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Abstract

Although it is biologically plausible, findings relating radon exposure to the risk of cerebrovascular disease (CeVD) are
inconsistent and inconclusive. To investigate whether radon exposure was associated with the risk of CeVD, we qualitatively
and quantitatively summarized the literature on radon and CeVD in both occupational and general populations. A search of
PubMed, Embase, Scopus, and Web of Science was performed for peer-reviewed articles published through March 2022.
Studies were excluded if radon exposure was not assessed separately from other ionizing radiation. In the meta-analysis,
excess relative risks (ERRs) were converted to relative risks (RRs), and the pooled RRs and 95% confidence intervals (Cls)
were determined using the random-effects model (DerSimonian and Laird). In the systematic review, nine eligible studies
were summarized. Six occupational studies indicated inconsistent associations between cumulative radon exposure and CeVD
mortality among mine workers. With available data from four updated occupational studies (99,730 mine workers and 2745
deaths), the pooled RR of radon exposure with CeVD mortality showed a non-significant association (1.10, 95% CI 0.92,
1.31). Three studies (841,270 individuals and 24,288 events) conducted in general populations consistently demonstrated
a significant inverse relationship between residential radon exposure and risk of CeVD. The existing literature suggested a
potential link between radon exposure and CeVD risk in general population. The inconsistent association in occupationally
exposed populations may be explained by different methods of radon assessment and other methodological issues. Since
radon exposure is a common public health issue, more rigorously designed epidemiologic studies, especially in the general
population are warranted.

Keywords Radon - Radon decay product - Cerebrovascular disease - Stroke - Occupational population - General
population - Meta-analysis

Introduction

Cerebrovascular disease (CeVD), with stroke being its most
common manifestation, is a health disorder of the blood ves-
sels supplying the brain (Tong et al. 2019). Clinically, CeVD
Responsible Editor: Lotfi Aleya can be further categorized into ischemic and hemorrhagic
disease (William 1996). CeVD remains a major cause of
morbidity and mortality globally (Koton et al. 2014). In
b4 Ka Kahe addition to lifestyle and genetic determinants, the impor-
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The radioactive decay of radon leads to the formation of a
set of solid radon decay products (RDPs), delivering most of
the radiologic dose by ionizing radiation of alpha particles.
For the remainder of the paper, radon refers to both radon
gas and RDPs.

Radon exposure is considered to be similar to tobacco
smoking regarding its health impact on lung cancer (Ala-
vanja 2002). Previous research has established the effect of
radon exposure on lung cancer (Field et al. 2000); however,
the potential mechanisms in relation to diseases other than
cancer, including CeVD risk, have not been completely
understood. During respiration, radon can dissolve into the
bloodstream through gas exchange, enter systemic circula-
tion, and diffuse to all tissues, particularly the liver and kid-
ney (Peterman and Perkins 1988). There are multiple path-
ways that potentially link radon exposure to the development
of CeVD: First, radon radiation induces the development of
artheromas on the arterial wall through the accumulation
of LDL particles and lipoprotein, the migration of smooth
muscle cells, and the formation of foam cells and fibrous
lesions (Johnson and Duport 2004). Fibrosis or thickening
of arteries, resulting from radon radiation, can damage the
blood vasculature (Robertson et al. 2013). Second, radon
may stimulate inflammation that leads to endothelial dam-
age and dysfunction, and consequently the development of
atherosclerosis (Little et al. 2010). Third, radon induces
the production of oxygen species (ROS) (Xin et al. 2022),
which may lead to vascular injury, inflammatory reaction,
and atherogenesis (Kattoor et al. 2017).

Although it is biologically plausible, the research has
not focused on non-cancer outcomes until recent years. In
particular, the studies on the association between radon
and CeVD are sparse, and the findings are inconsistent and
inconclusive. Therefore, we performed a systematic review
and meta-analysis to qualitatively and quantitatively sum up
the available epidemiologic evidence of CeVD outcomes
associated with radon exposure.

Methods and materials

The study implementation was guided by Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) checklist (Moher et al. 2009).

Search strategy

A thorough search for relevant peer-reviewed publica-
tions was performed in four electronic databases (Pub-
Med, Embase, Scopus, and Web of Science). Because
radon and its decay products both deliver alpha emissions,
exposure in this study consisted of both radon and RDPs.
Also, CeVD includes stroke, transient ischemic attack,
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aneurysms, vascular malformations, vascular dementia,
and subarachnoid hemorrhage (Portegies et al. 2016).
Thus, the search terms included a combination of key-
words including “radon” or “RDP” and “cerebrovascular
disease,” “stroke”, “cardiovascular disease,” “transient
ischemic attack,” “cerebral aneurysm,” “vascular malfor-
mation,” “vascular dementia,” or “subarachnoid hemor-
rhage.” The literature search was conducted from incep-
tion to March 2022. Detailed literature search strategies
in electronic databases were reported in Supplemental
Table 1.

99 <

Study selection

Study eligibility is developed based on the PECO guide-
line consisting of “population, exposure, comparator, and
outcome” (Supplemental Table 2). Studies were consid-
ered for the systematic review if they met the following
criteria: (1) published in English; (2) original studies (i.e.,
cohort, case-control, or cross-sectional studies); (3) had
radon or RDPs as the exposure; and (4) had morbidity/
mortality of CeVD/stroke reported by relative risk (RR),
hazard ratio (HR), odds ratio (OR), standard mortality rate
(SMR), or excess relative risk (ERR). We excluded the
studies if (1) they were not human studies and (2) radon
exposure was not assessed separately from other sources of
ionizing radiation. In case of multiple studies reporting the
same results of interest based on the same cohort, only the
most recent publications including the information derived
from the longest follow-up were included. Studies reported
with ERR and corresponding 95% CI were included into
meta-analysis.

Literature search results were imported to a text file. The
first reviewer (LL) screened all titles and abstracts. The sec-
ond reviewer (YZ) participated in further full text inspec-
tion. Discrepancies that arose following full-text screening
were resolved through discussion between the two review-
ers. None of the reviewers had conflicts of interest with the
relevant publications that would be included in this study.

Data collection

For each primary study identified, we extracted the fol-
lowing information: lead author, publication year, study
characteristics (e.g., region, study design, population, and
sample size), participants’ average age at study entry, follow-
up years, exposure measurement, outcomes confirmation,
exposure doses, risk estimate and the corresponding 95%
confidence intervals (Cls), and adjusted covariates in the
final model. LL collected the data from the primary studies,
and YZ provided an independent review for data accuracy.
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Quality assessment

Based on the risk of bias (ROB) rating tool for human and
animal studies developed by the National Toxicology Pro-
gram Office of Health Assessment and Translation (NTP/
OHAT) (National Toxicology Program 2015), two review-
ers (LL and YZ) assessed the ROB for each primary study
separately. The quality of each study was rated based on
seven probing questions that cover six possible domains of
bias: selection, confounding, attrition/exclusion, detection,
selective reporting, and other sources of bias. Except for
detection bias, which consists of two questions, all other
domains include one relevant question each. The scor-
ing for each question is “definitely low,” “probably low,”
“probably high,” or “definitely high.” According to the
recommendation by OHAT, we selected three questions
(one for confounding bias and two for detection bias) as
the key questions. The overall quality was measured using
3-Tier approach (National Toxicology Program 2019): Tier
1 for high quality, Tier 2 for moderate quality, and Tier 3
for low quality. A summary of the study quality using the
3-Tier approach was presented in Supplemental Table 3. A
third reviewer (KK) reconciled the disagreements.

Statistical analysis

Some primary studies reported ERR, which was cal-
culated using the linear model RR(f,w) =1+ f X w(t),
where f estimates ERR for each unit of radon exposure
and w(t) is the cumulative radon exposure at time t. ERR
was estimated using an internal Poisson regression model
with non-exposed individuals as the internal control. For
example, ERR per 100 working level months (WLM) rep-
resented the increased risk of CeVD mortality with 100
WLM radon exposure relative to the baseline CeVD mor-
tality. Because statistical methods of combining weighted
ERR have not been well established, we converted ERR
back to RR for the meta-analysis using the formula
RR = ERR + 1 (Mould 1998).

We estimated the pooled RRs (95% CI) using the Der-
Simonian and Laird random-effects model (DerSimonian
and Laird 2015). We evaluated the heterogeneity using
Cochran’s Q test and I? statistics (in forest plots) (Hig-
gins et al. 2003). A leave-one-out sensitivity analysis was
performed to determine the impact of any individual study
on the pooled estimate by excluding each single study at
a time. Egger’s regression test was conducted to evaluate
publication bias (Egger et al. 1997).

We used STATA software (version 16.0, STATA Corp.,
College Station, Texas) to conduct all of the analyses. A p
value < 0.05 was statistically significant.

Results
Study selection and characteristics

We screened 245 studies from PubMed during the first round
of literature search, of which 24 publications were selected
for full text review. We further excluded 11 studies for the
reasons indicated in Fig. 1. In addition, we identified 6 stud-
ies from Embase, Scopus, Web of Science, or the reference
lists of the published studies.

Among the 17 studies, 14 studies (7 distinctive cohorts)
were conducted in occupational populations and 3 stud-
ies were conducted in the general population. Of the 14

| 245 Related studies identified from PubMed database search

Excluded (n =151)
Not in English (» = 101)
Review, meta-analysis, letter, or abstract (rn = 26)
Case report or clinical trials (n = 10)
Not human studies (n = 14)

94 Retrieved for abstract review

Excluded after abstract review (n = 70)
Radon as a medical detection or treatment (7 =11)
Radon was not an exposure of interest (n = 38)
Not related to outcomes of interest (n = 21)

24 Identified for full-text review

Excluded after full review (n = 13)
Radon as a medical detection or treatment (n = 2)
Radon was not an exposure of interest (n = 2)
Not related to the outcomes of interest (7 = 4)
No ERRs/ORs/RRs/HRs were reported or such
information could not be derived from the publication (n
=3)
Radon exposure were not assessed separately from other
ionizing radiation (n = 2)

11 Identified after full-text review

Added from Embase, Scopus, Web of Science, or the
reference list (n = 6)

17 Studies selected |

Excluded due to multiple publications using the duplicated
dataset (n =2)

Excluded due to the previous publications with a shorter
follow-up (n = 6)

9 Studies included in the meta-analysis and systematic review
6 studies included in occupational population systematic review
4 studies included in meta-analysis
3 studies included in general population systematic review

Fig.1 The process flowchart with the main steps of the literature
screening and study selection
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occupational studies, we further excluded 8 studies because
they were published previously with a shorter follow-up on
the same cohort (Drubay et al. 2015; Kreuzer et al. 2006,
2010; Lane et al. 2010; Nusinovici et al. 2010; Rage et al.
2015) or using the duplicated database (Kreuzer et al. 2015;
Zablotska et al. 2013). Thus, six occupational studies and
three residential studies were summarized in the systematic
review. Finally, four studies reporting ERR and correspond-
ing 95% CI were included into meta-analysis (Kreuzer et al.
2013; Navaranjan et al. 2016; Rage et al. 2018; Zablotska
et al. 2018) (Fig. 1).

Study characteristics

These studies comprised data from cohort studies conducted
in Canada (Navaranjan et al. 2016; Villeneuve et al. 2007),
China (Xuan et al. 1993), France (Rage et al. 2018), Ger-
many (Kreuzer et al. 2013), South Korea (Kim et al. 2020),
and the USA (Klotz et al. 1989; Turner et al. 2012a). One
study was a pooled analysis of Canadian and German mining
workers without underground experience (Zablotska et al.
2018). The sample size of a single study ranged from 752
(Klotz et al. 1989) to 811,961 (Turner et al. 2012a). The
length of follow-up ranged from 11 (Xuan et al. 1993) to 62
(Kreuzer et al. 2013) years (Tables 1 and 2).

Quality assessment

We summarized the ROB assessment for each study in Sup-
plemental Table 3. Overall, we judged the quality of all
included studies as moderate quality (Tier 2).

Occupational population
Systematic review

Among occupational studies, a recent study from French
cohort with a follow-up from 1946 to 2007 of 5400 male ura-
nium miners revealed that radon exposure was related to an
increased risk of CeVD mortality (ERR/100 WLM =0.42,
95% CI 0.04, 1.04) (Rage et al. 2018). The positive asso-
ciation between radon exposure and CeVD mortality was
confirmed in a Chinese historic cohort (1976-1987) con-
sisting of 17,143 tin workers (Nceyp dgearh = 302) (Xuan et al.
1993). When participants were separated into three groups
depending on radon exposure levels (low, medium and high),
there was a significant increase in CeVD mortality cross
groups (RR,,, =1.0, RR =1.1, and RRy;;4 =1.3; p for
trend < 0.001).

In contrast, studies conducted in Canada and Germany
did not show a significant correlation between radon expo-
sure and CeVD mortality. A Canadian study in Newfound-
land fluorspar cohort (1950-2001), including 2070 workers

medium
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(1742 underground mine workers and 328 surface mill
workers, Neeyp geath =48), found no significant associa-
tion (RR=0.49, 95% CI: 0.18, 1.34), comparing the high-
est (800-1600 WLM) to the lowest radon exposure level
(0 WLM) (Villeneuve et al. 2007). The other Canadian
study in 28,456 male miners in Ontario examined CeVD
mortality in relation to radon exposure from 1950 to 2007
(NcevD deah =315) (Navaranjan et al. 2016), and a non-sig-
nificant association was observed (ERR/100 WLM =0.22,
95% CI-0.12, 0.58) (Navaranjan et al. 2016). Similarly,
in the most recent study from the German Wismut cohort
of 58,982 male uranium miners (Ngeyp gean = 2073), radon
exposure was not shown to be associated with CeVD mor-
tality during the follow-up from 1946 to 2008 (ERR/100
WLM =0.000, 95% CI—0.008, 0.009) (Kreuzer et al. 2013).
In addition, one study pooled data from the Canadian Port
Hope and German Wismut cohorts, including 6802 male
workers without mining experience (Ny,ore death = 252)
(Zablotska et al. 2018), and found no significant association
of radon exposure with stroke mortality (ERR = —0.07, 95%
CI-0.40, 0.52).

Meta-analysis

Given the conflicting results from the aforementioned occu-
pational cohorts (Table 1), we performed a meta-analysis on
four studies with available data (Kreuzer et al. 2013; Nav-
aranjan et al. 2016; Rage et al. 2018; Zablotska et al. 2018).
The final dataset comprised 99,730 male miners and/or
workers without mining experience (Ngeyp gearn = 2745) With
a follow-up duration ranging from 49 (Zablotska et al. 2018)
to 62 (Kreuzer et al. 2013; Zablotska et al. 2018) years. The
mean radon exposure level ranged from 10 WLM (Zablotska
et al. 2018) to 280 WLM (Kreuzer et al. 2013).

The weighted RR indicated that radon exposure was
not associated with CeVD mortality (Pooled RR/100
WLM=1.10,95% C10.92, 1.31; Fig. 2). The result of Egg-
er’s test revealed no evidence of publication bias (p =0.282).
In the leave-one-out sensitivity analysis, no single study had
a substantial influence on the pooled estimate (Supplemental
Table 4). Notably, in the three cohorts comprising miners
only, the pooled estimates were not substantially modified
(RR: 1.14;95% C1 0.92, 1.42; Fig. 3).

General population

A total of three studies were conducted in the general popu-
lation with two cohort studies assessing CeVD mortality
and one cross-sectional study assessing the prevalence of
stroke attributed to radon. Unlike occupational studies that
included primarily male workers, studies in general popu-
lation consisted of both male and female individuals. The
sample size ranged from 752 to 811,961. The follow-up time
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of the two cohort studies was 24 (Turner et al. 2012a) and
60 years (Klotz et al. 1989).

As early as 1980s, investigators recognized the potential
health hazards of elevated radon exposure from industri-
ally contaminated soil (Klotz et al. 1989). In a residential
cohort of 752 individuals (Nceyp gearn = 18) in New Jersey,
an increased death rate for CeVD was observed as com-
pared to the mortality of New Jersey’s general population
(SMR=1.71; 95% CI 1.01, 2.59; Table 2) (Klotz et al.
1989).

According to a nationwide cohort study (811,961 indi-
viduals, Neeyp dgeath = 23,344) conducted by the American
Cancer Society (ACS), the association between residential
radon exposure at the county-level and CeVD mortality (per
100 Bg/m?) was either borderline significant (HR =1.05,
95% CI1 0.99, 1.10) or significant (HR=1.07, 95% CI 1.01,
1.14), depending on the data sources of county-level radon
exposure (Table 2) (Turner et al. 2012a).

Additionally, in a nationwide cross-sectional study con-
ducted among 28,557 (Noke death = 926) South Koreans, a
significant increase in the prevalence of stroke was observed
among residents living in houses with elevated indoor radon
levels at the major city/province level (Bq/m?) from 2012 to
winter 2016 (<83.4: 1.7%; 83.5-100.7: 1.8%; 100.8-111.6:
3.0%;>111.7;3.0%) (Kim et al. 2020). After accounting for
house income, smoking, alcohol consumption, etc., indoor
radon exposure was reported to be positively associated with
the risk of stroke (OR=1.24,95% CI 1.07, 1.44), especially
in the elderly aged above 75 (OR=1.87,95% CI 1.32, 2.65)
(Table 2) (Kim et al. 2020).

pation, smoking

alcohol, exer-
cise, and dietary

education, occu-
intake

sion, diabetes,

dyslipidemia,
ischemic heart

disease, BMI,
house income,

Adjusted covari-
hyperten-

ates
Age, sex,

0.05)

Age>75:1.872
(1.320-2.654)

(»0.01)

(95% CI): All:
1.242 (1.069—

Nstrokc =926 OR
1.444) (p

Exposure doses Risk estimates

103.1 Bg/m®

mation

Medical ques-
tionnaires,
physical
examination,
serologic tests
and provided
by participants

Exposure assess- Outcome confir-

ment
Alpha track
detector

Discussion

Age“, y Follow-up, y
NA

58.7

Among the occupational population, although the existing
literature included in the systematic review does not provide
consistent evidence establishing a link between cumulative
radon exposure and increased CeVD mortality, the pooled
results of the meta-analysis from four occupational stud-
ies indicate a non-significant association of radon exposure
with CeVD mortality. For the general population, published
investigations consistently suggest that residential radon
exposure is related to an increased CeVD risk.

While this systematic review and meta-analysis provides
first-hand evidence of a potential link between radon expo-
sure and CeVD risk, several limitations should be acknowl-
edged. First, the outcome definition is not strictly consistent.
We combined studies with CeVD or stroke as the outcome
given that stroke is the most common manifestation of
CeVD (Portegies et al. 2016) and the limited number of
studies. Six of the included studies reported CeVD that was
identified by different versions of the International Classifi-
cation of Diseases (ICD) codes (e.g., ICD-8: 430-438; ICD-
9: 430-438; ICD-10: 160-169). Additionally, CeVD/stroke

N of partici-
pants

Study design

Region

BMI, body mass index; CI, confidence interval; CSD, circulatory system disease; CeVD, cerebrovascular disease; /HD, ischemic heart disease; HR, hazard ratio; LBL, the Lawrence Berkeley

National Laboratory; N, number; NA, not available; OR, odds ratio; SMR, standardized mortality ratio; USA, the United States of America; WLM, working-level month; Y, year

Kim et al. 2020  South Korea Cross-sectional 28,557

Table 2 (continued)
“Mean age at employment

Author (year)
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Fig.2 Pooled RR (95% CI) Study Region RR (95% Cl) Weight, %
of CeVD mortality associated
with radon exposure in four ;
occupational studies. Solid dots Rage et al. (2018) France ———— 1.42(1.01,1.99) 17.54
(o) represent the RRs reported
in individual studies, while the Zablotska et al. (2018) Canada & Germany —_— 0.93 (0.58, 1.48) 11.03
open diamonds (<) signify the !
pooled RRs estimated in the Navaranjan et al. (2016) Canada e 1.22 (0.91, 1.63) 20.89
meta-analysis. Horizontal lines :
indicate 95% Cls for the study- Kreuzer et al. (2013) Germany ;! 1.00 (0.99,1.01)  50.53
specific RRs '

Pooled RR <i> 110(0.92,1.31)  100.00

Heterogeneity (I-squared = 50.2%, p = 0.111) :

T T T T
0.25 0.5 1 2 4
Fig.3 Pooled RR (95% CI) Study Region RR (95% Cl) Weight, %
of CeVD mortality associated
with radon exposure in three ;
miner studies. Solid dots (e) Rage et al. (2018) France —_— 1.42 (1.01, 1.99) 23.07
represent the RRs reported in :
individual studies, while the Navaranjan etal. (2016)  Canada — 122(0.91,163) 2661
open diamonds () signify the ;
pooled RRs estimated in the : 5032
meta-analysis. Horizontal lines Kreuzer et al. (2013) Germany ' 1.00 (0.99, 1.01) .
indicate 95% ClIs for the study- 0
specific RRs Pooled RR L 1.14(0.92,1.42)  100.00
Heterogeneity (I-squared = 66.3%, p = 0.052) E
T T : T T
.2 5 1 2 4

was reported without the ICD identification in the Korea
(Kim et al. 2020) and New Jersey studies (Klotz et al. 1989),
whereas the Chinese cohort identified CeVD based on the
Chinese Health Ministry coding system (no code reported)
(Xuan et al. 1993). Second, because of the limited number
of eligible studies in the meta-analysis, we were not able to
explore the impact of types of workers (i.e., underground
experience yes vs. no) or any dose—response relationship.
Third, analyses were restricted to male individuals due to
the limit number of female workers in these occupational
cohorts, which may pose an issue of limited generalizability.
Fourth, some established risk factors or predictors for CeVD
(e.g., hypertension, hypercholesterolemia, smoking, or alco-
hol consumption) were not adjusted in most of the studies.
For example, the covariate of smoking status was adjusted
in only one occupational study (Villeneuve et al. 2007) and
in two general population studies (Kim et al. 2020; Turner
et al. 2012a).

Given the inconsistent findings from the occupational
studies, some methodological issues merit discussion. Rec-
ognized by previous studies, some biases inherited from
occupational studies (Pearce et al. 2007) may attenuate any

possible relation between radon exposure and CeVD risk.
Since radon enters the lung first and then the blood stream
via gas exchange, the dosage received by the blood and
vessels is lower than that by the lung (National Research
Council, 1999). Radon exposure has been shown to raise
the risk of lung cancer and lung cancer mortality in min-
ers (Al-Zoughool and Krewski 2009). The null associations
observed in some occupational cohorts may be due to the
competing risk of lung cancer, for example, miners may have
died from lung cancer or related health conditions before the
onset of CeVD. Especially among elderly individuals, the
competing risk can bias the mortality estimate because of the
fact that elderly population frequently suffers from multiple
morbidities (Abdel-Qadir et al. 2018).

In addition, although the “heathy hire effect,” one subtype
of “healthy worker effect (HWE),” resulting from healthy
individuals at better chance for employment was controlled
to some extent in the included studies by using the internal
controls; other subtypes of HWE remained. For instance,
“healthy worker survivor effect” arises when the employ-
ment duration of workers is dependent on their health sta-
tus (Shah 2009). Therefore, workers who received different
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levels of radon exposure may have different prognostic risk
for chronic diseases. Another phenomenon is the “beneficial
effect of work” (Shah 2009) including the potential for more
rigorous disease screening and safety intervention, which
may lead to the decreased disease risk and thus attenuation
of the association of interest.

Notably, cause-specific mortality was not available from
several studies that reported SMR because the radon expo-
sure could not be completely isolated from other radiation
exposures such as gamma radiation, diesel exhaust, and
silica dust. Also, the mortality rates of certain occupational
cohorts were compared with the overall death rates of the
general public; studies using external controls are in general
suffering from “healthy hire bias.”

Moreover, measurement error or bias may arise when
personal radon exposure was not directly measured. In most
occupational cohort studies, radon measurements were ret-
rospectively estimated based on the mean radon concen-
tration of the mine or processing facility and individuals’
working history. Of note, the radon exposure assessment
in the French cohort was more precise (Rage et al. 2018).
Since 1956, individual dosimetric measurement records for
radon exposure were available monthly, along with the loca-
tion, period, and type of work for each miner. Post 1983,
the measurement was further improved by utilizing personal
dosimetry.

Another potential source of bias is the choice of lag time,
the latent period between the initial exposure and the onset
of disease. Assuming there is no between-individual vari-
ation in terms of the lag periods, two standard approaches
were commonly used to determine a fixed lag time from a
number of lag periods (e.g., 5, 10, 15, and 20 years) (Rich-
ardson et al. 2011): (1) the one that maximizes the effect
estimate; or (2) best goodness of fit. Among our included
studies, the French cohort (Rage et al. 2018) and Chinese
cohort (Xuan et al. 1993) studies selected 5 years as the lag
time without accounting for other lag periods while other
studies tested a variety of options although differences

Fig.4 Pooled RR (95% CI) of Study
CeVD mortality associated with
similar radon exposure in three
studies. Solid dots () represent
the RRs reported in individual
studies, while the open dia-
monds (>) signify the pooled
RRs estimated in the meta-anal-
ysis. Horizontal lines indicate
95% Cls for the study-specific
RRs. CeVD, cerebrovascular
disease; CI, confidence interval;
RR, relative risk

Rage et al. (2018)

Zablotska et al. (2018)

Navaranjan et al. (2016)

Pooled RR

Region

France

Canada & Germany

Heterogeneity (I-squared = 4.3%, p = 0.352)

between models were minimal. However, all studies were
based on the single lag time assumption, which may not be
plausible. Some researchers proposed the likelihood-based
approach which may potentially reduce the bias arising from
the standard approaches.

In our meta-analysis, bias could also arise due to analyti-
cal issues in the calculation of 95% CI of ERR. The esti-
mation of CIs in the ERR model is prone to errors due to
measurement errors of the radon exposure (independent or
correlated) (Zhang et al. 2017). The correction methods such
as regression calibration and Monte Carlo method (Zhang
et al. 2017) appear to be indispensable. Nevertheless, none
of the included studies have reported the correction of Cls,
which may have led to some uncertainties in our pooled RR.
In addition, the ERR model fitted with Poisson regression
assumed a linear association between exposure and disease
mortality (Lee 2015). While this assumption is reasonable,
a non-linear pattern or dose rate effect (Lubin et al. 1995)
is also possible when the radon exposure levels are rela-
tively high such as the values observed in the occupational
studies. Among the studies included in the meta-analysis,
the mean radon exposures were 10.0 WLM (Canadian and
German non miners) (Zablotska et al. 2018), 21.0 WLM
(Canadian miners) (Navaranjan et al. 2016), 35.1 WLM
(French miners) (Rage et al. 2018), and 280 WLM (German
miners) (Kreuzer et al. 2006, 2013). We therefore observed
the pooled RR to be borderline significant by excluding the
German-miner study, in which the mean WLM was sub-
stantially higher than that in other studies, in the sensitivity
analysis (RR=1.223, 95% CI 0.996, 1.500; Fig. 4).

A few points are worth discussion in the studies of gen-
eral population. Ecologic measures of radon exposure may
not be reflective of exposure estimates at the level of the
individual (e.g., ecologic fallacy) especially if geographic
areas are included that exhibit wide variations in radon expo-
sure within the geographic areas (Puskin 2003). While the
ACS study relied on more sophisticated measures of county-
level radon exposure (Turner et al. 2012a), the ecologic

RR (95% CI) Weight, %
: — 1.42(1.01, 1.99) 35.18
—_— 0.93 (0.58, 1.48) 18.91
Canada - 1.22(0.91, 1.63) 45.91

1.22(1.00, 1.50) 100.00
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assessment of indoor radon level in the South Korean study
(Kim et al. 2020) was based on the average radon concentra-
tion at a major city or province level.

The study using ACS cohort reported two HRs resulting
from different methods assessing the county-level ecologi-
cal radon exposure (Turner et al. 2012a): methods devel-
oped by Lawrence Berkeley National Laboratory (LBL)
(Price and Nero 1996) and by Cohen (Cohen 1992, 1995).
Investigators reported the LBL-HRs in the main analysis
(Turner et al. 2012a), partially because of a larger sample
size; Cohen excluded three states, California, Arizona, and
Florida, that have high population migration (Cohen 1995).
We reasonably argued that Cohen-HRs should also be high-
lighted because the LBL-HRs may have been diluted due
to the random variation introduced by those three states.
Similarly, in the Medicare beneficiaries cohort study inves-
tigating the association of radon exposure at a county-level
with all-cause mortality risk, whether the mortality risk was
modified by patients with stroke varied by method of radon
measurements (Yitshak-Sade et al. 2019). In addition, the
measurement errors associated with both measures of eco-
logical radon exposure such as seasonal/yearly variation or
within-county variations may bias the association towards
the null (Turner et al. 2012b).

Although research was primarily conducted in the occu-
pational settings, we contend that residential radon should
be emphasized due to the large population at risk. In studies
of the general population, although the heterogeneity across
studies may affect the results to some extent, the consistent
findings shed some light on the risk of prolonged indoor radon
exposure. Also, according to the Environmental Protection
Agency (EPA) risk estimates from 1995, nearly one out of
every 15 homes in the USA has radon concentration above the
EPA’s action level (>4 pCi/L) (United States Environmental
Protection Agency, 2020), and there are more homes in need
of radon mitigation than there were 25 years ago (Field 2012).

Conclusion

In summary, the association of radon exposure with CeVD
mortality in occupational cohorts is inconsistent, which may
be explained by different methods of radon exposure assess-
ment and other methodological issues. By contrast, although
studies are limited, findings from the general population
suggested that residential radon exposure is a potential risk
factor for CeVD. While ecologic studies are useful for gen-
erating hypotheses, the scientific rigor of the general popu-
lation studies could be substantially improved by linking
individual level assessments of retrospective radon exposure
with CeVD outcomes. Since radon exposure is a common
public health issue, more rigorously designed epidemiologic
studies, especially in the general population are warranted.

Abbreviations ACS: American Cancer Society; CeVD: Cerebrovascu-
lar disease; CI: Confidence interval; EPA: Environmental Protection
Agency; ERR: Excess relative risk; HR: Hazard ratio HWE: Healthy
worker effect; ICD: International Classification of Diseases; LBL: Law-
rence Berkeley National Laboratory; N: Number; NTP/OHAT: The
National Toxicology Program Office of Health Assessment and Trans-
lation; OR: Odds ratio; RDP: Radon decay products; ROB: Risk of
bias; ROS: Reactive oxygen species; RR: Relative risk; SMR: Standard
mortality rate; WLM: Working level months

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-022-20241-x.

Author contribution Liping Lu substantially contributed to study design,
literature review and study selection, data collection, drafting the original
work, and revising the draft critically. Yijia Zhang was responsible for
literature screening, data validation, statistical analyses, data interpreta-
tion, and drafting the original work. Cheng Chen reviewed and revised
the manuscript critically. Robert William Field obtained the funding,
reviewed and revised the manuscript critically. Ka Kahe obtained the
funding, generated the investigation idea, revised the manuscript criti-
cally, and supervised the entire project. Liping Lu and Yijia Zhang made
equally valuable contributions to this study and served as co-first authors.

Funding This research was funded by a grant from the US National
Institute of Health (RO1NS122449) PIs: Ka Kahe and Robert William
Field.

Data availability All the STATA codes for performing the analyses and
generating the results are available upon request.

Declarations

Ethics approval and consent to participate Not applicable.

Consent for publication The final version of the manuscript was
reviewed and approved by all authors.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visithttp://creativecommons.org/licenses/by/4.0/.

References

Abdel-Qadir H, Fang J, Lee DS, Tu JV, Amir E, Austin PC, Anderson
GM (2018) Importance of considering competing risks in time-to-
event analyses: application to stroke risk in a retrospective cohort
study of elderly patients with atrial fibrillation. Circ Cardiovasc
Qual Outcomes 11:¢004580. https://doi.org/10.1161/circoutcom
es.118.004580

@ Springer


https://doi.org/10.1007/s11356-022-20241-x
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1161/circoutcomes.118.004580
https://doi.org/10.1161/circoutcomes.118.004580

45042

Environmental Science and Pollution Research (2022) 29:45031-45043

Al-Zoughool M, Krewski D (2009) Health effects of radon: a review of
the literature. Int J Radiat Biol 85:57-69. https://doi.org/10.1080/
09553000802635054

Alavanja MC (2002) Biologic damage resulting from exposure to
tobacco smoke and from radon: implication for preventive inter-
ventions. Oncogene 21:7365-7375. https://doi.org/10.1038/sj.
onc.1205798

Cohen BL (1992) Compilation and integration of studies of radon lev-
els in U.S. homes by states and counties. Crit Rev Environ Control
22:243-364. https://doi.org/10.1080/10643389209388437

Cohen BL (1995) Test of the linear-no threshold theory of radiation
carcinogenesis for inhaled radon decay products. Health Phys
68:157-174. https://doi.org/10.1080/10643389209388437

DerSimonian R, Laird N (2015) Meta-analysis in clinical trials revis-
ited. Contemp Clin Trials 45:139-145. https://doi.org/10.1016/j.
cct.2015.09.002

Drubay D, Caér-Lorho S, Laroche P, Laurier D, Rage E (2015) Mortal-
ity from circulatory system diseases among French uranium min-
ers: a nested case-control study. Radiat Res 183:550-562. https://
doi.org/10.1667/rr13834.1

Egger M, Davey Smith G, Schneider M, Minder C (1997) Bias in meta-
analysis detected by a simple, graphical test. BMJ 315:629-634.
https://doi.org/10.1136/bm;j.315.7109.629

Field RW, Steck DJ, Smith BJ, Brus CP, Fisher EL, Neuberger JS, Platz
CE, Robinson RA, Woolson RF, Lynch CF (2000) Residential
radon gas exposure and lung cancer: the lowa radon lung cancer
study. Am J Epidemiol 151:1091-1102. https://doi.org/10.1093/
oxfordjournals.aje.a010153

Field B (2012) The radon threat is still with us. The New York Times.
https://www.nytimes.com/2012/03/29/opinion/the-radon-threat-
is-still-with-us.html. Accessed 10 September 2021

Higgins JP, Thompson SG, Deeks JJ, Altman DG (2003) Measuring
inconsistency in meta-analyses. BMJ 327:557-560. https://doi.
org/10.1136/bm;j.327.7414.557

Johnson JR, Duport P (2004). Cardiovascular mortality caused by
exposure to radon. Presentation at the 11th International Congress
of the International Radiation Protection Association pp. 23-28.

Kattoor AJ, Pothineni NVK, Palagiri D, Mehta JL (2017) Oxidative
stress in atherosclerosis. Curr Atheroscler Rep 19:42. https://doi.
org/10.1007/s11883-017-0678-6

Kim SH, Park JM, Kim H (2020) The prevalence of stroke according
to indoor radon concentration in South Koreans: nationwide cross
section study. Medicine 99:e18859. https://doi.org/10.1097/md.
0000000000018859

Klotz JB, Petix JR, Zagraniski RT (1989) Mortality of a residential
cohort exposed to radon from industrially contaminated soil. Am
J Epidemiol 129:1179-1186. https://doi.org/10.1093/oxfordjour
nals.aje.al 15239

Koton S, Schneider AL, Rosamond WD, Shahar E, Sang Y, Gottesman
RF, Coresh J (2014) Stroke incidence and mortality trends in US
communities, 1987 to 2011. JAMA 312:259-268. https://doi.org/
10.1001/jama.2014.7692

Kreuzer M, Kreisheimer M, Kandel M, Schnelzer M, Tschense A,
Grosche B (2006) Mortality from cardiovascular diseases in the
German uranium miners cohort study, 1946-1998. Radiat Environ
Biophys 45:159-166. https://doi.org/10.1007/s00411-006-0056-1

Kreuzer M, Grosche B, Schnelzer M, Tschense A, Dufey F, Walsh L
(2010) Radon and risk of death from cancer and cardiovascular
diseases in the German uranium miners cohort study: follow-up
1946-2003. Radiat Environ Biophys 49:177-185. https://doi.org/
10.1007/s00411-009-0249-5

Kreuzer M, Dufey F, Sogl M, Schnelzer M, Walsh L (2013) External
gamma radiation and mortality from cardiovascular diseases in
the German WISMUT uranium miners cohort study, 1946-2008.

@ Springer

Radiat Environ Biophys 52:37-46. https://doi.org/10.1007/
s00411-012-0446-5

Kreuzer M, Dufey F, Laurier D, Nowak D, Marsh JW, Schnelzer M,
Sogl M, Walsh L (2015) Mortality from internal and external
radiation exposure in a cohort of male German uranium millers,
1946-2008. Int Arch Occup Environ Health 88:431-441. https://
doi.org/10.1007/s00420-014-0973-2

Lane RS, Frost SE, Howe GR, Zablotska LB (2010) Mortality (1950—
1999) and cancer incidence (1969-1999) in the cohort of Eldo-
rado uranium workers. Radiat Res 174:773-785. https://doi.org/
10.1667/r12237.1

Lee W-C (2015) Excess relative risk as an effect measure in case-
control studies of rare diseases. PLoS ONE 10:e0121141. https://
doi.org/10.1371/journal.pone.0121141

Little MP, Tawn EJ, Tzoulaki I, Wakeford R, Hildebrandt G, Paris
F, Tapio S, Elliott P (2010) Review and meta-analysis of epide-
miological associations between low/moderate doses of ionizing
radiation and circulatory disease risks, and their possible mecha-
nisms. Radiat Environ Biophys 49:139-153. https://doi.org/10.
1007/s00411-009-0250-z

Lubin JH, Boice JD Jr, Edling C, Hornung RW, Howe G, Kunz E,
Kusiak RA, Morrison HI, Radford EP, Samet JM et al (1995)
Radon-exposed underground miners and inverse dose-rate (pro-
traction enhancement) effects. Health Phys 69:494-500. https://
doi.org/10.1097/00004032-199510000-00007

Moher D, Liberati A, Tetzlaff J, Altman DG (2009) Preferred report-
ing items for systematic reviews and meta-analyses: the PRISMA
statement. BMJ 339:b2535. https://doi.org/10.1136/bm;j.b2535

Mould RF (1998) Introductory medical statistics, 3rd edn. CRC Press,
Boca Raton

National Research Council (1999) Health effects of exposure to radon:
BEIR VI. National Academies Press (US)

National Toxicology Program (2019) Handbook for conducting a lit-
erature-based health assessment using OHAT approach for sys-
tematic review and evidence integration. https://ntp.niehs.nih.gov/
ntp/ohat/pubs/handbookjan2015_508.pdf. Accessed 6 Mar 2022.

National Toxicology Program (2015) OHAT risk of bias rating tool
for human and animal studies. https://ntp.niehs.nih.gov/ntp/ohat/
pubs/riskofbiastool_508.pdf. Accessed 21 June 2021.

Navaranjan G, Berriault C, Do M, Villeneuve PJ, Demers PA (2016)
Cancer incidence and mortality from exposure to radon progeny
among Ontario uranium miners. Occup Environ Med 73:838-845.
https://doi.org/10.1136/0oemed-2016-103836

Nusinovici S, Vacquier B, Leuraud K, Metz-Flamant C, Caér-Lorho
S, Acker A, Laurier D (2010) Mortality from circulatory system
diseases and low-level radon exposure in the French cohort study
of uranium miners, 1946-1999. Scand J Work Environ Health
36:373-383. https://doi.org/10.5271/sjweh.2896

Pearce N, Checkoway H, Kriebel D (2007) Bias in occupational epi-
demiology studies. Occup Environ Med 64:562-568. https://doi.
org/10.1136/0em.2006.026690

Peterman BF, Perkins CJ (1988) Dynamics of radioactive chemically
inert gases in the human body. Radiat Prot Dosimetry 22:5-12.
https://doi.org/10.1093/oxfordjournals.rpd.a08008 1

Portegies MLP, Koudstaal PJ, Ikram MA (2016) Chapter 14 - Cer-
ebrovascular disease. In: Aminoff MJ, Boller F, Swaab DF (eds)
Handbook of clinical neurology. Elsevier, pp 239-261

Price P, Nero A (1996) Joint analysis of long-and short-term radon
monitoring data from the Northern US. Environ Int 22:699-714.
https://doi.org/10.1016/S0160-4120(96)00173-0

Puskin JS (2003) Smoking as a confounder in ecologic correlations of
cancer mortality rates with average county radon levels. Health
Phys 84:526-532. https://doi.org/10.1097/00004032-20030
4000-00012


https://doi.org/10.1080/09553000802635054
https://doi.org/10.1080/09553000802635054
https://doi.org/10.1038/sj.onc.1205798
https://doi.org/10.1038/sj.onc.1205798
https://doi.org/10.1080/10643389209388437
https://doi.org/10.1080/10643389209388437
https://doi.org/10.1016/j.cct.2015.09.002
https://doi.org/10.1016/j.cct.2015.09.002
https://doi.org/10.1667/rr13834.1
https://doi.org/10.1667/rr13834.1
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.1093/oxfordjournals.aje.a010153
https://doi.org/10.1093/oxfordjournals.aje.a010153
https://www.nytimes.com/2012/03/29/opinion/the-radon-threat-is-still-with-us.html
https://www.nytimes.com/2012/03/29/opinion/the-radon-threat-is-still-with-us.html
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1007/s11883-017-0678-6
https://doi.org/10.1007/s11883-017-0678-6
https://doi.org/10.1097/md.0000000000018859
https://doi.org/10.1097/md.0000000000018859
https://doi.org/10.1093/oxfordjournals.aje.a115239
https://doi.org/10.1093/oxfordjournals.aje.a115239
https://doi.org/10.1001/jama.2014.7692
https://doi.org/10.1001/jama.2014.7692
https://doi.org/10.1007/s00411-006-0056-1
https://doi.org/10.1007/s00411-009-0249-5
https://doi.org/10.1007/s00411-009-0249-5
https://doi.org/10.1007/s00411-012-0446-5
https://doi.org/10.1007/s00411-012-0446-5
https://doi.org/10.1007/s00420-014-0973-2
https://doi.org/10.1007/s00420-014-0973-2
https://doi.org/10.1667/rr2237.1
https://doi.org/10.1667/rr2237.1
https://doi.org/10.1371/journal.pone.0121141
https://doi.org/10.1371/journal.pone.0121141
https://doi.org/10.1007/s00411-009-0250-z
https://doi.org/10.1007/s00411-009-0250-z
https://doi.org/10.1097/00004032-199510000-00007
https://doi.org/10.1097/00004032-199510000-00007
https://doi.org/10.1136/bmj.b2535
https://ntp.niehs.nih.gov/ntp/ohat/pubs/handbookjan2015_508.pdf
https://ntp.niehs.nih.gov/ntp/ohat/pubs/handbookjan2015_508.pdf
https://ntp.niehs.nih.gov/ntp/ohat/pubs/riskofbiastool_508.pdf
https://ntp.niehs.nih.gov/ntp/ohat/pubs/riskofbiastool_508.pdf
https://doi.org/10.1136/oemed-2016-103836
https://doi.org/10.5271/sjweh.2896
https://doi.org/10.1136/oem.2006.026690
https://doi.org/10.1136/oem.2006.026690
https://doi.org/10.1093/oxfordjournals.rpd.a080081
https://doi.org/10.1016/S0160-4120(96)00173-0
https://doi.org/10.1097/00004032-200304000-00012
https://doi.org/10.1097/00004032-200304000-00012

Environmental Science and Pollution Research (2022) 29:45031-45043

45043

Rage E, Caér-Lorho S, Drubay D, Ancelet S, Laroche P, Laurier D
(2015) Mortality analyses in the updated French cohort of ura-
nium miners (1946-2007). Int Arch Occup Environ Health
88:717-730. https://doi.org/10.1007/s00420-014-0998-6

Rage E, Caér-Lorho S, Laurier D (2018) Low radon exposure and
mortality among Jouac uranium miners: an update of the French
cohort (1946-2007). J Radiol Prot 38:92-108. https://doi.org/10.
1088/1361-6498/aa8d97

Reis J, Giroud M, Kokubo Y (2018) Environmental risk factors for
stroke and cardiovascular disease. Encyclopedia of Cardiovascular
Research and Medicine 238-247. https://doi.org/10.1016/B978-
0-12-809657-4.64111-X

Richardson DB, Cole SR, Chu H, Langholz B (2011) Lagging expo-
sure information in cumulative exposure-response analyses. Am
J Epidemiol 174:1416-1422. https://doi.org/10.1093/aje/kwr260

Robertson A, Allen J, Laney R, Curnow A (2013) The cellular and
molecular carcinogenic effects of radon exposure: a review. Int J
Mol Sci 14:14024-14063. https://doi.org/10.3390/ijms 140714024

Shah D (2009) Healthy worker effect phenomenon. Indian J Occup
Environ Med 13:77-79. https://doi.org/10.4103/0019-5278.55123

Tong X, Yang Q, Ritchey MD, George MG, Jackson SL, Gillespie C,
Merritt RK (2019) The burden of cerebrovascular disease in the
United States. Prev Chronic Dis 16:E52. https://doi.org/10.5888/
pcd16.180411

Turner MC, Krewski D, Chen Y, Pope CA 3rd, Gapstur SM, Thun
MIJ (2012a) Radon and nonrespiratory mortality in the American
Cancer Society cohort. Am J Epidemiol 176:808-814. https://doi.
org/10.1093/aje/kws 198

Turner MC, Krewski D, Chen Y, Pope CA 3rd, Gapstur SM, Thun
MJ (2012b) Radon and COPD mortality in the American Cancer
Society Cohort. Eur Respir J 39:1113-1119. https://doi.org/10.
1183/09031936.00058211

United States Environmental Protection Agency (2020) Radon in
homes, schools and buildings. https://www.epa.gov/radtown/
radon-homes-schools-and-buildings. Accessed 4 August 2021.

Villeneuve PJ, Lane RS, Morrison HI (2007) Coronary heart disease
mortality and radon exposure in the Newfoundland fluorspar min-
ers’ cohort, 1950-2001. Radiat Environ Biophys 46:291-296.
https://doi.org/10.1007/s00411-007-0108-1

World Health Organization (2009) WHO handbook on indoor radon:
a public health perspective. World Health Organization, Geneva

William BT (1996) Cerebrovascular disease. Vet Clin North Am Small
Anim Pract 26:925-943. https://doi.org/10.1016/S0195-5616(96)
50112-9

Xin L, Sun J, Zhai X, Chen X, Wan J, Tian H (2022) Repeated radon
exposure induced lung damage via oxidative stress-mediated
mitophagy in human bronchial epithelial cells and mice. Environ
Toxicol Pharmacol 90:103812. https://doi.org/10.1016/j.etap.
2022.103812

Xuan XZ, Lubin JH, LiJY, Yang LF, Luo AS, Lan Y, Wang JZ, Blot
WI (1993) A cohort study in southern China of tin miners exposed
to radon and radon decay products. Health Phys 64:120-131.
https://doi.org/10.1097/00004032-199302000-00001

Yitshak-Sade M, Blomberg AJ, Zanobetti A, Schwartz JD, Coull BA,
Kloog I, Dominici F, Koutrakis P (2019) County-level radon
exposure and all-cause mortality risk among Medicare benefi-
ciaries. Environ Int 130:104865. https://doi.org/10.1016/j.envint.
2019.05.059

Zablotska LB, Lane RS, Frost SE (2013) Mortality (1950-1999) and
cancer incidence (1969—-1999) of workers in the Port Hope cohort
study exposed to a unique combination of radium, uranium and
y-ray doses. BMJ Open 3:¢002159. https://doi.org/10.1136/bmjop
en-2012-002159

Zablotska LB, Fenske N, Schnelzer M, Zhivin S, Laurier D, Kreuzer
M (2018) Analysis of mortality in a pooled cohort of Canadian
and German uranium processing workers with no mining experi-
ence. Int Arch Occup Environ Health 91:91-103. https://doi.org/
10.1007/s00420-017-1260-9

Zhang Z, Preston DL, Sokolnikov M, Napier BA, Degteva M, Moroz
B, Vostrotin V, Shiskina E, Birchall A, Stram DO (2017) Correc-
tion of confidence intervals in excess relative risk models using
Monte Carlo dosimetry systems with shared errors. PLoS ONE
12:e0174641. https://doi.org/10.1371/journal.pone.017464 1

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s00420-014-0998-6
https://doi.org/10.1088/1361-6498/aa8d97
https://doi.org/10.1088/1361-6498/aa8d97
https://doi.org/10.1016/B978-0-12-809657-4.64111-X
https://doi.org/10.1016/B978-0-12-809657-4.64111-X
https://doi.org/10.1093/aje/kwr260
https://doi.org/10.3390/ijms140714024
https://doi.org/10.4103/0019-5278.55123
https://doi.org/10.5888/pcd16.180411
https://doi.org/10.5888/pcd16.180411
https://doi.org/10.1093/aje/kws198
https://doi.org/10.1093/aje/kws198
https://doi.org/10.1183/09031936.00058211
https://doi.org/10.1183/09031936.00058211
https://www.epa.gov/radtown/radon-homes-schools-and-buildings
https://www.epa.gov/radtown/radon-homes-schools-and-buildings
https://doi.org/10.1007/s00411-007-0108-1
https://doi.org/10.1016/S0195-5616(96)50112-9
https://doi.org/10.1016/S0195-5616(96)50112-9
https://doi.org/10.1016/j.etap.2022.103812
https://doi.org/10.1016/j.etap.2022.103812
https://doi.org/10.1097/00004032-199302000-00001
https://doi.org/10.1016/j.envint.2019.05.059
https://doi.org/10.1016/j.envint.2019.05.059
https://doi.org/10.1136/bmjopen-2012-002159
https://doi.org/10.1136/bmjopen-2012-002159
https://doi.org/10.1007/s00420-017-1260-9
https://doi.org/10.1007/s00420-017-1260-9
https://doi.org/10.1371/journal.pone.0174641

	Radon exposure and risk of cerebrovascular disease: a systematic review and meta-analysis in occupational and general population studies
	Abstract
	Introduction
	Methods and materials
	Search strategy
	Study selection
	Data collection
	Quality assessment
	Statistical analysis

	Results
	Study selection and characteristics
	Study characteristics
	Quality assessment
	Occupational population
	Systematic review
	Meta-analysis
	General population
	Discussion


	Conclusion
	References


