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Abstract

Objective Ionizing radiation is a human carcinogen, and there is evidence that exposure to low-dose ionizing radiation
increases the risk of adverse birth outcomes.

Methods We undertook a systematic review and meta-analysis to synthesize the research of maternal and paternal exposure
to low-dose radiation on low birth weight, miscarriage, pre-term delivery, and stillbirth. Our literature search used four
databases (PubMed, Environmental Index, GeoBASE, and the Cumulative Index to Nursing and Allied Health Literature).
We included study populations exposed to occupational and medical sources of radiation, nuclear disasters, and those living
near nuclear power plants. We considered papers published between January 1st, 1990, and June 30th, 2021. The quality
of the studies was assessed, and we performed meta-analysis using random effects models to generate summary measures
of association. Forest plots were created to assess the heterogeneity in these measures, and funnel plots were used to assess
publication bias.

Results Overall, 26 studies were identified, and these yielded measures of association from 10, 11, and 8 studies for low
birth weight, miscarriage, and stillbirth outcomes, respectively. It was not possible to perform meta-analyses for pre-term
delivery due to a small number of studies. The meta-analysis summary relative risk (RR) of having a low-birth-weight infant
among those ever exposed to radiation relative to those unexposed, after adjusting for publication bias, was 1.29 (95% CI
0.97-1.73). The corresponding risk estimates for miscarriage and stillbirth were 1.15 (95% CI 1.02-1.30), and 1.19 (95%
CI 0.98-1.45), respectively.

Conclusions Our findings suggest that ionizing radiation increases the risk of adverse birth outcomes. Future work should
strive to provide data needed to better understand the shape of the exposure—response curve.
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Introduction

Worldwide, adverse birth outcomes account for a substantial
proportion of disability and mortality. Approximately 2.6
million stillbirths occur each year globally, and an estimated
9% of all neonatal deaths are due to congenital anomalies
(World Health Organization 2018). Moreover, nearly 10%
of infants are born pre-term and over one million of these
infants die annually as a result of premature birth (World
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Health Organization 2015). Although the prevalence and
severity of these birth outcomes are greater in low- and
middle-income countries, their prevalence has been increas-
ing in higher-income countries (Kramer 2003; World Health
Organization 2015). Adverse birth outcomes also contribute
to a series of adverse health sequelae throughout the lifetime.
This further highlights the need to identify etiological fac-
tors that increase the risks of these events.

The gestational period is a critical determinant of infant
health and survival, and there are several indicators of
infant health tied to this period, including length of gesta-
tion and birth weight (Buitendijk et al. 2003). Gestational
age at birth is an indicator of organogenesis in fetal devel-
opment, with normal term pregnancies lasting between 37
and 41 weeks, and pre-term birth being less than 37 weeks’
gestation (U.S. Environmental Protection Agency 2019).
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Low birth weight (LBW) is commonly defined as an infant
being born at term with a weight less than 2500 g (<5.5
Ibs) (Kramer 2003). There are various causes of LBW in
infants, including growth restriction while in utero, pre-term
delivery, or both. LBW and pre-term delivery are important
risk factors for short- and long-term health complications
(U.S. Environmental Protection Agency 2019). These com-
plications include infant mortality and morbidity, as well
as other health effects that may present later in life, such
as hypertension, diabetes, and cardiovascular disease. Low-
birth weight babies have a mortality rate 25 times that of
normal birth weight babies, and similarly, the mortality rate
for late pre-term (34-36 weeks’ gestation) and very pre-term
(<32 weeks’ gestation) babies is three times and 75 times
higher than the mortality rate for term babies, respectively
(U.S. Environmental Protection Agency 2019). Another
adverse birth outcome is spontaneous abortion, colloqui-
ally referred to as miscarriage (Kramer 2003). This refers
to the sudden loss of pregnancy before 20 weeks’ gestation,
and following 20 weeks’ gestation, sudden pregnancy loss
is referred to as a stillbirth (Kramer 2003).

Exposure to ionizing radiation (IR) is ubiquitous, and
from a population health perspective, most exposure occurs
naturally from minerals (International Commission on Radi-
ation Protection 2007). It has been estimated that approxi-
mately half of the general population’s non-natural exposure
arises from medical procedures (International Commission
on Radiation Protection 2007). Examples of these sources
of radiation include those from X-ray and computed tomog-
raphy (CT) scans, as well as from therapeutic radiotherapy
(International Atomic Energy Agency 2020). Additionally,
workers in a number of occupations such as medical pro-
fessionals, miners (particularly uranium miners), nuclear
power plant workers, and aircrew members, are exposed to
IR (CAREX Canada 2021). Exposures are also received by
those who reside near nuclear power plants, although these
exposures are generally regarded as being low (Cao et al.
2022; U.S. Environmental Protection Agency 2022).

Ionizing radiation causes damage to cellular and genetic
structures (e.g., DNA) in living organisms and is a recog-
nized human carcinogen (National Research Council 2006).
Much of our understanding about the adverse health effects
from ionizing radiation comes from populations exposed to
high doses, such as from large-scale nuclear meltdowns and
from the Atomic Bomb Survivor Cohort (Davis et al. 2006;
Izumi et al. 2003; Michaelis et al. 1996; Preston et al. 2008).
The Biological Effects of Ionizing Radiation (BEIR) VII
report of the US National Academy of Sciences defines low
doses as those up to 100 mSv (National Research Council
2006). The Atomic Bomb Survivors cohort also has pro-
vided insights into the health effects of low-dose ionizing
radiation given that nearly 80% of the cohort has been expo-
sure to cumulative doses below 100 mSv (Ozasa et al. 2018).
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Despite a growing literature, there remain many uncertain-
ties about the health effects of low-dose IR. An improved
understanding of these risks is needed as these exposures
are prevalent (Vaiserman et al. 2018).

There are several biological pathways whereby low-dose
ionizing radiation may increase the risk of adverse birth
outcomes. The effects of exposure can be teratogenic, car-
cinogenic, and mutagenic, and these risks vary based on the
dosage and timing of exposure (International Atomic Energy
Agency 2020). Additionally, these effects may differ with
regard to maternal or paternal exposure, as there are major
differences by which ionizing radiation may disrupt male
and female gonads and gametes. When examining low-dose
exposures, it is plausible that cell death and genetic instabil-
ity occur due to the accumulation of sublethal changes, while
simultaneously decreasing the efficacy of repair processes
(Skrzypek et al. 2019). This may lead to genetic mutations
in oocytes and spermatogonia undergoing gametogenesis,
resulting in adverse embryonic and fetal outcomes (Skrzy-
pek et al. 2019).

Herein, we sought to synthesize the published literature
on low-dose radiation and the adverse birth outcomes of
low birth weight, spontaneous abortions (or miscarriages),
and stillbirth. Additionally, we explore whether the strength
of these associations differ between maternal and paternal
exposures, and between low-dose (non-therapeutic) and high
dose (therapeutic) exposures. For the latter, these exposures
can exceed the low-dose threshold of 100 mSyv.

Methods
Protocol and registration

This systematic review adhered to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement (Liberati et al. 2009). Although the protocol for
this systematic review was not registered, we did conduct
a search of the Cochrane Library and the Prospective Reg-
ister of Systematic Reviews (National Institute for Health
Research 2021) for ongoing work in this area. From this
registry, we did not identify any other overlapping project
with this systematic review.

Study inclusion criteria

The Population, Exposure, Comparison, Outcome (PECO)
framework (Rooney et al. 2014) was followed to help plan
the systematic review components. We included papers
published between January 1st, 1990, and June 30th, 2021.
Moreover, we also reviewed the citation lists of all iden-
tified studies to ensure that no key studies were missed,
particularly those that predated our earlier inclusion date.
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In our view, this two-tiered approach was sufficient to
identify all relevant studies to inform our synthesis.

Study populations

Our populations of interest included parents (either moth-
ers or fathers) exposed to low-dose IR before conception or
during pregnancy. Possible sources of exposure included:
occupational, medical diagnostic, cancer treatment, or
place of residence (e.g., proximity to nuclear power plant).

Exposure

The exposure of interest was low-dose IR to the body
(any/all regions). A number of exposure sources were
considered for this review. These included those exposed
to nuclear disasters (e.g., Chernobyl, Hiroshima), those
exposed occupationally through work in nuclear energy
production, or medical radiation, as well as individu-
als exposed by medical/dental diagnostic techniques or
radiotherapy for cancer treatment. Lastly, we considered
study populations potentially exposed due to residential
proximity to nuclear power plants. It is important to note
that we only considered studies that measured either prior-
to-conception or in-utero exposures, although radiother-
apy treatment (e.g., treatment for childhood cancer) was
necessarily pre-conception when assessing future risk of
adverse birth outcomes in these individuals. The BEIR VII
report defined low-dose radiation as exposures less than
100 mSv (National Research Council 2006). Our review
adhered to this definition, however, given our interest in
prevalent exposures to IR we also considered studies of
therapeutic radiation that sometimes produces exposures
above 100 mSv (Mehta et al. 2010).

Comparison

Risk estimates based on several possible comparisons were
relevant for inclusion. These included: (i) comparisons
between exposed and non-exposed subjects or survivors,
(i1) comparisons between exposed subjects and popula-
tion controls, (iii) comparisons between varying ranges of
radiation exposures, (iv) comparisons between male and
female exposures, (v) comparisons between targeted organs
in radiotherapy, and (vi) comparisons between residential
proximities and associated radiation doses.

Outcomes

The outcomes considered for this review were the more com-
monly studied and prevalent adverse pregnancy outcomes.
These included: (i) low birth weight, (ii) miscarriage, (iii)
pre-term delivery, and (iv) stillbirth. Additionally, subgroup
analyses were performed to examine if there are differences
in the associations between maternal and paternal exposures,
as well as between low-dose (non-therapeutic) exposure and
high dose (therapeutic) exposure, examining each outcome
(excluding pre-term delivery).

Study design

Initially, observational cross-sectional, cohort or case—con-
trol study designs were eligible for inclusion. We included
only those studies that had individual-level data for both
outcome and exposure. Additionally, given our aim to con-
duct meta-analyses, we only included those studies that
reported a measure of association (i.e., odds ratio, relative
risk, incidence rate ratio), or those that supplied sufficient
data for a risk measure to be calculated. Qualitative studies
as well as those that only provided a graphical representation
of data were excluded. Additionally, to be included in the
meta-analysis, studies must have been able to control for the
possible confounding influence of other risk factors.

Publication status and language

We restricted our search to peer-reviewed studies published
in indexed journals, reports, and dissertations. We consid-
ered only studies published in English and French, as trans-
lation services for other languages were not available. We
excluded non-peer-reviewed studies, reviews, other second-
ary sources, and grey literature (i.e., government reports,
conference proceedings).

Search strategy

The search strategy was developed by one author (BF) and
reviewed for completeness by the others. One author (BF)
conducted the literature search using four databases (Pub-
Med, Environmental Index, GeoBASE, and the Cumulative
Index to Nursing and Allied Health Literature). The Boolean
operators (OR, AND) were used in conjunction with specific
search terms, and the search strategy included the follow-
ing keywords: ((Radiation) OR ("ionizing radiation" OR
"radiation effects" OR "abnormalities, radiation induced"
OR "low dose radiation")) AND ((pregnan*) OR ("maternal
exposure" OR "birth outcome" OR "occupational exposure"
OR "paternal exposure" OR "prenatal exposure")). We also
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examined the reference list of all included studies and rel-
evant reviews to identify additional articles not captured
with our initial search.

Study selection

All database records were imported into EndNote X9 (The
EndNote Team 2013) and de-duplicated. For the initial
screening of these records, one reviewer (BF) independently
screened all titles and abstracts against the inclusion criteria.
A second reviewer (PH) was consulted if the first reviewer
was unsure of whether to include any study. At level two
screening, two reviewers (BF, PH) and independently
screened full-text articles against the inclusion criteria. The
senior author (PV) resolved any discrepancies. The review-
ers were not blinded to the study authors when screening.

Data extraction

We extracted data from the identified studies and entered
these into a standardized Excel spreadsheet. The format of
this database was developed apriori and reviewed by all
authors. Data were extracted by two authors (BF, PH) and
verified for accuracy by a third author (PV). We extracted
key characteristics from each study including study design,
exposure source(s), type of outcome(s), and relevant meas-
ures of association. All measures of association were inter-
preted as relative risks (RR) for the meta-analysis; odds
ratios (OR) were assumed to be equivalent to RR as adverse
birth outcomes are sufficiently rare such that the OR can be
used to approximate the RR (Aschengrau and Seage 2020).

Assessment of methodological quality

The assessment of the quality of retained studies was con-
ducted by two independent reviewers (PH and BF) using
the Joanna Briggs Institute (JBI) checklist for analytical
cross-sectional studies (Moola et al. 2020). We used the
cross-sectional JBI checklist regardless of study design as
this checklist has been considered appropriate for assessing
the quality criteria of many types of observational studies
(Ma et al. 2020). The following criteria were used for rating
the methodological quality of the studies: (a) good quality
if the study met at least six out of the eight checklist criteria
including questions five and eight; (b) moderate quality if
the study met at least five of the checklist criteria; and (c)
poor quality if the study met less than five of the checklist
criteria.

Statistical analyses

A meta-analysis of the measures of association was con-
ducted using the inverse variance method and forest plots
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were generated (Higgins 2022). The I? statistic (Higgins
et al. 2003) was used to assess heterogeneity, and we con-
sidered I >40% as moderate and I°>75% as high het-
erogeneity. Random-effects models were used to gener-
ate a summary measure of association across all studies.
After reviewing the exposure data from included studies,
it became apparent that we would not be able to standard-
ize measures of association across studies due to different
methods of exposure characterization, as well as varying cut-
points. As a result, to proceed with meta-analysis, we used
a dichotomous (ever versus never) classification to generate
risk estimates that were used in our meta-analysis. We con-
ducted subgroup analysis to assess whether the strength of
the association was different between maternal and paternal
exposure. Finally, we assessed heterogeneity in the summary
measures of association between low dose (non-therapeutic)
and higher (therapeutic) levels. We assessed publication bias
using funnel plots and tested for statistical significance for
this bias using Egger’s test (Egger et al. 1997). Where nec-
essary, the Trim and Fill method was used to correct the
summary measure of association for publication bias (Duval
and Tweedie 2000). All analyses were conducted using Stata
version 13 (StataCorp 2013).

Results
Selection and characteristics of studies

We identified a total of 11,645 publications using our search
strategy. After removing duplicates and screening for study
relevance, a total of 26 studies were included in the system-
atic review. Of these, 17 provided sufficient information to
be included in subsequent meta-analyses of the different out-
comes considered (Fig. 1). The characteristics of included
studies are presented in Table 1, and a description of the
sources of exposure, and exposure ranges are presented in
Table 2. There were 15 studies that evaluated associations
between low-dose IR exposure and low birth weight, 12 that
examined miscarriage, eight studies that examined stillbirth,
and four studies that examined gestational age (used as a
proxy for pre-term delivery). Due to the overall number of
studies and the tabular data presented in the extracted stud-
ies, a meta-analysis could only be performed for low birth
weight, miscarriage, and stillbirths.

There were six studies that investigated occupational
exposure from medical (n=3) (Andreassi et al. 2020;
Fucic et al. 2008; Lawson et al. 2012), nuclear (n=2)
(Doyle et al. 2000; Parker et al. 1999), and flight atten-
dant (n=1) (Grajewski et al. 2015) sectors. A total of 14
studies examined medical exposures for diagnostic (n = 6)
(Chen et al. 2018; Choi et al. 2013; Goldberg et al. 1997,
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Guilbaud et al. 2019; Hujoel et al. 2004; Mortazavi et al.
2013) or therapeutic (n=8) (Chiarelli et al. 2000; Green
et al. 2010; Green et al. 2002; Killén et al. 1998; Reulen
et al. 2009; Signorello et al. 2006; van de Loo et al. 2019;
Winther et al. 2008) purposes. The remaining sources of
exposures included those from residential proximity (n=2)
(Gong et al. 2017; Ha et al. 2015), nuclear disasters (n=3)
(Hatch et al. 2017; Igumnov and Drozdovitch 2000; Tsou
et al. 2020), or environmental exposures (n=1) (Zhang
et al. 2020). Eleven out of the 26 studies were conducted
in Europe and Central Asia, ten in North America, four
in East Asia and Pacific, and one in the Middle East. By
study design, there were case—control (n=8) and cohort
(n=18) studies. Twelve studies were published between
1997 and 2010, four studies were published between 2010
and 2015, and ten studies were published since 2015.

A 4

Studies included in
systematic review
(n=26)

Studies included in meta-analysis
n=17)

Association of adverse birth outcomes with IR
exposure

Low birth weight (LBW)

There were ten studies that examined LBW that were
included in our meta-analysis. Although the following
studies were initially identified in the systematic review:
Mortazavi et al (2013), van de Loo (2019), Gong et al
(2017), Hatch et al. (2017), and Tsou et al. (2020); they
were excluded from the LBW meta-analysis for various rea-
sons. We excluded the (Mortazavi et al. 2013) paper because
it modelled birth weight as a continuous variable and did
not classify infants as being low birth weight (<2500 g)
or not. The (van de Loo et al. 2019) study was excluded
because they did not seem to apply analyses appropriate
to the matched design of the study. Three studies (Gong
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Table 2 Source of radiation exposure and exposure levels of the included studies/study participants

Author

Year

Exposure

Exposure levels

Andreassi et al
Chen et al
Chiarelli et al
Choi et al

Doyle et al

Fucic et al

Goldberg et al
Gong et al

Grajewski et al
Green et al
Green et al
Guilbaud et al
Haet al

Hatch et al

Hujoel et al

Igumnov & Drozdovitch

Kallen et al
Lawson et al
Mortazavi et al
Parker et al
Reulen et al
Signorello et al
Tsou et al

van de Loo

Winther et al

Zhang et al

2020

2018

2000

2012

2000

2008

1997
2017

2015

2002

2010

2019

2015

2017

2004

2000

1998

2012

2013

1999

2009

2006

2019

2019

2008

2020

Occupationally exposed male workers (cardiac cath-
eterization)

Paternal exposure to medical-related radiation
Radiation exposure to treat childhood cancer

Pregnant women exposed to abdominal or lumbar
radio diagnostic procedures

Nuclear industry employees

Female populations occupationally exposed to radia-
tion

Adolescent females exposed to radiation for scoliosis

Maternal residential proximity to nuclear facilities

Occupational exposure among flight attendants

Pregnancy outcomes of female survivors of childhood
cancer

Radiation for treatment of Wilms tumor

Pregnancy outcome after first trimester exposure to
radiation

Residential proximity to power plants

Neonatal outcomes following radiation exposure in
utero to fallout from Chernobyl

Antepartum dental radiography and infant low birth
weight

Children from Belarus exposed in utero to radiation
from Chernobyl accident

Outcome of reproduction in women irradiated for skin
hemangioma in infancy

Occupational exposure among nurses

Radiation exposure in a screening program of preg-
nant women

Exposure among male radiation workers at Sellafield
nuclear plant

Radiation exposure for childhood cancer
Radiation exposure for childhood cancer

Taiwanese radiation-contaminated buildings (RCBs)
natural accident
Radiation exposure to treat childhood cancer

Radiation exposure to treat childhood cancer

Prenatal uranium exposure in general population

~1-10 mSv/year

Not measured, anticipated to be low

Abdominal-pelvic radiation cumulative total dose was
above the 50th percentile (>2,500 cG) was high
exposure group

Radiation exposures between 50 and 100 mGy
(5-10 rad)

Exposure distribution not described, but those with
exposures greater than 100 mSv had no excess in
either sex

Exposures were < 10 mSv per year and no woman
received a radiation dose that exceeded the inter-
national limit of 20 mSv per year or 100 mSv over
5 years

Median exposure of 0.69 cGy

No exposure data. Exposure categorized based on
distance

Median effective dose between 0.36 and 0.91 mSv

No direct measure of exposure as contrasts made
between those with radiation and other types of treat-
ment

Detailed exposure profile not available, however, 16%
of women and 9% of men received exposures > 35 Gy

Median fetal dose of 3.1 mGy

No exposure data. Exposure categorized based on
distance

Cs-137 deposition levels greater than 37 kBq/m
Exposed group consisted of mothers with>0.4 mGy

Mean value of thyroid doses from 1311 0.39 Gy was
estimated for the prenatal exposed children

The mean ovarian dose was 6 cGy, and the maximum
was 8.55 Gy

No direct measure of exposure, but rather frequency of
working with X-rays was modelled

No characterization of exposure provided

The median exposure among of all live births was
0.13 mSv; the median exposure among stillbirths was
0.33 mSv

No characterization of exposure provided

Ovarian irradiation only among women with a
dose < 100 cGy to the uterus

Taiwan Cumulative Dose exposure assessment system

Comparison of outcomes among childhood cancer
survivors’ exposure to radiation to non-radiation
treatments

Highly variable across cancer sites with exposure up
to 50 Gy

Geometric mean of U concentration of 0.03 ug/L
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et al. 2017; Ha et al. 2015; Tsou et al. 2020) were excluded
because individual-level exposure to radiation was not deter-
mined for the study participants. Of the included studies for
the LBW meta-analysis, two studies examined occupational
exposure including nuclear (n=1) and medical (n=1) sec-
tors. A total of eight studies examined medical exposures
for diagnostic purposes (n=2) or cancer treatments (n=6).
The overall summary result for studies evaluating the effect
of IR exposure on LBW is presented in Fig. 2. The summary
measure of association from the meta-analyses was a RR of
1.42 (95% CI 1.03-1.97) (Fig. 2). A high degree of hetero-
geneity in the measures of association was observed across
studies (> =87.9%, p <0.001).

The subgroup analysis by sex found that the summary
measure of association between low-dose radiation and
low-birth-weight children was higher for paternal expo-
sures (RR=1.67; 95% CI 0.69-4.02) than maternal expo-
sure (RR=1.37; 95% CI 0.93-2.02), with both having high
heterogeneities of 73.7% and 89.3%, respectively. However,
this difference between subgroups was not statistically sig-
nificant as determined by a z test for the difference in relative

risks (p=0.69). The funnel plot of these measures of asso-
ciation provided some evidence of publication bias, and

Funnel plot with pseudo 95% confidence limits
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Fig. 3 Funnel plot of risk estimates from studies that examined the
association between low-dose radiation and low birth weight. Egger’s
test: z=3.16; Prob >zl = 0.0016

Study %

D Relative Risk (95% Cl) Weight

Maternal :

Green et al (2010) —%—+— 1.91(1.07, 3.42) 8.51

Goldberg et al (1997) —_—— 0.83 (0.61, 1.14) 10.56

Chiarelli et al (2000) , —— 2.87 (1.29, 6.39) 6.85

Kallen et al (1998) - E 0.72 (0.67, 0.78) 11.64

Signorello (2006) - 1.30 (0.89, 1.89) 10.15

Reulen (2009) —e—O— 1.90 (1.11, 3.24) 8.91

Green et al (2002) — 1.84 (1.06, 3.19) 8.77

Hujoel et al (2004) — 1.43 (1.08, 1.90) 10.77

Subtotal (I-squared = 89.3%, p = 0.000) 10 1.37 (0.96, 1.96) 76.18
;

Paternal :

Green et al (2010) E > 31.49 (1.77, 561.19) 1.15

Chen et al (2018) —— 1.54 (1.08, 2.18) 10.32

Reulen (2009) - s 0.50 (0.20, 1.27) 5.95

Andreassi et al (2020) L - 2.71(1.14,6.45) 6.40

Subtotal (I-squared = 73.7%, p = 0.010) <"’\T>- 1.67 (0.69, 4.02) 23.82
i

Overall (I-squared = 87.9%, p = 0.000) <> 1.42 (1.03,1.97) 100.00
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NOTE: Weights are from random effects analysis E
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Fig.2 Estimates of risk of low birth weight by maternal and paternal exposure to low-dose radiation relative to those unexposed. The weights
represent the contribution of each study effect estimate to the overall meta-estimate
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Egger’s test was statistically significant (p <0.01) (Fig. 3).
After applying the Trim and Fill method to correct for pub-
lication bias, the summary measure of association (RR) was
1.20 (95% CI 0.89—1.63) for maternal exposure and was 1.30
(95% CI 0.31-5.30) for paternal exposure. After correcting
for publication bias, there was an attenuation in the measure
of association (1.42 versus 1.29) and the corrected measure
was no longer statistically significant. The summary measure
association (both sexes combined) after correction was 1.29
(95% C10.97-1.73).

Miscarriage

Eleven studies reported associations between maternal expo-
sure to low-dose radiation and miscarriage, while three of
the studies also reported paternal exposure (Fig. 4). There
was one study which reported only on paternal exposure
(Andreassi et al. 2020). The (van de Loo et al. 2019) study
was excluded because this paper did not apply analyses
appropriate to the matched design of the study. Doyle et al.
reported associations separately for miscarriages at< 13 and

13-23 weeks, and because these risks differed, we included
both in the meta-analyses (Doyle et al. 2000). The summary
relative risk for maternal exposure to radiation and the risk
of miscarriage across these ten measures of association was
1.27 (95% CI 1.13-1.44). In contrast, there was no asso-
ciation observed based on the summary estimate from the
studies that reported on paternal exposures (RR=0.97; 95%
CI 0.89-1.06). The overall summary relative risk, across
both maternal and paternal exposures, was 1.15 (95% CI
1.02-1.30).There was no evidence of publication bias,
although we note the presence of an outlier in the studies,
namely the RR reported by Fucic et al. (RR=3.68, 95% CI
1.38-8.74) (Fucic et al. 2008) (Fig. 5).

Stillbirth

Meta-analysis was applied to eight studies that reported
associations between exposure to radiation and stillbirth
(Fig. 6). Six of these studies reported associations between
maternal exposure to radiation and stillbirth, with two
studies also reporting associations for paternal exposure.

Sy Relative Risk (95% Cl)ye  °
ID Weight
Maternal :
Goldberg et al (1997) —— 1.41(1.13,1.76) 10.30
Chiarelli et al (2000) —+——;— 0.85(0.52,1.39) 438
Reulen et al (2009) - 1.40(1.02,1.93) 7.48
Green et al (2002) : -+ 186 (0.81,4.26) 191
Doyle et al (<13 w) (2000) ——— 1.30(1.03,1.64) 982
Doyle et al (13 - 23 w) (2000) —#——f— 080(0.48,1.34) 414
Fucic et al (2007) : -+ 368(1.39,9.74) 1.44
Grajewski et al (2015) :—G— 1.50(0.93,241) 467
Guilbaud et al (2019) —_— 1.09(0.61,1.96) 340
Lawson et al. (2015) T 122(097,154) 984
Winther et al (2008) B = 1.23(1.00,1.51) 1082
Subtotal (I-squared = 24.4%, p =0.211) :<> 127 (1.13,1.44) 68.22
|
Paternal :
Reulen et al (2009) —— 0.90 (0.52, 1.56) 3.76
Andreassi et al (2020) —0—:— 0.71(0.35,1.45) 248
Doyle et al (<13 w) (2000) - 1.00(0.90,1.11) 1394
Doyle et al (13- 23 w) (2000) - : 090 (0.75,1.08) 11.60
Subtotal (I-squared = 0.0%, p = 0.607) : 097 (0.89,1.06) 31.78
. :
Overall (I-squared = 57.4%, p = 0.003) 100.00

NOTE: Weights are from random effects analysis
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Fig.4 Estimates of risk of miscarriage (or spontaneous abortion) by maternal and paternal exposure to low-dose radiation relative to those unex-
posed. The weights represent the contribution of each study effect estimate to the overall meta-estimate
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Funnel plot with pseudo 95% confidence limits
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Fig.5 Funnel plot of risk estimates from studies that examined the
association between low-dose radiation and miscarriage (or spontane-
ous abortion). Egger’s test: z=0.77; Prob>|zl = 0.4438

Two studies reported only paternal exposure associations
(Andreassi et al. 2020; Parker et al. 1999). The summary
measure of association was not statistically significant for
either maternal (RR=1.19, 95% CI 0.79-1.77), nor paternal

Fig.6 Estimates of risk of still-

exposure (RR=1.14, 95% CI 0.91-1.41). There was some
evidence of heterogeneity in the risk estimates for women
(P =49.5%) which was of borderline statistical significance
(p=0.078). The overall summary measure for both maternal
and paternal exposure was 1.19 (95% CI 0.98-1.45), how-
ever, this was not statistically significant (p =0.216). The
funnel plot and the accompanying Egger’s test (p > 0.05) did
not suggest evidence of publication bias (Fig. 7).

Gestational age

Gestational age was used as a proxy for pre-term delivery.
We did not perform a meta-analysis of low-dose ionizing
radiation and gestational age as there were only four stud-
ies. All of these studies characterized risks associated with
maternal exposures. Choi et al. (2013) and Guilbaud et al
(2019) did not report any significant differences between
the exposed and control groups (Choi et al. 2013; Guilbaud
et al. 2019). Hatch et al. (2017) reported a positive asso-
ciation between fetal irradiation dose and later delivery
(Slope: 0.471 weeks/Gy, 95% CI 0.198-0.836, p=0.007)
(Hatch et al. 2017). The strength of the association varied
with the trimester in which exposure occurred, with third

birth by maternal and paternal Relative Riske %
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Funnel plot with pseudo 95% confidence limits
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Fig. 7 Funnel plot of risk estimates from studies that examined the
association between low-dose radiation and stillbirth. Egger’s test:
z=0.29; Prob >zl = 0.77

trimester exposure demonstrating a statistically significant
increase in gestational length (0.564 weeks/Gy, 95% CI
0.263-1.017, p=0.009). Kallen et al. (1998) reported fewer
than expected exposed infants born with a gestational period
below 37 weeks’ (RR=0.85, 95% CI 0.79-0.91), however,
this association was not statistically significant (p =0.7)
(Kéllén et al. 1998). Together, these measures indicate that
exposure decreases the risk of pre-term delivery, however,
additional studies must be conducted to draw more accurate
conclusions.

Therapeutic versus non-therapeutic exposure levels

We performed subgroup analysis to investigate differences
in the association between low dose (non-therapeutic) and
high dose (therapeutic) radiation exposure, for LBW (Sup-
plementary Fig. 1), miscarriage (Supplementary Fig. 2),
and stillbirth outcomes (Supplementary Fig. 3). Included in
the meta-analysis for LBW, there were six studies examin-
ing irradiation from therapeutic medicine (Chiarelli et al.
2000; Green et al. 2010; Green et al. 2002; Killén et al.
1998; Reulen et al. 2009; Signorello et al. 2006), and four
studies examining non-therapeutic routes (medical occu-
pational, medical diagnostic, nuclear occupational, etc.)
(Andreassi et al. 2020; Chen et al. 2018; Goldberg et al.
1997; Hujoel et al. 2004). The combined summary risk
measure was 1.42 (95% CI 1.03-1.98), and statistically sig-
nificant. However, there was high heterogeneity observed
(I =88.3%). The meta-analysis for miscarriage included
four studies examining therapeutic exposure (Chiarelli et al.
2000; Green et al. 2002; Reulen et al. 2009; Winther et al.
2008), and seven studies examining non-therapeutic expo-
sure (Andreassi et al. 2020; Doyle et al. 2000; Fucic et al.
2008; Goldberg et al. 1997; Grajewski et al. 2015; Guilbaud
et al. 2019; Lawson et al. 2012). The combined summary
risk measure of miscarriage was 1.15 (95% CI 1.02-1.30),
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and statistically significant. Moderate heterogeneity was
observed (I>=56.7%). Furthermore, the meta-analysis for
stillbirth included four studies examining therapeutic irradia-
tion exposure (Green et al. 2002; Kéllén et al. 1998; Reulen
et al. 2009; Winther et al. 2008), and four studies examining
non-therapeutic exposure (Andreassi et al. 2020; Doyle et al.
2000; Goldberg et al. 1997; Parker et al. 1999). The com-
bined summary risk measure of stillbirth was 1.19 (95% CI
0.98-1.45), and borderline statistically significant. It should
also be noted that the outcomes included both paternal and
maternal exposures, as there were a limited number of stud-
ies, and the risk measures could not be further stratified.

Discussion

Summary risks of adverse birth outcomes following expo-
sure to ionizing radiation were derived using data from
17 epidemiological studies, and when both maternal and
paternal exposures were considered 26 measures were in our
meta-analysis. Overall, we found that these exposures to ion-
izing radiation increased the risks of LBW babies, although
this association is narrowly non-significant. Additionally,
a positive association was found for miscarriages, but this
association was only observed from maternal exposures,
and not paternal exposures. A positive association was also
found for stillbirths, but this was not statistically significant.
The strength of the associations differed slightly between
maternal and paternal exposures, however, the small number
of studies examining paternal exposures makes any com-
parisons difficult.

While our findings suggest that low level ionizing radia-
tion increases the risk of several adverse birth outcomes, it
should be noted that there were substantial differences in the
range of exposure concentrations across studies. As a result,
it is not straightforward to compare measures of association
across studies especially given we relied on ‘ever’ versus
‘never’ exposure groups. Additional research that provides
more detailed data across refined exposure categories is
needed. That said, it should be noted that our measures of
association were not substantially different when we com-
pared summary risk estimates between the higher therapeu-
tic and the lower non-therapeutic sources of exposures.

In addition to varying exposure concentrations, the stud-
ies also differed with regard to the timing of the exposure.
For example, the identified studies included those who
underwent radiotherapy for the treatment of childhood can-
cer, then subsequently became pregnant in their adult years,
as well as those with more recent exposures from occupa-
tion, or during pregnancy. Andreassi et al (2020) for exam-
ple, suggested that the risk of subsequent adverse birth out-
comes may be higher for exposures received in the 10 weeks
before conception, relative to exposures received before this
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time (Andreassi et al. 2020). This may be due to the fact that
spermatogonia lose the protective effects of Sertoli cells dur-
ing maturation to spermatozoa cells and as they travel the
female reproductive tract (Aitken and De Iuliis 2009).

For low birth weight, we found slightly stronger risks
of adverse birth outcomes for paternal rather than maternal
exposure. However, these sex-differences were not statisti-
cally significant. There are several factors to consider when
examining sex differences in radiosensitivity including the
stage of gametogenesis when exposure occurred, as well as
the various pathways in DNA repair mechanisms between
the male and female germ cells (Eichenlaub-Ritter et al.
2007). Additionally, among both men and women, radio-
sensitivity depends on the type of radiation, irradiation
dose, time of exposure, type of cell that was irradiated, and
the phase of cell division during exposure (Wdowiak et al.
2019). It has been observed that radiation-induced biologi-
cal effects do not result exclusively from cells or DNA being
exposed to IR, but also the cells that have not been directly
irradiated, a phenomenon known as non-targeted effects
(Mavragani et al. 2016). Non-targeted effects may occur
from low-dose exposure (<1 Gy) and thus, creates cause
for concern as these low doses are equivalent to environmen-
tal, chronic IR exposure (Mavragani et al. 2016). Based on
animal studies, changes in fertility parameters (e.g., reduc-
tion in number of oocytes or spermatogonia, ovarian failure,
uterine growth restriction), are not associated with the irradi-
ated species, but rather with the exposure dose and duration
(Skrzypek et al. 2019). The effects of IR exposure exceed
gonadotoxic changes and may also contribute to altered uter-
ine vascularization, decreased uterine volume and elasticity,
and endometrial insufficiency (Skrzypek et al. 2019). These
physiological changes contribute to pregnancy complica-
tions including pre-term delivery, low birth weight, as well
as uterine rupture and stillbirth (Skrzypek et al. 2019). Fur-
thermore, radiosensitivity of the ovaries is highly dependent
on the age of women exposed to IR, with younger females
experiencing greater damage via irradiation (Skrzypek et al.
2019). There are three major mechanisms occurring in DNA
damage which are chromatin remodelling, oxidative stress,
and apoptosis (or cell-directed senescence), and these mech-
anisms do not occur in a mutually exclusive manner, and the
aetiology of adverse birth outcomes relating to IR exposure
is highly multifactorial (Aitken and De Iuliis 2009).

Length of gestation is an important factor to consider
when examining low birth weight. Due to the nature of the
morbidities associated with immature development and
growth, LBW babies often overlap with pre-term births.
Preterm low birth weight includes infants born with a
weight between 1501 and 2499 g and <37 weeks’ gesta-
tion, whereas term low birth weight includes infants born
with a weight between 1501 and 2499 g and > 37 weeks’
gestation. In terms of outcome validity, using term birth

weight as a measure is preferred, however, due to the lim-
ited number of studies adjusting for this difference (Chiarelli
et al. 2000; Hujoel et al. 2004; Mortazavi et al. 2013; Reulen
et al. 2009), our summary measure was calculated using
birth weight regardless of pregnancy term. Ideally, future
studies would provide risks of low birthweight among those
born at full term.

Regarding exposure following nuclear disasters, a study
by Scherb et al. found an increase in LBW infants in Japan
in 2012 following the Hiroshima and Nagasaki accident
(Scherb and Hayashi 2020). We excluded this study because
the analysis was unable to control for individual-level risk
factors for low birth weight, as well as lack of information on
individual-level exposure. Additionally, a reanalysis using
an updated dosimetry method of the results from a large
cohort of atomic bomb survivors indicates an increased inci-
dence of stillbirths following radiation exposure (Otake et al.
1990). However, the major focus of this study was examin-
ing different dosimetry methods and did not provide relevant
measures of association to be included in our meta-analysis.

There is public interest in the health effects that accom-
pany living near nuclear power plants. We identified only
two studies that reported on risks of adverse birth outcomes
based on residential proximity to these facilities (Gong et al.
2017; Ha et al. 2015). The Ha et al., study provides some
evidence for an increased risk of low birth weight but not
pre-term delivery among those who lived within 20 km of
a nuclear power plant compared to those who lived further
away (Ha et al. 2015). The finding for low birth weight
(RR=1.37;95% CI10.81-2.31) was not statistically signifi-
cant. The study was unable to account for daily activities of
the mothers as well as residential mobility during pregnancy.
The Gong et al., study reported no statistically significant
association between residential proximity and risk of LBW
infants, and likewise to the Ha et al., study, this study was
excluded from the meta-analysis due to the lack of individ-
ual-level data. Previous work by Hystad et al. in 2014 sug-
gests a substantial proportion of women move during preg-
nancy, and thus this may introduce exposure measurement
error (Hystad et al. 2014). A study conducted by Mangones
and colleagues also found no association between distance
to nuclear power plants and low birth weight (Mangones
et al. 2013), however, this study was excluded due to its
ecological design. In conclusion, there is a need for further
investigation into residential exposure to radiation and the
potential impacts on adverse birth outcomes. Additionally,
these studies must have adequate control settings and be able
to provide individual-level exposure data.

Publication bias is an important consideration when con-
ducting meta-analysis. This bias arises because studies with
positive findings are more likely to be published than those
with null findings. We found some evidence of publication
bias for studies of low birth weight, and after adjusting for
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this bias the summary measure of risk was still elevated
but did not attain statistical significance. We found no evi-
dence of publication bias for the other outcomes considered
(excluding low versus high dose subgroup analysis); how-
ever, we recognize we have limited power to assess this bias
given the small number of studies.

Conclusion

In conclusion, our systematic review and summary meas-
ures adds to the growing literature that suggests exposure to
low-dose ionizing radiation may increase the risk of some
adverse birth outcomes. Overall, the strength of the associa-
tions were relatively modest and often statistical significance
was not achieved. We observed substantial heterogeneity in
the published risk estimates across studies. This may be
due to a number of factors including different sources of
exposure, varying exposure concentrations, different study
designs, and the ability to adjust for other confounding fac-
tors. Future research is needed to provide data that better
allows for the characterization of the exposure-response
curve. We recognize that our findings are limited by the reli-
ance of a dichotomous measure of exposure. An improved
understanding of the etiological role of low-dose ionizing
radiation may help to inform future maternal and fetal public
health decisions.
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