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Handling Editor: Paul Whaley Background: The neurodevelopmental effects of high doses of ionizing radiation (IR) in children are well es-
Keywords: tablished. To what extent such effects exist at low-to-moderate doses is unclear. Considering the increasing
Ionizing radiation exposure of the general population to low-to-moderate levels of IR, predominantly from diagnostic procedures,
Low dose the study of these effects has become a priority for radiation protection.

Neurodevelopment Objectives: We conducted a systematic review of the current evidence for possible effects of low-to-moderate IR
Epidemiology doses received during gestation, childhood and adolescence on different domains of neurodevelopment.

Child health Data sources: Searches were performed in PubMed, Scopus, EMBASE and Psychinfo on the 6th of June 2017 and

repeated in December 2018.

Study eligibility criteria: We included studies evaluating the association between low-to-moderate IR doses re-
ceived during gestation, childhood and adolescence, and neurodevelopmental functions.

Study appraisal and synthesis methods: Studies were evaluated using the Cochrane Collaboration’s risk of bias tool
adapted to environmental sciences. A qualitative synthesis was performed.

Results: A total of 26 manuscripts were finally selected. Populations analyzed in these publications were exposed
to the following sources of IR: atomic bomb (Hiroshima and Nagasaki), diagnostic/therapeutic radiation, and
Chernobyl and nuclear weapon testing fallout.

There was limited evidence for an association between low-to-moderate doses of IR and a decrease in general
cognition and language abilities, that is, a causal interpretation is credible, but chance or confounding cannot
not be ruled out with reasonable confidence. Evidence for a possible stronger effect when exposure occurred
early in life, in particular, during the fetal period, was inadequate. Evidence for an association between IR and
other specific domains, including attention, executive function, memory, processing speed, visual-spatial abil-
ities, motor and socio-emotional development, was inadequate, due to the very limited number of studies found.
Limitations, conclusions, and implications of key findings: Overall, depending on the domain, there was limited to
inadequate evidence for an effect of low-to-moderate IR doses on neurodevelopment. Heterogeneity across
studies in terms of outcome and exposure assessment hampered any quantitative synthesis and any stronger
conclusion. Future research with adequate dosimetry and covering a range of specific neurodevelopmental
outcomes would likely contribute to improve the body of evidence.

Systematic review registration number: The systematic review protocol was registered in PROSPERO (registration
number CRD42018091902).

Abbreviations: CI, confidence interval; IQ, intelligence quotient; IR, ionizing radiation; MRI, magnetic resonance imaging; OR, odds ratio; SD, standard deviation;
SR, systematic review; WAIS, wechsler adult intelligence scale
* Corresponding author at: ISGlobal, Barcelona Institute for Global Health - Campus MAR, Barcelona Biomedical Research Park (PRBB) (office 183.01.B), Doctor
Aiguader 88, 08003 Barcelona, Spain.
E-mail address: elisa.pasqual@isglobal.org (E. Pasqual).

https://doi.org/10.1016/j.envint.2019.105371

Received 24 May 2019; Received in revised form 22 November 2019; Accepted 27 November 2019

Available online 30 January 2020

0160-4120/ © 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/BY/4.0/).


http://www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2019.105371
https://doi.org/10.1016/j.envint.2019.105371
mailto:elisa.pasqual@isglobal.org
https://doi.org/10.1016/j.envint.2019.105371
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2019.105371&domain=pdf

E. Pasqual, et al.

1. Introduction

Neurodevelopment is a continuous process that starts during pre-
natal life and extends until young adulthood (Gogtay et al., 2004). Io-
nizing radiation (IR) at high doses is a well-known risk factor for
neurodevelopmental impairment, with the evidence being mainly based
on epidemiological studies of childhood brain cancer survivors
(Armstrong et al., 2010; de Ruiter et al., 2013; Mulhern et al., 2004).
Whether low and moderate doses (defined, respectively, as 100 mGy
and below and 100 to 2000 mGy for photon radiation (MELODI, 2019;
National Research Council (U.S.), 2006)), can also induce such detri-
mental effects is under debate. Research on health effects of low-to-
moderate doses of IR is considered a priority for radiation protection
(MELODI, 2019; Kreuzer et al., 2017) given the current context of in-
creased exposure in the general population. Since the 1980’s, the
average annual IR dose to the general population of the US, from all
sources, has nearly doubled, predominantly because of the increase in
medical radiation exposure, which now accounts for approximately half
of the average annual IR dose (NCRP Report No, 160, 2009). Similar
increases have also been observed in other high income countries
(UNSCEAR, 2013, 2008). Research in the low IR dose range is also
critical, because, in the unlikely event of another major nuclear acci-
dent like that at the Chernobyl nuclear power plant, a large part of the
population may receive low levels of radiation doses (Cardis et al.,
2006; Cardis and Hatch, 2011).

The carcinogenic effect of IR at moderate doses is well established
and the current focus in radiation protection cancer research is in ef-
fects at low doses, in order to assess whether the assumptions made for
radiological protection concerning the possible magnitude of an effect
at low doses are correct. For non-cancer outcomes, the situation is
different. Evidence for effects of moderate IR doses (in the range of
several hundred mGy) on the vascular system and lens opacities has
been increasing in recent years. The effects are not yet firmly estab-
lished, and much work is underway to assess whether these effects exist
and what the underlying mechanisms may be. This is also the case for
neurodevelopment effects, though much less work has been conducted
on this topic to date. Indeed, an important research priority in the 2019
Strategic Research Agenda of the European MELODI platform (MELODI,
2019), is to evaluate the risk of non-cancer effects, including neuro-
development effect, at low to moderate dose and to understand possible
mechanisms for these effects.

Neurodevelopment refers to the process of acquisition of functional
skills, abilities and knowledge, such as cognitive, emotional, and motor
skills, that takes place during brain maturation and it is a crucial aspect
of an individual’s health and wellbeing. We aimed to provide a synth-
esis of the current evidence for low-to-moderate IR induced neurode-
velopmental effects using a Systematic Review (SR) methodology (The
Cochrane Collaboration, 2011).

Several SR and meta-analysis have been published in the field of
radiation protection research (Berrington de Gonzalez et al., 2013;
Little et al., 2010; Lorenz et al., 2018), none of them addressing neu-
rodevelopment as an outcome. Here, we propose an innovative SR
methodology, in the field of radiation epidemiology, by including risk
of bias evaluation tool (Johnson et al., 2014; Morgan et al., 2019; Savitz
et al.,, 2019; The Cochrane Collaboration, 2011), integrated in the
synthesis of results (Popay et al., 2006; The Cochrane Collaboration,
2011), together with characterization of the confidence in the findings
(Guyatt et al., 2011; Lewin et al., 2018).

The objectives of the present SR are (1) to identify and synthesize all
research studies involving humans who have received low-to-moderate
IR doses during gestation, childhood, or adolescence (when the brain is
still under development); (2) to draw evidence-based conclusions from
these studies on the possible effects of low to moderate doses on
functional aspects of neurodevelopment; and (3) identify research gaps
and recommend appropriate methodology to guide ongoing and future
research in this area.
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2. Methods

A systematic review protocol was written according to the PRISMA-
P 2015 checklist (Moher et al., 2015) and registered in PROSPERO
(Booth et al., 2011) (registration number CRD42018091902 (Pasqual
et al., 2018)).

2.1. Eligibility criteria

We defined the criteria for inclusion of studies using the PECOs
(Population, Exposure, Comparator, Outcome and study design) state-
ment (Johnson et al., 2014; The Cochrane Collaboration, 2011), which
guides the selection of relevant studies (Table 1).

The population (P) of interest in the present SR was composed by
humans exposed to IR during gestation and/or childhood and/or ado-
lescence.

The exposure (E) was low-to-moderate IR dose to the brain, defined,
for the purpose of this study, as doses below 5 Gy. Such doses are well
below the brain dose absorbed during cranial radiotherapy (Armstrong
et al., 2010; Berrington de Gonzalez et al., 2013; Xu et al., 2008). We
then checked if the mean absorbed dose to the brain was of the order of
100 mGy ensuring we could assess the effect of low-to-moderate IR dose
in a sizeable portion of the population. In radiation epidemiology,
studies addressing this dose-range include the following populations:
atomic bomb survivors, populations exposed as a result of the Cher-
nobyl accident, patients exposed to medical radiation (diagnostic, as
well as therapeutic exposure for benign and malignant diseases in or-
gans distant from the brain), and the general population exposed to
background radiation.

Several comparisons (C) were relevant for inclusion, such as: a)
comparison between exposed and unexposed subjects, b) comparison
between different categories of dose or proxies of dose (such as radia-
tion treatment site), and c) studies using dose as a continuous variable.

The outcomes (O) considered in this study were neurodevelop-
mental functions organized in a hierarchical framework (Forns et al.,
2012) as follows: 1) the cognition domain including five sub-domains:
attention, executive function, language, learning and memory, and vi-
sual-spatial abilities; 2) the psychomotor domain including fine and gross
motor abilities; and 3) the social-emotional domain comprising social
competence, attachment, adaptive behavior, and emotional compe-
tence. In this SR we focused on all these functional domains measured
through validated cognitive testing (primary endpoints). Definitions of
each domain are described in details elsewhere (Forns et al., 2012;
Youngstrom et al., 2010).

Surrogate outcomes of the neurodevelopment (such as academic
achievement or prevalence of mental disorder) were considered as
secondary endpoints, as were pathophysiological brain features as-
sessed by neuroimaging tools (Horton et al., 2014; Saykin et al., 2013).

Only observational studies evaluating long-term neurodevelopment
radiation effects (evaluated at least 3 years after exposure) were con-
sidered. Language of the articles was restricted to English and no re-
striction was applied to year of publication.

2.2. Information source

Systematic searches were performed in the main electronic biome-
dical and psychological sciences databases: PubMed, Scopus, EMBASE,
and Psychinfo. We also scanned the reference lists of the studies in-
cluded, as well as relevant reviews identified through the search and
relevant Radiation Protection reports.

2.3. Search strategy and selection of studies
The search strategy reflected the PECO structure detailed above

(Table 1). Thus, it was formulated as “Population AND Exposure AND
Outcome”. The search terms used in each database (PubMed, Scopus,
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Table 1
Study selection criteria.
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PECOs elements PECO question formulation*:

Among human population that during fetal life/childhood / adolescence were exposed to low-to- moderate doses of IR what is the effect of such levels of dose
on neurodevelopment, compared to populations who were not exposed (or were exposed to lower dose levels)?

Criteria

Population

Studies involving humans exposed during gestation/childhood/ adolescence or studies in which: a) the majority (80%) of the population were exposed during
gestation/childhood/adolescence; b) results are reported separately for adults and children/adolescence

Exposure
Studies evaluating exposure to ionizing radiation:

» Where a dose estimation was reported (cut-off point: cumulative absorbed dose to the brain of 5 Gy)
» Where individual doses were not used, but reasonable surrogate measures were used, this applies mainly to the following sources of exposure: medical
diagnostic / therapeutic exposure; A-bomb exposure; Chernobyl/ accidental exposure

Comparator
a) Comparison between exposed and unexposed subjects,

b) Comparison between different categories of dose or proxies of dose (such as radiation treatment site, territories with different contamination levels)

¢) Studies using a continuous exposure were also included.
Outcome

Studies reporting neuropsychological developmental outcomes:

+ Cognitive outcomes: cognition, intelligence, results from neuropsychological tests, processing speed, attention, language, executive function, learning and

memory and visual abilities (visual spatial abilities)
+ Psychomotor: gross motor skills and fine motor skills

« Social-emotional domain: social competence, attachment, adaptative behavior, emotional competence, social skills and social behavior

» Surrogate measure of cognitive outcomes.

Studies providing results of neuroimaging parameters as outcomes:
« Structural magnetic resonance imaging (MRI): whole brain volume, volume of specific regions, cortical thickness; Diffusion Tensor Imaging (DTI): fractional

anisotropy (measures white matter integrity), mean diffusivity

« Functional MRI (fMRI): BOLD (Blood Oxygen Level Dependent); signaling comparison
+ Computer Tomography Scan: Signs of pathological features (i.e. microbleeds, vasculopathy) or connectivity issues

+ Positron Emission Tomography (PET-CT scan)
» Neuronal activation (electrical /metabolic activity)

» Magnetic resonance spectroscopy: Relative metabolite concentration (spectrum of different brain metabolites)
+ Any outcome not included above but obtained using one of the listed neuroimaging techniques to assess it

Study design

» Longitudinal prospective and retrospective observational studies (case-control /cohort studies)

« Cross-sectional studies

* Formulation of the PECO question follows recent recommendations by Morgan et al., (Morgan et al., 2018)

EMBASE, and Psychinfo) are provided in Supplementary Table S1. The
search was performed on the 6th of June 2017 and repeated in De-
cember 2018 to integrate studies potentially published during the re-
view process.

Studies eligibility criteria (Table 1) were defined by EP and MBB,
tested on a sample of 20 papers and refined accordingly, until an ade-
quate inter-reviewer agreement, measured with the Cohen’s kappa (K)
coefficient (K > 0.8 was considered a good inter- reviewer agree-
ment).

Studies of potential interest were selected in parallel by EP and MBB
using a two-step process: first, by screening the title and the abstract of
all the search results and, second, by screening the full text of the re-
cords identified in the first step as compliant with the eligibility criteria.
The results obtained by each reviewer were compared after each step.

2.4. Management of study records

The study records were managed through CADIMA (Kohl et al,,
2018), an open access online tool specifically developed for evidence
synthesis in environmental sciences. Once the studies were selected, we
collected details on the study publication, study characteristics, ex-
posure assessment, outcome measurement and information for the risk
of bias assessment. Data collection was done by EP and revised by MBB.
The list of variables collected is available in the Supplementary Table
S2.

2.5. Risk of bias in individual studies

We first evaluated the risk of bias in each individual study using an
adaptation of the Cochrane Collaboration’s risk of bias tool (The
Cochrane Collaboration, 2011) developed for observational studies in

environmental sciences (Johnson et al., 2014; Lam et al., 2016). Scales
for assessing quality or risk of bias were not used because they are not
supported by empirical evidence (Savitz et al., 2019; The Cochrane
Collaboration, 2011).

We evaluated the following sources of bias: recruitment, blinding,
exposure assessment, confounding, outcome assessment, selective re-
porting, conflict of interest and any other bias of interest (i.e. use of an
insensitive instrument for outcome measurement). For each source of
bias, we rated the risk of bias as “low”, “probably low”, “probably high”
or “high”. A clear definition of each bias source and the judgment cri-
teria are provided in Supplementary Table S3. The bias assessment was
individually performed by the two reviewers (EP and MBB) and results
were discussed with other co-authors (ITC and EC) to reach consensus.

To help identify important confounders of the relationship between
brain dose and neurodevelopmental effects, we examined recent re-
views or meta-analysis of specific environmental or socio-demographic
factors associated with the outcomes of interest. In Supplementary
Table S4 we summarized the main findings and rated the potential for
confounding in the association between IR and neurodevelopment.

Finally, we derived an overall judgment of the risk of bias at the
study level, useful for the results synthesis and confidence character-
ization (Morgan et al., 2019). To do so, for each bias identified, we
evaluated the likelihood that it threatened the validity of the study
(Savitz et al., 2019). If one bias was identified and judged to potentially
compromise study results, the overall risk of bias judgment was “the
study presents one major threat to validity”. Where more than one
source of bias was identified in the study, in addition to evaluating their
likelihood of compromising the validity of the study, the correlation
between those biases was also taken into account (Savitz et al., 2019).
Therefore, for each study four possible ratings were possible (see legend
of Fig. 2).



E. Pasqual, et al.

Environment International 136 (2020) 105371

M
c
.g Records identified through Additional records identified
'g database searching through other sources
= (n= 5688) (h= 5)
c
]
=
\ ) A4 A4
P Records after duplicates removed
(n= 4404)
-1+
=
c
)
L
(%]
2 Records screened N Records excluded
(n= 4404) i’ (n=4235)
>
£ Full-text articles assessed Full-text articles excluded,
=) for eligibility > with reasons (Table $6.2)
fre (n=169) (n=143)
—
)
3 Studies included in
g qualitative synthesis
E (n=26)
= (23 study samples)
—

Fig. 1. Flow diagram showing the results of the literature search and screening process. See text for explanation on the divergence between number of studies and

number of samples.

2.6. Data synthesis and confidence characterization

Because manuscripts presented strong heterogeneity and did not
consistently report quantitative measures that could be pooled in a
meta-analysis, a qualitative synthesis was performed following the
methods indicated in the Cochrane collaboration handbook (Higgins
and Green, 2011) and in Popay et al. (Popay et al., 2006). For each
neurodevelopmental domain, we built a table reporting the effect es-
timates from each study. Whenever possible, we transformed the re-
ported results to allow comparison between studies (i.e. translation to
IQ scale, calculation of an Odds Ratio from a beta coefficient, etc.). We
then summarized, at study level, the direction of the effect using a
standardized binary metric (Popay et al., 2006; The Cochrane
Collaboration, 2011). Overall, each study was assigned one of these two
conclusive statements: “No evidence of an effect reported” (with the
symbol X) or “Evidence of a decreased neurodevelopmental function
associated with IR exposure” ({). As a second step, we evaluated the
overall direction of the effect suggested across studies (Popay et al.,
2006; The Cochrane Collaboration, 2011).

To characterize the confidence in the results for each specific neu-
rodevelopmental domain, we adopted the GRADE approach (Guyatt
et al., 2011), using its adaptation to the environmental field (Johnson
et al.,, 2014), and the CERQual methodology (Lewin et al., 2018).
Briefly, we evaluated the elements that could affect the level of con-
fidence in the study results. Among the elements that could downgrade
the strength of evidence were: (1) presence of methodological concerns;
(2) inconsistency of results; (3) low relevance of the studies with respect
to the PECO inclusion criteria; (4) inadequacy of the data (few studies/
low sample size); and (5) absence of effect estimates and associated
confidence intervals. Elements that could upgrade the strength of the

evidence were the presence of an effect of large magnitude and of a
dose-response relationship. The strength of the available evidence was
then rated using an adaptation to the outcomes under study of the IARC
Monographs classification of possible human carcinogens as: sufficient,
limited, inadequate, and evidence suggesting lack of an effect (see
Table 4) (IARC, 2019), following agreement by all co-authors.

3. Results
3.1. Search results

Our search produced 5688 records. Four additional records were
identified by screening the reference list of the selected papers and an
additional one was identified when the search was repeated in
December 2018. After duplicate removal, 4404 titles and abstracts were
screened, and 169 records were selected for full-text screening. This
resulted in inclusion of 26 full-texts (Fig. 1). The list of records rejected
in the title/abstract and full-text screening can be found in Supple-
mentary Tables S5 and S6 respectively. The final list of selected papers
can be found in the Supplementary Table S6. The reasons for exclusion
of full texts are also reported in Supplementary Table S6. Briefly, 78 full
texts were excluded on the basis of the exposure criterion; 12 because of
a combination of exposure and outcome criteria; six due to both study
design and exposure criteria; 4 because of the population criterion; and
7 for not fulfilling other combinations of criteria. Two did not present
primary data and two were found to be duplicates. 14 studies were not
accessible and 18 were not written in English. In some studies, from the
same original study sample, two separate manuscripts were published
evaluating different outcomes, a different follow-up time, or a different
subsample (Igumnov and Drozdovitch, 2000; Kolominsky et al., 1999).
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The study presents more than one threat to validity, with high correlation between the bias domains

The study presents more than one threat to validity

Fig. 2. Results of the evaluation of the risk of the major categories of bias by studies.

Inversely, a single manuscript (Otake et al., 1991) reported results from
three different study samples. The resulting number of study samples
analyzed in the present review is therefore 23, as reported in Table 2.

3.2. Study characteristics and risk of bias evaluation

Table 2 summarizes the main study characteristics, detailing the
population, the type of exposure and dose distribution (where
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Table 2 (continued)

Outcome

Exposure

Methods

Age at outcome
measurement

Outcome

Dose distribution

Age at exposure

Type of exposure

Sex

Sample size

Study population
and location

Study

Reference

(Male %)

design

Mental retardation
(5 years); high

Proxy (mental disorder
prevalence, school
achievement)

Exposed category: < 0.01 mSv

In uterus

Exposure during the 5th gestational

month

166,967 exposed NR

148,744 non-
exposed

Chernobyl fallout

Cohort

Lie et al., 2017

52.5%; 0.01-0.015 31.7%; 0.016-

exposure (Norway)

school completion

0.023 mSv 11%; > =0.024 mSv

5.2% (##)

(20 y), school grade

16y)

SMR: Severe Mental Retardation; IQ Intelligence Quotient, HL. Hodgkin Lymphoma; NR Not Reported.

([1) In squared brackets domains are identified as following: A attention, E executive function, L language, LM learning & memory, P processing speed, V visual-spatial, SE Socio-Emotional

(*) For a Mantle field radiation therapy the dose to the brain is estimated to vary between 0 and 9 % that of the target dose (depending on the machine type median brain absorbed dose is estimated to be between 0 and

2% of the target dose) (Shamsaldin et al., 1998).

(#) The average effective dose received by people evacuated from the 30 Km zone is about 33 mGy; for areas of 137Cs deposition density > 555 KBq/m2 the estimated effective dose is about 50 mGy and for areas with

137Cs deposition density above 37 kBq/m? is about 10 mGy (Cardis et al., 2006).

($) Thyroid dose to the fetus from I-131 was estimated. The mean thyroid dose in the exposed group was 0.39 Gy, and 0.04 Gy in the control group. Brain dose was not estimated but expected to be very low as most of the

1-131 dose is deposited in the thyroid. The choice of the thyroid as a target organ in studying neurodevelopment is due to the hypothesis that the thyroid plays a role in neurodevelopment.

(@) Annual dose from nuclear testing fallout in Norway ranged from 150 mGy (coastal and low-density population areas) to 4 mGy (Oslo).

(**) The study also reported results of a number of neuropsychological tests. However, comparison includes the cleanup worker group and it is reported in a graph, thus it is difficult to draw conclusions in this systematic

review. Only comparison of prevalence of disease is considered here.

(##) Average combined external and internal dose was estimated as the monthly dose in each municipality over a period of 36 months. Average cumulative doses in the month 5 after the accident were assigned to each

participant on the basis of mother’s residential history.
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available), and the outcomes studied.

There was heterogeneity across studies in terms of exposure type
and outcome assessment. Eight studies assessed effects of medical ra-
diation exposure either after treatment for benign diseases, diagnostic
imaging or cancer radiotherapy to anatomical areas other than the
brain. Eleven studies addressed IR exposure from the Chernobyl acci-
dent, and one from nuclear weapon testing. Five studies were based on
the atomic bomb survivor’s cohort. Regarding the exposure window,
fourteen studies assessed prenatal exposure, ten assessed childhood
exposure and two adolescent exposure.

The risk of bias assessment (The Cochrane Collaboration, 2011) is
summarized in Fig. 2 and detailed in Supplementary Table S7. Sources
of bias that presented particular concerns across studies were: “Con-
founding”, “Recruitment” and “Exposure assessment”. Considering the
evaluation of methodological concerns at study level (last column of
Fig. 2), 13 (50%) studies were considered free of major threats to va-
lidity, 6 presented one major threat to validity and the others were
found to have more than one methodological concern.

3.3. Synthesis of the evidence

Effect measures, as extracted from the manuscripts included in this
SR, were grouped by each specific outcome under evaluation: the re-
sults for the general cognition domain are shown in Table 3; those for
the cognition sub-domains (e.g. attention, executive function), socio-
emotional and motor skills domains are presented in Supplementary
Table S8. The proxy measures of neurodevelopment (education
achievement, presence of specific mental disorders, and evaluation of
specific pathological features) are outlined in Supplementary Table S9.
Analysis by period of exposure (in utero versus post-natal and by weeks
of gestation) are shown in Supplementary Table S10.

For all the domains and proxy measures, the synthesis and char-
acterization of the evidence is presented in Table 4.

3.3.1. Cognition domain
3.3.1.1. Global cognitive domain

3.3.1.1.1. Synthesis of results and evaluation of the evidence

Overall, we found that there was limited evidence for a decrease in

global cognitive function after low-to-moderate doses of IR (Table 4).
Evidence was based on 13 relevant studies, 6 of them of good quality,
including a total of 276,253 subjects (Table 3). Causal interpretation is
credible, with some evidence of a dose-response relationship with a
decrease of 4 to 5 IQ points following a 250 mGy brain dose. However,
chance or confounding could not be ruled out with reasonable
confidence.

3.3.1.1.2. Description of the studies contributing to the evidence

Table 3 summarizes the exposure and outcome measures used, as well

as the results of the studies. The majority of the studies (10/14) indicate
a lower IQ score with an increased IR exposure.

3.3.1.1.2.1. Outcome characteristics

Instruments used to measure global cognition were various scales of
the Intelligence Quotient (IQ) (Black et al., 2013; Blomstrand et al.,
2014; Hall et al., 2004; Nyagu et al., 1998; Otake et al., 1991; Ron et al.,
1982; Yamada et al., 2015), including the Wechsler Intelligence Scale
(Heiervang et al., 2010a; Igumnov and Drozdovitch, 2000; Krull et al.,
2012a), the Raven matrices test (Bar Joseph et al., 2004; Loganovskaja
and Loganovsky, 1999) and other measurements of verbal and non-
verbal intelligence (Litcher et al., 2000). Four of the studies used an IQ
score obtained during military recruitment (Black et al., 2013;
Blomstrand et al., 2014; Hall et al., 2004; Ron et al., 1982). While
Black, Blomstrand, and Hall used the IQ-scale continuously, Ron and
collaborators used the army classification “apt” and “not apt to become
an officer”, a categorization which may not be sensitive enough to
detect little changes in IQ points. Most of the studies measured IQ
during childhood/adolescence, with the exception of Krull et al. (during
adulthood) and Yamada (in elderly). Results by Yamada et al. might
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Table 3 (continued)

Direction of the

effect

Summary of results

Outcome

Total N

Age at exposure /
Age at outcome
assessment

Exposure

Reference*

(transformed in a standardized score)$

(lowest dose
category N)

Mean (SD) score among areas:

Raven Standard Progressive Matrices Test

1,629
(554)

Prenatal and early

life /

Proxy: residence address at the

time of the accident

Bar Joseph et al., 2004

-Highly exposed areas = 57 (29);

-Unexposed regions:

12-18 years

a. Other Belarus areas = 58 (30);

b. Moscow & St Petersburg = 64 (30)

*Colors indicate the overall methodological concern based on the risk of bias evaluation: Green = no major threats to validity; Yellow = one major threat to validity; Orange = more than one threat to validity correlated

between them; Red

more than one threat to validity.

$ Transformation of the mean difference into a standardized score has been calculated with the following formula: Standardized score = Mean difference/SD. Thus, we obtained a score which is expressed in number of SD

changes. Reported differences refer to the difference between the highest versus lower exposure categories. In Bold within the table: p-value < 0.05.

1Q was measured in stanine scale (mean 5 and SD 2). We converted in IQ points scale (mean 100 and SD 5) by multiplying the stanine scale result by 7.5 (Blomstrand et al., 2014a).
BPVS British Picture Vocabulary test: The examiner said a word and the child had to indicate the image that illustrated that meaning among 4 pictures presented. CASI Cognitive Abilities Screening Instrument, it is a

validated screening test for cognitive function and has a score 0-100 (comparable to IQ test). Here they used the short version with a score range 0-49. Higher score means higher cognitive capacity. IQ Score Intelligence

testing based on an improved version of the Koga test in Hiroshima and Nagasaki and of Tanaka-B test in Nagasaki only, with a mean value and Standard deviation of 100 and 15. Pearson’s r Pearson correlation between

IQ and dose level Raven Standard Progressive Matrices Test consist in filling correctly a geometric pattern with a missing piece. SMR Severe Mental Retardation. Symbolic Relations is a subtest of the Detroit Test of

Learning Aptitudes and consists of completing a visual pattern choosing between six possible images. WAIS Wechsler Adult Intelligence Scale-IIl. WASI Wechsler Abbreviated Scale of Intelligence. WISC-IIT "X Wechsler

Intelligence Scale for Children.

10
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capture the process of neurodegeneration, and thus may not be fully
comparable with those of the other studies.

3.3.1.1.2.2. Exposure assessment

Exposure was mainly evaluated during fetal/early life. Comparison
between results of studies where exposures happened during prenatal
and post-natal life is discussed separately (Paragraph 3.5).

Regarding the exposure assessment, no risk of bias was found in the
studies conducted in the atomic bomb survivors population (Otake
et al., 1991; Yamada et al., 2015). The Dosimetry System 86 (DS86)
(Roesch, 1987) used in Otake et al. was used in atomic bomb survivors
studies for about 20 years until the 2002 dosimetry system (DS02) (used
in Yamada et al.,2015) was implemented (Egbert, 2012). The two do-
simetry systems are strongly correlated (Cullings et al., 2006), and no
major bias is expected in risk estimates in using the DS86 system
(Preston et al., 2004). Also studies of medically exposed subjects
(Blomstrand et al., 2014; Hall et al., 2004; Krull et al., 2012a; Ron et al.,
1982) generally had adequate exposure assessment as information on
radiation treatment was based on medical records. Studies in children
after the Chernobyl accident in Belarus and Ukraine compared evacuees
and non-evacuees (Igumnov and Drozdovitch, 2000; Litcher et al.,
2000; Loganovskaja and Loganovsky, 1999), or offspring of mothers
who lived in areas with much different levels of exposure (Bar Joseph
et al., 2004; Nyagu et al., 1998), thus, exposure misclassification is not
likely. The Norwegian (Heiervang et al., 2010a) study of the con-
sequences of the Chernobyl accident used objective measurement data
on contamination levels by official place of residence of the mothers
during pregnancy/at birth. Contamination levels were, on average, very
much lower than in the studies in the territories most affected by the
Chernobyl accidents, with consequently narrow exposure ranges and
hence little statistical power to detect an effect if any. Thus, reported
results might be due to chance, in particular considering the very low
sample size. The Norwegian study of Black et al. (2013), comparing
areas with different contamination from the fall-out from atmospheric
weapon testing in the 1950’s and 60’s, also resulted in a comparison
between very low cumulative fetal dose levels, with, therefore, some
risk of exposure misclassification and of chance findings.

3.3.1.1.2.3. Additional methodological considerations

Igumnov et al. (2000), Nyagu (1998) and Loganovskaja (1999), and
Litcher et al. (2000) who studied the offspring of mothers evacuated
after the Chernobyl accident, did not take properly into account ma-
ternal stress during pregnancy which has been related to neurodeve-
lopmental impairment (Graignic-Philippe et al., 2014; Tarabulsy et al.,
2014; Van den Bergh et al., 2017). In addition to that, evacuees might
also had lower socio-economic status compared to non-evacuees and
this was not properly taken into account (Igumnov and Drozdovitch,
2000; Litcher et al., 2000; Loganovskaja and Loganovsky, 1999; Nyagu
et al., 1998). Bar Joseph et al. (2004) did not consider the children’s
baseline health status; although they recognized that the exposed and
unexposed differed in this respect.

Results from Krull et al. (2012) were difficult to interpret within the
question explored here, because it is impossible to disentangle the effect
on cognition due to the cardio-pulmonary impairment from that due to
the scatter radiation to the brain, in the absence of a valid estimate of
brain dose.

Results from Nyagu (1998), Loganovskaja (1999), Igumnov (2000),
and Heiervang (2010) could had also be affected by selection bias.
Participation rates were not reported and it might be that people with
higher exposure or who had concerns about cognitive problems would
have been more likely to participate, biasing results.

3.3.1.2. Attention sub-domain
3.3.1.2.1. Synthesis of results and evaluation of the evidence
Evidence for an association between low dose IR exposure and
impairment in the attention domain was judged to be inadequate
(Table 4) as it was based on only four studies with small sample sizes
(1449 subjects in total) (Table S8.1).
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3.3.1.2.2. Description of the studies contributing to the finding

Three studies (Heiervang et al., 2010b; Litcher et al., 2000; Taormina
et al., 2008) evaluated the effects of environmental exposures during
the prenatal period, whereas Salonen et al., 2018 evaluated exposure to
CT-scan during childhood. Only one study (Heiervang et al., 2010b)
reported a lower attention score in the exposed as compared to the
unexposed, although results are likely due to chance, as exposure
misclassification was likely and the sample size was too small to detect
an effect at these very low dose levels. There was also potential for a
selection bias as the percentage of identified, contacted and recruited
participants was not given, nor is the reason for non-participation.
Further, the exposed population (recruited in areas with relatively
small populations) may not be comparable to the control (recruited
from other areas, including Oslo).

Statistical power was also an issue in Salonen et al. as based on a
comparison between having or not having received a CT-scan during a
randomized control trial, without taking into account interindividual
variability (patient and technical parameters setting) and range of dose
(Tueller et al., 2016). In addition, there was concern about a possible
misclassification of exposure as only CTs received during the rando-
mized control trial were recorded, hence possibly missing other CTs.

3.3.1.3. Executive function and processing speed sub-domain
3.3.1.3.1. Synthesis of results and evaluation of the evidence
We found inadequate evidence for an association between IR exposure
and executive function (Table 4) and processing speed. Findings were
based only on two small studies (325 total subjects) with
methodological concerns (Heiervang et al., 2010b; Salonen et al.,
2018) (Table S8.2).
3.3.1.3.2. Description of the studies contributing to the finding
The results of the two studies contributing to the finding were not
consistent: Heiervang et al. (2010) reported an association, while
Salonen et al. (2018) not (Table S8.2). The two studies had serious
concerns regarding statistical power and presented some
methodological limitations as described under the “Attention” domain.

3.3.1.4. Language sub-domain
3.3.1.4.1. Synthesis of results and evaluation of the evidence

There was limited evidence for an association between IR exposure
and impairment in the language domain (Table 4). This assessment was
based on four studies including 3814 subjects in total (Blomstrand
et al., 2014; Hall et al., 2004; Heiervang et al., 2010b; Taormina et al.,
2008). There were no major methodological concerns except for the
Heiervang et al. study (see Attention domain above). All studies
conducted a comparison of mean test scores across exposure
categories. The estimated effect was small and there was some
evidence for a dose-response gradient (Table S8.3).

3.3.1.4.2. Description of the studies contributing to the finding

All studies contributing to the above assessment evaluated the effects
of exposure during the prenatal period or the first months of life (Table
S8.3). The two haemangioma cohort studies (Blomstrand et al., 2014;
Hall et al., 2004) reported a difference in the language domain of
approximately 5 IQ points between the lowest (0 mGy) and the highest
exposure (> 250 mGy) categories. Heiervang et al. (2010) also reported
a decrease of around 5 IQ points in the WAIS Vocabulary subtest among
those exposed compared to the unexposed; this, however, was likely
due to chance as explained above under “Attention” domain. Results of
the WAIS “Similarities and Information” subtest reported by Taormina
et al. (2008) were null.

3.3.1.5. Learning and memory sub-domain
3.3.1.5.1. Synthesis of results and evaluation of the evidence
Evidence for an association between IR exposure and learning and
memory sub-domain was inadequate (Table 4). Four studies of overall
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low statistical power (1449 subjects) (Heiervang et al., 2010b; Litcher
et al., 2000; Salonen et al., 2018; Taormina et al., 2008) contributed to
this finding (Table S8.4).

3.3.1.5.2. Description of the studies contributing to the finding

Three studies used measures of both verbal and visual memory
(Heiervang et al., 2010b; Salonen et al., 2018; Taormina et al., 2008).
Salonen et al. (2018) evaluated exposure during childhood, whereas the
other authors did it during fetal and early life. Differences reported
were generally close to 0, except in the Heiervang et al. (2010) paper,
where the differences could have been due to chance finding, as
explained above (Attention domain).

Lie et al. (2017), Litcher et al. (2000), Taormina et al. (2008) esti-
mated the OR of memory problems as reported by the mother and
participants (not listed in Table S8.4, as standardized measurements
were prioritized). Litcher et al. (2000) reported an odds ratio (OR) of
mother-reported memory problems of 5.25 (95% Confidence Intervals
(CD) = 2.03; 13.55) for the exposed, however, the difference in the
memory test score was close to zero. In the follow-up of the study po-
pulation in Litcher et al. (Taormina et al., 2008), similar higher OR for
mother-reported problems were found (OR = 4.2 (95% CI = 2.1; 8.5)
in the high educated stratum; and an OR of 2.3 (95% CI = 1.4; 3.6) in
the low educated stratum. These findings suggested the presence of
maternal concerns about the health effects of Chernobyl on their child,
rather than true memory impairment.

3.3.1.6. Visual-spatial sub-domain
3.3.1.6.1. Synthesis of results and evaluation of the evidence
We found inadequate evidence for impaired visual-spatial abilities
after exposure to low dose IR (Table 4). This conclusion was based on
five studies (3,961 total subjects) (Blomstrand et al., 2014; Hall et al.,
2004; Heiervang et al., 2010a; Salonen et al., 2018; Taormina et al.,
2008) reporting no association (Table S8.5).
3.3.1.6.2. Description of the studies contributing to the finding
Exposure was mainly evaluated in utero (Heiervang et al., 2010b;
Taormina et al., 2008), and in early in life (Blomstrand et al., 2014; Hall
et al., 2004). One small study evaluated the effect of exposure during
childhood (Salonen et al., 2018). There were some methodological
concerns about Heiervang et al. (2010) and Salonen et al. (2018)
(outlined above), however they contributed with low sample size.
Visual-spatial abilities were evaluated in the two large haemangioma
cohorts (Blomstrand et al., 2014; Hall et al., 2004) and no effect was
reported.

3.3.2. Motor domain
3.3.2.1. Fine motor sub-domain
3.3.2.1.1. Synthesis of results and evaluation of the evidence

Evidence for an association between motor impairment and IR
exposure was found to be inadequate (Table 4), based on only three
studies (Igumnov and Drozdovitch, 2000; Salonen et al., 2018;
Yoshimaru et al., 1995) including 1535 subjects overall (Table S8.6).
There was little evidence for a dose-response.

3.3.2.1.2. Description of the studies contributing to the finding

Yoshimaru et al. (1995) and Igumnov et al. (2000) evaluated the
effect of being exposed to IR during prenatal life. Yoshimaru et al. had
the largest sample size among the studies evaluating motor skills and
reported a decrease in grip strength and repetitive action tests score
with increasing radiation exposure; however, this decrease was not
confirmed in subsequent sensitivity analysis where the cases with
severe mental retardation were excluded. Igumnov et al. (2000)
reported an increased OR for motor coordination disorders (ICD-10
code F82) in the Chernobyl-evacuee group. Salonen et al. (2018) did
not report any differences in motor performance (finger tapping tests)
between exposed and unexposed subjects, however the study had low
statistical power as outlined above (Attention domain).
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3.3.3. Socio-emotional domain
3.3.3.1. Social competence sub-domain
3.3.3.1.1. Synthesis of results and evaluation of the evidence
Evidence of impairment in the social functioning domain after IR
exposure was inadequate (Table 4). Only three studies (Igumnov and
Drozdovitch, 2000; Taormina et al., 2008; Zeltzer et al., 2008), with
total sample size of 5780 subjects, reported a null or a small effect
(Table S8.7).
3.3.3.1.2. Description of the studies contributing to the finding
Table S8.7 reported the associations between IR exposure and social
functioning impairment. The larger study on this domain (Zeltzer et al.,
2008) evaluated social competences in cancer survivors and was
considered less relevant to the PECO question, as the main aim of the
paper did not coincide with the question explored here. The other two
were conducted in Chernobyl evacuees exposed during prenatal life
(Igumnov and Drozdovitch, 2000; Taormina et al., 2008). Igumnov
et al. reported a 1.32 (95% CI = 0.82; 4.79) increase in risk of social
functioning disorders. Overall, no association between the social
competence sub-domain and IR was found in Taormina et al. (2008).

3.3.3.2. Emotional development sub-domain
3.3.3.2.1. Synthesis of results and evaluation of the evidence

We found inadequate evidence of an association between IR exposure
and emotional impairment (Table 4). This finding was based on five
studies (7,271 subjects) (Igumnov and Drozdovitch, 2000;
Loganovskaja and Loganovsky, 1999; Nyagu et al., 1998; van der
Geest et al., 2013; Zeltzer et al., 2008). An association was reported in
three studies (Table S8.8) (Igumnov and Drozdovitch, 2000;
Loganovskaja and Loganovsky, 1999; Nyagu et al., 1998) which could
had been affected by some methodological issues.

3.3.3.2.2. Description of the studies contributing to the finding

The studies on cancer survivors (van der Geest et al., 2013; Zeltzer
et al., 2008) did not report any association between radiotherapy to
anatomical areas other than the cranium and emotional impairment.
However, they were both less relevant to this SR, as the main objective
of the two studies was to assess neurocognitive function in childhood
cancer survivors.

The studies on Chernobyl evacuees (Igumnov and Drozdovitch,
2000; Loganovskaja and Loganovsky, 1999; Nyagu et al., 1998) re-
ported a higher prevalence of emotional disorders in the evacuee po-
pulation; however such comparison (evacuees versus non-evacuees)
may had been confounded by other factors such as socioeconomic
status and maternal stress during pregnancy. Also, some concerns ex-
isted regarding the selection of participants and the exposure assess-
ment in the studies from Nyagu (1998) and Loganovskaja (1999), as
participation rate was not reported and it could have been higher
among the most concerned (the ones who were most exposed, the ones
who presented some cognitive impairment).

3.3.4. Proxies of neuropsychological development
3.3.4.1. School performance

3.3.4.1.1. School grade

3.3.4.1.1.1. Synthesis of results and evaluation of the evidence

There was limited evidence of a decrease in school grades with in-
creasing radiation exposure (Table 4). This finding was based on five
studies (Almond et al., 2009; Black et al., 2013; Lie et al., 2017; Litcher
et al., 2000; Nordenskjold et al., 2015; Otake et al., 1991) with very
large sample sizes (761,589 subjects in total) and without major
methodological concerns. A dose-response gradient was reported in two
of the studies (Almond et al., 2009; Otake et al., 1991).

3.3.4.1.1.2. Description of the studies contributing to the finding

Studies generally summarized school grade in a single score, how-
ever, in different ways, thus hampering comparison. Comparison was
also difficult because this outcome was assessed at different age points
(Table S9.1). In the in-uterus A-bomb survivor’s cohort (Otake et al.,
1991), a decrease in school grades, for the first year of elementary
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school, of 0.7 points per 1 Gy was reported (school grades ranged from
0 to 5). Similar results were obtained in other years of elementary
school. Lie et al. (2017) found a dose-related decrease in mathematics
grades though the doses compared were very low. Therefore, exposure
misclassification and statistical power might be an issue here. Almond
et al. summed the grades of 16 school subjects for each participant
(ranging between 0 and 320) and found a reduction of 0.044 points in
total grades for each increase of 1 kBq/m? in '*’Cs ground deposition.
School grades were not associated with radiation exposure in Litcher
et al. (2000) and in Nordenskjold et al. (2015).

3.3.4.1.2. School achievement

3.3.4.1.2.1. Synthesis of results and evaluation of the evidence

There was limited evidence of a decreased probability of attending
high school in relation to radiation exposure (Table 4). This finding was
based on three studies of good quality (Almond et al., 2009; Hall et al.,
2004; Ron et al., 1982) with a total large sample size (of 569,095
subjects) that consistently reported such an association.

Evidence of a decrease in high school completion or for a higher-
level school achievement with increasing exposure was inadequate
(Table 4). Only one study (Black et al., 2013) out of four good quality
studies (Black et al., 2013; Blomstrand et al., 2014; Lie et al., 2017;
Yamada et al., 2015) with a total sample size of 593,154 subjects re-
ported an association.

3.3.4.1.2.2. Description of the studies contributing to the finding

Supplementary Table S9.1 reported the results on school achieve-
ment associated with IR exposure, stratified by before and after com-
pletion of high school. In the two Swedish haemangioma cohorts, Hall
et al. (2004) reported a decreasing probability of attending high school
with increasing dose. In particular, for an exposure of 50 mGy to the
frontal brain, a decrease of around 11 to 14% in the probability of at-
tending high school was found. The decrease was found to be greater
for those in the middle socio-economic level (Hall et al., 2004). How-
ever, when evaluating completion of a post-high school degree,
Blomstrand et al. (2014) did not report any similar decrease. In the tinea
capitis study, irradiated subjects had a lower score in the high school
admission test, compared to non-irradiated (Ron et al., 1982). Simi-
larly, in the Nordic countries studies, Almond et al., (2009) reported
that, for each increase of 1 kBq/m? in '*’Cs ground deposition in the
place of birth, the probability of qualification for high school was re-
duced by 0.053% points. Lie et al. (2017) reported a slight increase in
risk of not completing high school in the “highest” exposure group,
however the comparison was made between those receiving less than
0.01 mSv (reference group) versus those receiving 0.04 mSv (highest
exposure group), thus, being meaningless as both dose group were in a
very low dose range. Black et al. (2013) reported a 0.4% reduction in
the probability of obtaining a high school diploma for each increase of
1 kBq/m? in '*’Cs ground deposition.

Two studies evaluated the total number of years of education
achieved. In A-bomb survivors exposed in adolescence or young
adulthood, Yamada et al. (2016) compared school achievement across
different dose categories and found no meaningful differences. Black
et al. (2013) reported a reduction of 0.072 and of 0.086 years of total
education achieved for each increase of 1 kBq/m? in '*’Cs ground de-
position at the place of birth for males and females, respectively.

3.3.4.2. Presence of mental disorders
3.3.4.2.1. Synthesis of results and evaluation of the evidence

There was limited evidence for an increase in mental health disorders
after exposure to low-to-moderate IR dose (Table 4). This finding was
based on six studies of large sample sizes (total n = 169,103 subjects)
(Bazyka et al., 2015; Igumnov and Drozdovitch, 2000; Lie et al., 2017;
Otake et al., 1991; Ron et al., 1982; Yamada et al., 2015); however,
there were some concerns regarding the methodology used in some of
these studies (Bazyka et al., 2015; Igumnov and Drozdovitch, 2000; Ron
et al.,, 1982). The atomic bomb survivor studies suggested a dose-
response relationship (Otake et al., 1991).
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3.3.4.2.2. Description of the studies contributing to the finding

There was substantial heterogeneity across studies in terms of
outcome definition, hampering the comparison of the study results
(Supplementary Table $9.2). A higher risk of mental retardation was
reported by Otake et al. (1991), Ron et al. (1982) and Lie et al. (2017).

Identification of post-irradiation mental retardation cases in Ron
et al. (1982) might not be accurate due to facts that the date of diag-
nosis for mental retardation was not available. The two Chernobyl
evacuee studies also reported a higher prevalence of mental and neu-
rological disorders associated with radiation exposure (Bazyka et al.,
2015; Igumnov and Drozdovitch, 2000), however, they did not fully
take into account the role of stress in the evacuee mother.

3.3.4.3. Pathophysiological features
In the Supplementary Table S9.3 we reported the findings of
radiation-related abnormal brain activity and morphology.

Krull et al. (2012) reported a higher presence of leuco-encephalo-
pathy and hemosiderin deposits (assessed with an MRI) in subjects re-
ceiving higher thoracic radiotherapy doses. Loganovskaja et al. re-
ported some differences in brain electric activity, measured with an
electroencephalogram, between evacuees and non-evacuees.

3.3.5. Vulnerable exposure period
3.3.5.1. Synthesis of results and evaluation of the evidence

There was inadequate evidence of a higher neurodevelopmental effect
associated to exposures occurring during fetal life as compared to
exposure during adolescence/early adulthood (Table 4). This finding
was mainly based on two studies in atomic bomb survivors (Otake
et al., 1991; Yamada et al., 2015).

3.3.5.2. Description of the studies contributing to the finding

Supplementary Table S10 reported the results of stratified analysis by
period of exposure. In the atomic bomb survivors study, two different
analyses were conducted: one on the population exposed in utero (Otake
et al., 1991) and the other on survivors exposed during adolescence
(Yamada et al., 2015). Only the analysis on in utero-exposed reported an
association, thus, the neurodevelopmental effect of IR might be higher
for a prenatal exposure. The two analyses were of good quality.
However, they were not fully adequate to specifically answer the
question of effect modification by age at exposure because they
differed largely in terms of the age at outcome assessment: Otake
et al. measured IQ during childhood, whereas Yamada et al. studied
cognitive decline in people aged 60-80 years; hence, the comparison
was difficult, as radiation may affect cognition differently at the
different extremes of the human lifespan.

Concerning the analysis by weeks of gestation, as reported by two
studies, (Heiervang et al., 2010b; Otake et al., 1991) (total n = 1286
subjects), a higher effect was consistently reported for the 8 to 16 week
of gestation respect to other gestational periods.

4. Discussion

In the present SR we summarized the current evidence on effects of
low-to-moderate doses of IR during fetal life, childhood and adoles-
cence on neuropsychological functions. To our knowledge, this is the
first SR providing such a synthesis. Overall, we concluded that there
was limited to inadequate evidence for an association between low-to-
moderate doses of IR and different domains and sub-domains of neu-
rodevelopment (Table 6).

In particular, we found that there was limited evidence for a decrease
in general cognition and language domain associated to IR exposure.
When considering secondary outcomes, we found limited evidence of an
association between IR exposure and a decrease in high school atten-
dance and school grades, and of an increased risk of mental retardation.

For the other neurodevelopmental domains, the paucity of studies
and the presence of methodological concerns precluded any conclusive
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assessment and we concluded there was inadequate evidence for an
effect of low to moderate doses on these outcomes.

Though there was some suggestion of a stronger cognitive effect
when exposure occurred early in life, in particular in utero, than in
adolescence or adulthood, the studies had limitations and we concluded
that the reviewed evidence was inadequate.

It should be noted that animal studies have identified the fetal
period as the most vulnerable window for radiation-related neurode-
velopmental effects (Kempf et al., 2013; Verreet et al., 2015). Among
atomic bomb survivors exposed in utero, Otake et al. (1991) identified
the period between 8 and 16 weeks of gestational age as the most
vulnerable period for a radiation-induced neurodevelopment deficit.
This may be explained by the embryological development of the brain:
organogenesis occurs before week 8 of gestation, period when anato-
mical malformations may occur (i.e. misfolding of the primitive neural
tube) (Moore and Persaud, 2015). In the following period (from
9 weeks of gestational age onwards), organs grow and mature with
potential for functional disturbances occurrence (Moore and Persaud,
2015). These observations tend to add credibility to the finding of a
stronger effect in early life, which should be investigated further.

4.1. Strengths and limitations of this systematic review

One of the main limitations of our SR was that a quantitative
synthesis was not possible with the data collected, given the differences
in outcomes, exposure measures, and type of effect estimated. Thus, the
present SR could not provide a combined estimate of an effect and a
measure of its uncertainty. It was only possible to provide a qualitative
synthesis, which, however, helps to draw conclusion to guide both fu-
ture researches on this topic and radiation protection policies.

One of the main strengths of the present SR was the inclusion of the
entire spectrum of neurodevelopmental functions, making a clear dis-
tinction in the interpretation of the results between the use of validated
neuropsychological instruments and the use of proxies, such as educa-
tional achievement. This approach may be taken in consideration in the
design of future studies in this topic.

Another original point is that we aimed to conduct an evidence
synthesis, that is, using a systematic review methodology, adapted to
the environmental science stream, we provided conclusive statements
together with the characterization of the strength of the evidence. Such
approach meant a transparent critical review of all the included studies.
The identification and the discussion of methodological limitations in
the studies reviewed may be useful to others when designing and in-
terpreting future studies in this area.

4.2. Radiation protection concerns

4.2.1. Dose-response relationship

Only five studies evaluated whether there was a dose-related effect
on the neuropsychological function (Blomstrand et al., 2014; Hall et al.,
2004; Otake et al., 1991; Yamada et al., 2015; Yoshimaru et al., 1995).
Taken together, these studies indicate a decrease in cognition asso-
ciated to an increase in radiation exposure of approximately 0.15-0.2 IQ
points for each 100 mGy of dose (Blomstrand et al., 2014; Hall et al.,
2004; Otake et al., 1991). To contextualize, in a pediatric head CT-scan,
the absorbed brain dose is estimated to be between 30 and 50 mGy (Lee
et al., 2018). Therefore, if we assume the size of the effect is propor-
tional to the dose, we would expect, hypothetically, an IQ decrease of
around 0.45-0.75 IQ points per head CT-scan. Although such a decrease
may be considered as clinically irrelevant at the individual level, the
public health importance may be relevant, particularly since such type
of exposure is dramatically increasing (UNSCEAR, 2008). Moreover,
even a small increase in dose from 1 CT could be of importance in a
population that may already be at risk of neurodevelopmental impair-
ment, which may be the case for patients with specific neurological
diseases diagnosed or followed-up with CT-scans (Journy et al., 2016).
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4.2.2. Relevant target organ

The study of radiation-related neurodevelopmental deficits requires
estimating doses to the adequate target organ, and there was variation
across studies in terms of the organ under study.

The two haemangioma studies (Blomstrand et al., 2014; Hall et al.,
2004) estimated the dose absorbed in different parts of the brain and
evaluated the association of the dose in each anatomical structure with
specific neurodevelopmental outcomes. Such “regional-dose” approach
was also implemented in studies of neurodevelopmental function in
cranial radiotherapy survivors (Armstrong et al., 2010; Doger de
Speville et al., 2017) and is also used in studies of neurodevelopmental
function and non-IR exposure (Foerster et al., 2018; Schoeni et al.,
2015; Cabré-Riera, 2019). Indeed, if the distribution of dose is hetero-
geneous in the brain, such an approach will be more powerful as, if the
appropriate target area is used, this will reduce dose misclassification.
Blomstrand et al. (2014) found that the dose to the hippocampus pre-
sented the best correlation with a reduction in the cognitive score, al-
though chance could not be ruled out. However, it is well known that,
in cranial radiotherapy patients, a reduction in the dose delivered to the
hippocampus results in a lower risk of cognitive impairment (Kazda
et al., 2014), suggesting that the hippocampus may be a brain area
particularly vulnerable to IR damage.

In the study of evacuees from contaminated territories of Belarus
(Igumnov and Drozdovitch, 2000; Kolominsky et al., 1999) thyroid fetal
doses were estimated. Thyroid function plays a crucial role in neuro-
development (Calza et al., 2015), as illustrated by the link between
iodine deficiency and severe mental health dysfunction, known as
cretinism. Maternal thyroid function during pregnancy also influences
child neurodevelopment (Levie et al., 2018).

It has also been hypothesized that a high radiation dose to the
cardiovascular system may have an effect on cognitive function (Krull
et al., 2012b; Padovani et al., 2012). Krull and collaborators studied the
association between cognition and radiotherapy dose to the thorax,
which would have also resulted in low-to-moderate doses to the brain
but in much higher doses to the heart and large vessels (Krull et al.,
2012a).

4.2.3. Radiation-induced brain morphological changes

We also aimed to include studies addressing morphological or
functional features of the brain measured with imaging techniques.
Only one study evaluated the possible radiation-related imaging find-
ings (Krull et al., 2012a), although the study design, based on the
comparison of participants receiving different dose levels of thoracic
radiotherapy, did not allow to draw any conclusion regarding a possible
direct radiation effect on the brain structures.

Schull et al. (1991) used MRI to study five cases of mentally re-
tarded atomic bomb survivors, exposed at the prenatal stage (Schull
et al., 1991; Schull and Otake, 1999). Signs of failure in migration of
neurons (grey ectopic areas) and signs of abnormal brain architecture
(macrogyria and mega cisterna magna) were reported among these
subjects (Schull and Otake, 1999). Imaging studies on cranial radio-
therapy survivors, who received doses much higher than those studied
here, generally report white matter damage (Correa et al., 2004; Jacola
et al., 2016; Reddick et al., 2003), cerebral microbleeds (Roddy et al.,
2016), and a reduction of the hippocampus volume (Ma et al., 2016).
The inclusion of non-ionizing radiation imaging tools, such as MRI scan,
in research studies could help advance the understanding of the pa-
thophysiology of neurodevelopmental impairment after radiation ex-
posure (Horton et al., 2014; Saykin et al., 2013).

4.3. Conclusions and research recommendations

Overall, the number of large-scale studies of good quality was low
for each specific aspect of neurodevelopment evaluated. Furthermore,
some of the studies reviewed had low statistical power to detect an
effect and inadequate dosimetry, if any. Future studies, larger in size,
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with careful individual dose reconstruction and collection of informa-
tion on potential confounding factors would be helpful to reduce un-
certainty about the potential effects of low ionizing radiation doses on
neurodevelopment in young people as well as in cognitive decline in the
elderly.

The field of neuropsychology has evolved during the past years and
new specific and validated tests are currently available. Computerized
tests have been implemented in several epidemiological studies
(Conklin et al. 2013; Sunyer et al., 2015; Lopez-Vicente et al., 2016)
with ample benefit in terms of efficiency and standardization for the
data collection and statistical analysis. It is important to plan a battery
of tests that includes several domains at different levels of hierarchy.
Processing speed, executive function, attention and memory should be
prioritized because the available scientific evidence suggests they are
affected by high dose radiation (i.e. cranial radiotherapy) (Krull et al.,
2018; Ullrich and Embry, 2012) and may, therefore, also be affected at
lower dose levels.

In conclusion, there is, at the time of this review, limited to in-
adequate evidence of an effect of low to moderate ionizing radiation
doses on neurodevelopment. However, the possibility of neurodeve-
lopmental effect of low-to-moderate doses of radiation needs to be
addressed given the ever growing and evolving IR imaging technologies
and resulting dose increases in pediatric radiology. Such research is
important both from a research perspective to better characterize a
possible association in terms of magnitude of effect, specific domain
and brain structure damage; and from a public health and radiological
protection perspective to ensure adequate protection of the pediatric
and young adult population.
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