cytogenetic markers that would indicate an increase
of heritable genetic mutations in the exposed parents.
Fig. 1. Schematic of how the level of concern about transgenerational
(heritable) risks has decreased from the 1950s to the present as more in-
formation from human studies has become available (Hall et al. 2009).

www.health-phy
The section begins, however, with an overview of studies
of cancer risk among environmentally exposed populations
in NewMexico and among nuclear weapons test participants
present at the Trinity detonation. It is generally accepted that
a cancer risk in exposed populations is much more likely
to be detected than a transgenerational (inheritable) risk,
which has not been seen in the children of exposed parents
(IOM 1995; NCRP 2013; Brent 2015; NA/NRC 2006).

Studies of cancer risk among environmentally exposed
populations

Studies of environmentally exposed populations and

cancer risk in NewMexico. The studies described below are
of New Mexico residents who lived near radiation facilities
such as Los Alamos National Laboratory or the uranium
mill in Grants, New Mexico. The potential for exposure
was to any atmospheric release of radioactive material
during plant operation or to environmental contamination
or ingestion of any waste associated with uranium milling.

Stebbings and Voelz (1981) examined both cancer
mortality and incidence data from the New Mexico
Tumor Registry for Los Alamos County, New Mexico,
where Los Alamos National Laboratory is located. They
found a suggestive excess mortality from leukemia, but
there was no parallel increase in leukemia incidence.
There were suggestions of excesses in neoplasms of the
reticuloendothelial system in the early years and of the
colon and rectum; the latter were thought to be
explainable in terms of socioeconomic factors. There
was no conclusive evidence of cancer risk among the
residents near these radiation facilities.

These observations of cancer risks among populations
living near nuclear facilities in New Mexico are based on
small numbers but are consistent with the much larger
study conducted by the National Cancer Institute (NCI) of
cancer risk among populations living near nuclear facilities
throughout the United States (Jablon et al. 1991). A special
scientific advisory committee of nongovernment scientists
was established by NCI to provide guidance and oversight
over the study. The committee concluded “that the survey
produced no evidence that an excess occurrence of cancer
had resulted from living near nuclear facilities. Further,
that the measurements of radioactive releases from nuclear
facilities indicate that the dose from routine operations is
generally much below natural background radiation, and
hence are unlikely to produce observable effects on the
health of surrounding populations” (Jablon et al. 1990).

Boice et al. (2010) examined both cancer incidence and
mortality in populations living near uranium milling and
mining operations in Grants, Cibola County, New Mexico,
during 1950–2004. Lung cancer mortality and incidence
were significantly increased among men but not women,
and the excess was attributed to a previously reported risk
sics.com
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of lung cancer among underground miners living in Grants
and exposed to radon gas and its decay products (Boice et al.
2008). Stomach cancer mortality and incidence were both
significantly increased among women but not men. These
excesses seem unlikely to be related to uranium milling
and mining activities since the elevated risks were greatest
in the years before uranium mills and mines operated in
Cibola County; furthermore, the stomach cancer rates
decreased over time to normal levels.

Studies of nuclear weapons test participants at Trin-

ity and other series, and cancer effects. To provide a
different look at the possibility that adverse pregnancy out-
comes or genetic disease might occur among the children
of parents exposed to fallout from the Trinity detonation,
the dose distributions and the mortality experience of the
396 atomic veterans present at the Trinity shot is evaluated.
This study of personswhowere present at the Trinity detona-
tion in 1945 and who were followed through 2010 provides
information on cancer risk at higher doses than were re-
ceived by residents living near the Trinity site. Those present
at the Trinity test included Robert Oppenheimer, General
Leslie Groves, Hans Bethe, Enrico Fermi, Theodore Hall,
Louis Hempelmann, Hymer Friedell, Richard Feynman, and
Kenneth Bainbridge. The Trinity detonation was part of a
larger study of 113,806 nuclear weapons test participants con-
ducted within the Million Person Study of Low-Dose Health
Effects (MPS) (Bouville et al. 2015; Boice et al. 2019a). Dose
estimates for the Trinity participants and all atomic veterans
were determined for all participants at one of eight test series
(Till et al. 2014, 2018; Beck et al. 2017; Dauer et al. 2018;
NCRP 2018a), and doses to red bone marrow are presented
in Table 1. Extensive follow-up procedures located over 95%
of the cohort (Mumma et al. 2018) and identified a cause of
death for practically all known to have died.

Standardized mortality rates (SMRs) were computed
for all Trinity and other test series participants (Table 1
provides a listing of the eight test series) to compare
Table 1. Bone marrow dose distributions for atomic veterans at the
Trinity test and for all veterans in the Eight Series Studya within the
Million Person Study.b

Bone marrow dose (2-y lag)

Dose (mGy) Veterans at Trinity Total number of veterans

<2.5 225 (57%) 58,203 (51%)

2.5 to ≤5 27 (7%) 19,092 (17%)

5 to ≤10 32 (8%) 17,050 (15%)

10 to ≤25 53 (13%) 14,195 (12%)

>25 59 (15%) 5,266 (5%)

Total 396 113,806

a The Eight Series Study included military aboveground weapon test partici-
pants present at one of these eight test series (year): Upshot-Knothole (1953),
Plumbbob (1957); Crossroads (1946); Greenhouse (1951); Castle (1954);
Redwing (1956); Hardtack I (1958); Trinity (1945) (Till et al. 2014,
2018); bBeck et al. 2017.
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observed rates with the general population and 95%
confidence intervals computed. Cox proportional hazards
models were used to analyze leukemia and lung cancer
dose response. Because only 3 leukemia deaths were due to
leukemia other than chronic lymphocytic leukemia (CLL),
a malignancy not considered to be increased following
radiation exposure (UNSCEAR 2008; Leuraud et al. 2015),
the internal analyses could not be conducted of Trinity partic-
ipants but only of the entire cohort, which included 717 leu-
kemia deaths other than CLL and 8,027 lung cancer deaths.

Among the 396 Trinity participants, 319 (or 81%) had
died, and the all cause of death SMR was 0.71 (95% confi-
dence interval [CI]: 0.63–0.79) (Table 2). Cancer mortality
also was below expectations but not significantly so (SMR
0.95; 95% CI: 0.77–1.16). The dose distribution of Trinity
participants was similar to that of all 113,806 participants
(Table 1). The mean dose to red bone marrow was 9 mGy
(maximum 35mGy) and higher than the estimated red bone
marrow doses received by New Mexico residents living
near the Trinity site (Simon et al. 2020). No excess of
leukemia, excluding CLL, or any other cancer was observed
among test participants at Trinity. The internal dose-response
analyses for all 113,806 test participants did not show an
increase for leukemia (excess relative risk [ERR] at 95% CI
for 100 mGy = −0.35 [−1.05, 0.34], n = 717) or for lung
cancer (ERR at 95% CI for 100 mGy = 0.04 [−0.11, 0.19],
n = 8,027) (Boice et al. 2019b).

To place these analyses in perspective with regard to
transgenerational effects, the Institute of Medicine (IOM
1995) evaluated the likelihood that an epidemiologic study
could detect an increase in heritable genetic effects among
the children of atomic veterans (had there been an increase)
and concluded that it was not possible. In the absence of any
radiation effects, 15,000 newborn children with major birth
defects would be expected to be diagnosed at birth among
the estimated 500,000 offspring of 210,000 atomic veterans.
An additional 3–5% of these children would be expected to
be diagnosed with a major congenital anomaly in the first
10 y of life. Thus, the study sizewould have to be enormous,
and controlling for confounding influences would be nearly
impossible. Further, the gonadal doses to produce a possible
increase in transgenerational effects also would have to be
very high. “Relatively high doses of radiation (greater than
2,000 mSv [200 rem]) would add only a small number of
additional cases of genetic disorders to the large number
that are expected to occur as a result of spontaneous muta-
tions, most of which have existed in the population for many
generations” (IOM 1995). Such high doses are not observed
among atomic veterans (if they had occurred, deterministic
effects would have been evident) nor among the residents
near the Trinity site exposed to fallout radiation.

In summary, nuclear weapons test participants received
the highest radiation doses of any population from nuclear test
sics.com

http://www.health-physics.com


Table 2. Standardized mortality ratios (SMRs) and 95% confidence
intervals (CIs) among 396 atomic veterans at the Trinity site followed
from 1945 through 2010 with 18,884 person-y of follow-up.a

Trinity

Veterans at risk 396

Person-y of follow-up 18,884

Cause of death (ICD9)a Observed SMR 95% CI

All causes of death (001–999) 319 0.71c 0.63–0.79

All malignant neoplasms (140–208) 97 0.95 0.77–1.16

Colon (153) 9 0.99 0.45–1.88

Bronchus, trachea, and lung (162) 21 0.64c 0.40–0.98

Prostate (185) 16 1.3 0.74–2.11

Non-Hodgkin’s lymphoma (200, 202) 6 1.59 0.58–3.46

Leukemia and aleukemia (204–208) 5b 1.22 0.39–2.85

Smoking-related cancers (140–150,
157, 161–162, 188–189)

33 0.67c 0.46–0.94

Non-smoking-related cancers 64 1.22 0.94–1.56

Diabetes (250) 8 0.94 0.40–1.85

Mental and behavioral disorders
(290-319)

6 0.8 0.29–1.74

Dementia and Alzheimer’s disease
(290.0-290.4, 331.0)

10 0.87 0.42–1.60

Diseases of the nervous system
(320–389)

10 0.69 0.33–1.27

All heart disease (390–398, 404,
410–429)

79 0.47c 0.37–0.59

Ischemic heart disease (410–414) 64 0.50c 0.39–0.64

Cerebrovascular disease (430–438) 16 0.60c 0.34–0.97

Nonmalignant respiratory disease
(460–519)

31 0.69c 0.47–0.98

Bronchitis, emphysema, asthma (490–493) 9 0.66 0.30–1.25

Nephritis and nephrosis (580–589) 6 1 0.37–2.18

All external causes of death (800–999) 10 0.43c 0.21–0.79

Unknown causes of death 30 — —

a SMRs shown only for causes of death with five or more cases. ICD9: Interna-
tional Classification of Diseases, 9th Revision.
b 2 of the 5 leukemia deaths were due to chronic lymphocytic leukemia.
c Denotes statistical significance at the p < 0.05 level, i.e., the 95% confidence
limit does not contain 1.00.
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detonations in theUnited States. These doses are still relatively
low but higher than those estimated for the populations living
near or downwind of the Trinity site (Simon et al. 2020). No
dose-related increases in cancer were observed among the
Trinity participants or among the large series of 113,806
atomic veterans. The low doses estimated for the smaller
number of New Mexico residents near or downwind of the
Trinity detonation site point to the implausibility that cancer
or transgenerational (heritable) effects occurred in excess or
could be observed in any epidemiologic investigation.

Studies of environmentally exposed populations

and transgenerational effects. Transgenerational studies
have been conducted in areas of high natural background ra-
diation in India (Jaikrishan et al. 1999) and China (Wei et al.
1990) and in areas in Ireland exposed to airborne releases
www.health-phy
from a nuclear fuel reprocessing plant (Dean et al. 2000).
The radiation sources in the environment include thorium-
containing monazite sands and effluents from nuclear facil-
ities (NCRP 2013). No transgenerational effects have been
demonstrated among people exposed to fallout from the
Chernobyl reactor accident (WHO 2006).

Studies of Down syndrome and other genetic anoma-
lies in populations living in high background radiation areas
are mostly ecological and are limited because individual
doses and potential confounding influences are unknown.
An increased rate of Down syndrome among residents in
areas of high background radiation in Chinawas later attrib-
uted to increased maternal age at birth and to better case
ascertainment in the high background radiation areas
compared with the control areas (UNSCEAR 1993; Wei
et al. 1990). Airborne radiation released from the Sellafield
nuclear fuel reprocessing plant in England was claimed to
have caused a cluster of Down syndrome on the coast of
Ireland but was later discounted (Dean et al. 2000). Studies
of 140,000 inhabitants residing in Kerala, India, in areas of
high natural background radiation (15 to 25 mGy annual
whole-body dose) reported increased rates of Down syn-
drome (Kochupillai et al. 1976), which were not confirmed
in subsequent studies that used more reliable sources of in-
formation (Kesavan 1997). No correlation between increased
levels of natural background radiation and malformation,
stillbirth, or twinning was found in a comprehensive study
of over 40,000 newborn children and stillbirths in Kerala
(Jaikrishan et al. 1999). High natural background radiation
levels in Kerala also were not correlated with increases in
mental retardation, cleft lip, or cleft palate (Koya et al.
2012). Clusters of Down syndrome in Germany were re-
ported just after the Chernobyl accident, but low-dose radi-
ation was not considered a contributing cause (Little 1993;
Burkart et al. 1997). Offspring of residents in Kerala were
reported to have certain inherited genomic changes to mito-
chondrial DNA (Forster et al. 2002) and to the Y chromosome
(Premi et al. 2009), but results have not been replicated, and
there is uncertainty as to the gonadal dose received by par-
ents and the adequacy of the control groups.

Reproductive and hereditary effects have not been
demonstrated among people exposed to fallout from the
Chernobyl accident nor are any expected (Little 1993;
WHO 2006). No effects on fertility, numbers of stillbirths,
or adverse pregnancy outcomes have been attributed to radi-
ation, in large part because of the low radiation doses re-
ceived. A modest but steady increase in reported congenital
malformations in both contaminated and uncontaminated
areas of Belarus appeared related to improved reporting and
not to radiation exposure (WHO 2006). “An increased fre-
quency of trisomy 21 in Berlin in January 1987, and in-
creases in the frequency of neural tube defects in several
small hospital-based series in Turkey, were not confirmed
sics.com
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in larger and more representative series in Europe. No clear
changes in the prevalence at birth of anomalies which might
be associated with the accident are apparent in Byelorussia
or the Ukraine, the republics with the highest exposure to
fallout” (Little 1993).

These studies of environmentally exposed populations
provide little to no evidence for transgenerational effects.

Studies of the offspring of childhood, adolescent,

and young adult cancer survivors treated with radiation

and transgenerational effects. In 2006, the Committee to
Assess Health Risks from Exposure to Low Levels of Ioniz-
ing Radiation (Biological Effects of Ionizing Radiation
[BEIR] VII committee) concluded that studies on the ge-
netic effects of radiotherapy on childhood cancer should
be encouraged (NA/NRC 2006). Subsequently, heritable
disease among the children of cancer survivors treated with
radiation in four countries was extensively evaluated in a
large-scale international collaboration, the genetic conse-
quences of cancer therapy study (Boice et al. 2003; NCRP
2013). Over 35,800 children of 21,205 cancer survivors
were conceived after therapy had ended. The parents in
Denmark and Finland were cancer survivors diagnosed un-
der 35 y of age; the parents of US and Canadian cancer sur-
vivors were under 20 y of age at cancer diagnosis. Estimates
of gonadal doses of radiation were based on original radiation-
therapy records and phantom reconstructions (Stovall et al.
2004). No associations between birth defects and gonadal
doses were found (Mulvihill et al. 2009; Green et al. 2009;
Signorello et al. 2010; Winther et al. 2012). The mean testic-
ular dose for men was 500 mGy, and the mean ovarian dose
for women was 1,200 mGy. High therapeutic doses to the
uterus of female cancer survivors was found to increase the
rates of spontaneous abortions (miscarriages), preterm births,
and stillbirths; these adverse pregnancy outcomes were at-
tributed to a somatic (deterministic) effect from a damaged
uterus and not to a genetic or heritable effect of the radiation
exposure (Signorello et al. 2006; Winther et al. 2008). A
small difference was reported for cytogenetic abnormalities
(e.g., Down syndrome [relative risk, RR = 1.1] and Turner
syndrome [RR = 1.3]) among the children of Danish cancer
survivors compared with the children of their siblings but
was not statistically meaningful (Winther et al. 2004). An
altered sex ratio among the live-born children of cancer
survivors treated with radiation therapy was not observed
and provided no support for a possible transgenerational
or germline effect (Winther et al. 2003).

Molecular analyses of cancer family blood samples
(blood taken from the irradiated cancer survivor, the spouse
or partner, and at least one child) have been used to study a
number of mechanistic processes possibly related to trans-
generational effects and cancer susceptibility. Analyses of
unstable chromosome aberrations, however, provided no
www.health-phy
evidence of radiotherapy-related induction of persistent ge-
nomic instability (Tawn et al. 2005). G2 chromosomal ra-
diosensitivity evaluations were inconclusive but confirmed
that the radiosensitivity phenotype is heritable (Curwen
et al. 2010). Polymorphic variation in DNA repair genes
showed statistically significant genotype differences between
survivors and their partners for the APEX Asp148Glu site,
but this initial observation was not confirmed in subsequent
studies (Curwen et al. 2011; Wilding et al. 2007). No
transgenerational effects ofmaternal exposure to cancer treat-
ment were seen in an evaluation of mutations in mitochon-
drial DNA, but the size of the population was small (Guo
et al. 2012).

Family blood studies also were used to examine pos-
sible radiation-induced germline minisatellite mutations.
Minisatellite mutations at hypervariable loci are tandemly
repeated regions of DNAwhich occur at a high frequency
throughout the genome. Some repeat DNA sequences ex-
hibit high frequencies of spontaneous germline mutations
to new allele lengths (up to 1,000 times more frequent than
mutations in genes that code for proteins), and screening for
length changes may indicate radiation-induced germline
mutations using relatively small population samples. No
convincing or consistent evidence has been found, however,
that radiation causes germline mutations based on changes
in minisatellite lengths among cancer survivor families
(mean parental gonadal dose ~500 mGy) or other exposed
populations (Tawn et al. 2011, 2015; Little et al. 2013;
NCRP 2013, 2015).

These and other studies (Byrne et al. 1998; Green et al.
2009) of the children of childhood, adolescent, and young
adult cancer survivors treated with radiation provide little
to no evidence for transgenerational effects.

Studies of the offspring of Japanese atomic bomb

survivors and transgenerational effects. The Japanese
atomic bomb survivor study was initially focused on evalu-
ating and quantifying the risk of genetic disease associated
with parental exposures received during the 1945 bombings
of Hiroshima and Nagasaki (Neel and Schull 1991). Nearly
80,000 children born to parents exposed to the atomic bombs
were evaluated. The measures of possible transgenerational
effects included malformations, chromosomal abnormalities,
stillbirths, neonatal deaths, cancer, chromosomal transloca-
tions, mutations in minisatellites, and multifactorial disease
(Schull 2003; Fujiwara et al. 2008). Because experimental
studies of Drosophila and rodents had established that radia-
tion can cause heritable effects, it was surprising that there
was no evidence for any significantly increased risk for
any measure of genetic disease. Although there were no sta-
tistically significant findings, most of the measures of
transgenerational effects were in the direction of a positive
effect. The mean conjoined gonadal dose was of the order
sics.com
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of 360 mGy, and it was estimated that the doubling dose
(DD, the dose to a population that would produce the same
amount of genetic damage as occurs spontaneously each
generation) is of the order of 2 Gy for acute exposures and
of the order of 4 Gy for chronic exposures, i.e., quite high
doses (Neel 1998, 1999a; Schull 2003). Over the years, there
has been a shift from concern over genetic effects (to future
generations) to concern about the individual and the subse-
quent development of cancer, a somatic effect (Fig. 1).

The Japanese atomic bomb survivor study of heritable
effects is the most comprehensive of all human studies en-
gaged in examining the consequences of preconception irra-
diation (Schull et al. 1981; Neel and Schull 1991; Satoh
et al. 1996; Neel 1998; Izumi et al. 2003; Schull 2003;
NA/NRC 2006; Nakamura 2006; Fujiwara et al. 2008;
Grant et al. 2015). A broad range of gonadal doses were ex-
amined with respect to many indicators of genetic damage
(NCRP 2013): (1) untoward pregnancy outcomes (i.e., still-
born, neonatal death, major congenital malformation); (2)
cancer in the offspring; (3) early death among offspring
(Grant et al. 2015); (4) chromosomal aberrations; (5) fre-
quency of sex-chromosome aneuploids, i.e., having one or
more chromosomes above or below the normal number;
(6) frequency of mutation-altering protein change or function
(electrophoretic mutations); (7) growth and development
of the F1 offspring population; (8) inherited mutations in
minisatellite DNA (Kodeira et al. 2004); and (9) multifac-
torial disease (Fujiwara et al. 2008).

These comprehensive studies of the children of Japanese
atomic bomb survivors provide little to no evidence for
transgenerational effects. The absence of detectable in-
creases in any measure of transgenerational effect is notable
in light of similar findings in large-scale studies of the chil-
dren of cancer survivors and to a lesser effect, in the studies
of environmentally exposed and radiation-exposed workers.

Studies of the offspring of radiation-exposed workers

and transgenerational effects. Studies of the children of nu-
clear radiation workers and x-ray technologists are described
but are limited by small sample sizes, low gonadal doses,
minimal dosimetric information, or inadequate comparison
groups (NCRP 2013).

A cluster of leukemia and non-Hodgkin’s lymphoma
in young people living in the village of Seascale, Cumbria,
UK, was reported in 1983 by a team of investigative televi-
sion reporters (Black 1984). A subsequent case-control
study byGardner et al. (1990) reported an association between
preconception irradiation and leukemia and non-Hodgkin’s
lymphoma in children of male workers at the Sellafield nu-
clear fuel reprocessing plant adjacent to Seascale. Further
studies failed to confirm that low doses to the testes re-
ceived before conception is a cause of cancer (Doll et al.
1994; Kinlen 1993; Kinlen et al. 1993; Little et al. 1996;
www.health-phy
Neel 1999b; Tawn 1995; UNSCEAR 1994; Wakeford 2000;
COMARE 2004, 2016). Then a cohort study confirmed
the statistical association between preconception radia-
tion of Sellafield workers and leukemia and lymphoma
(Dickinson and Parker 2002), but it was not an indepen-
dent test of the hypothesis since it included the same cases
previously studied by Gardner et al. (1990). Dickinson
et al. (2003) had raised a number of important concerns
about the original case-control study by Gardner et al.
(1990). An infectious agent associated with a high level
of population mixing was raised as a possible explanation
(Kinlen 1995, 2015; Sorahan et al. 2003).

The possibility that an increase in minisatellite germline
mutations following parental exposure could be related to
leukemia was discounted when no increase in inherited
germline minisatellite mutations were found in children
with leukemia (Davies et al. 2007) nor among workers at
the Sellafied nuclear fuel reprocessing plant (Tawn et al.
2015). There was no convincing evidence that parental
occupational exposure was related to increases in child-
hood cancer in the children of US radiologic technolo-
gists (Johnson et al. 2008).

Studies of workers at the Sellafield nuclear fuel
reprocessing plant have reported a statistical association
between paternal preconception exposure and stillbirth
(Parker et al. 1999), which was questioned by Abrahamson
and Tawn (2001) at the time but alsowas not consistent with
a larger study of workers in the UK nuclear industry (Doyle
et al. 2000) or with the atomic bomb survivors study (Little
1999; Otake et al. 1990) or with studies of the children of
cancer survivors (Mulvihill et al. 2009; Signorello et al.
2010; Winther et al. 2012). Maternal factors were not
considered (Boice et al. 2000). Further, an increase in
minisatellite germline mutations following worker expo-
sures was not found in their children (Tawn et al. 2015).
No association was found between preconception dose and
congenital malformations among the children of workers in
the Canadian nuclear power industry (Green et al. 1997). A
study of preconception radiation among Hanford workers
evaluated 12 major congenital anomalies, including Down
syndrome (Sever et al. 1988a). There was no evidence for a
radiation association overall, except for neural tube defects,
which was based on only three cases andwhich was not con-
firmed by Doyle and colleagues in the United Kingdom
(2000). To further test the Gardner hypothesis, Sever et al.
(1997) evaluated childhood cancers around three US De-
partment of Energy nuclear facilities: Hanford Site; Idaho
National Engineering Laboratory; and the K-25, Y-12, and
X-10 plants at Oak Ridge National Laboratory. No statisti-
cally meaningful associations were found between paternal
exposure and childhood leukemia, leukemia plus non-
Hodgkin’s lymphoma, central nervous system, or all child-
hood cancers. Studies of medical radiographers are in large
sics.com
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part negative with respect to adverse inherited outcomes but
are hampered by inadequate dosimetry (Boice et al. 1992;
Roman et al. 1996). The low gonadal doses in most occupa-
tional studies preclude statistically powerful evaluations.

DISCUSSION

Transgenerational studies in humans
The possibility of transgenerational effects following

radiation exposure has been a concern for over 70 y and has
been studied in atomic bomb survivors, survivors of childhood
and adolescent cancer, radiation workers, and environmentally
exposed groups. No radiation-related transgenerational effects,
hereditary diseases, adverse pregnancy outcomes, germline
minisatellite mutations, stillbirths, neonatal deaths, cancer,
early death, chromosome aberrations, mitochondrial DNA
changes, cytogenetic abnormalities, single-gene disorders,
or any measure of transgenerational effect has been convinc-
ingly or consistently demonstrated in any human population
exposed to ionizing radiation before conception (UNSCEAR
2001; NA/NRC 2006; NCRP 2013; Brent 2015).

The average gonadal doses have been large, of the order
of 300 mGy among atomic bomb survivors, 500 mGy among
male cancer survivors, and 1,200 mGy among female cancer
survivors. These doses are much higher than those estimated
for participants at the Trinity test site or for the New Mexico
residents exposed to fallout from the Trinity detonation.

The experimental and human studies support the notion
that if radiation causes transgenerational effects in human
populations, they are too small to detect by epidemiologic
study (IOM 1995; NA/NRC 2006). Many birth anomalies
occur (about 3%) from all causes, so that even high gonadal
doses of the order of 2,000 mGy would be expected to add
only a small number of additional cases of genetic disorders
to the large number that are expected to occur as a result of
spontaneous mutations or other factors. Recognizing that it
would be close to impossible to control for the known, much
less the unknown, confounding influences for birth anoma-
lies, the Institute of Medicine (1995) concluded that a valid
epidemiologic study of atomic veterans on transgenerational
effects could not be conducted.

One of several possible explanations for the absence of
radiation-related genetic effects in humans is a biological
filtering process; i.e., the germ cells that produce sperm or
ova are so damaged by radiation that the body’s natural pro-
cesses filter out any defective embryo, leading to only a low
chance of children being born with birth defects (Brent
1994; NCRP 2013).

CONCLUSION

The Trinity nuclear test of 16 July 1945 resulted in a
much lower dose from radioactive fallout to the surrounding
population than was experienced by Japanese survivors of
www.health-phy
the atomic bombs, cancer survivors treated with radiother-
apy who were able to have children, and the nuclear
weapons test participants present at the Trinity and other
tests. Given the absence of evidence for transgenerational
effects among the ~80,000 children of Japanese atomic
bomb survivors and among the ~36,000 children of cancer
survivors in the United States, Canada, Denmark, and
Finland, and the enormity of the dose needed to detect an ef-
fect had there been one (noting that the birth prevalence of
major congenital malformation is ~3%), it is not scientifi-
cally or biologically plausible that the low doses experienced
from the Trinity fallout could result in transgenerational ef-
fects in the children of exposed residents near the Trinity site.
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