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Abstract 

Background Concerns about the potential health effects of radiation exposure in communities living near nuclear 
facilities persist, prompting ongoing studies across various countries. However, research on solid cancers in these 
communities remains limited. This systematic review and meta-analysis aimed to comprehensively investigate 
the incidence of various solid cancers among residents near nuclear facilities, providing up-to-date scientific evidence 
on potential health effects in the context of energy security and net-zero emission targets.

Methods A comprehensive search of the databases PubMed, Excerpta Medica Database, and Web of Science 
was conducted. Data were extracted from 13 studies on breast, bladder, thyroid, CNS, and respiratory cancers, 
with the meta-analysis focusing on cancer types supported by at least five quantitative estimates to account for study 
heterogeneity. Study quality was assessed using the Office of Health Assessment and Translation tool. Pooled stand-
ardized incidence ratios (SIRs) were calculated using random-effects models, and publication bias was evaluated 
using funnel plots and Egger’s test.

Results The meta-analyses included the following number of cases for each selected cancer type: breast, n = 20,701; 
bladder, n = 5,398; thyroid, n = 9,907; CNS, n = 3,634; and respiratory system, n = 18,033. Pooled SIRs for all cancer 
subtypes were statistically insignificant and ranged from 0.99 to 1.04, with substantial heterogeneity among studies (I2 
range: 64%–96%). Little evidence of publication bias was revealed upon visual inspection of the funnel plots and per-
forming Egger’s test.

Conclusions Current scientific evidence regarding the incidence of solid cancers in populations living near nuclear 
facilities is insufficient to draw definitive conclusions. Nonetheless, the wide range of heterogeneity among studies 
highlights the need for further research with refined study designs, particularly with regard to radiation exposure 
and individual-level confounding factors, to provide more robust evidence on the public health implications for resi-
dents near nuclear facilities.
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Introduction
Significant attention has been focused on residents near 
nuclear facilities because of concerns about potential 
health impacts, especially after reports highlighted the 
elevated childhood leukemia incidence after accidents 
in Sellafield, England [1]. Numerous studies have conse-
quently explored cancer risk among people living near 
nuclear facilities across Europe. The Kinderkrebs in der 
Umgebung von Kernkraftwerken (Childhood Cancer in 
the Vicinity of Nuclear Power Plants) study in Germany 
[2] and Geocap study in France [3] are notable examples. 
Both studies indicated an increased childhood leukemia 
incidence within 5  km of nuclear power plants (NPPs), 
although insignificant associations have been reported in 
other countries. Moreover, at the request of the United 
States (US) Nuclear Regulatory Commission, the US 
National Academy of Sciences initiated a pilot study on 
cancer risk in populations living near nuclear facilities 
[4]. However, the project was terminated because of chal-
lenges in obtaining usable results within a reasonable 
timeframe. Despite this factor, concerns persist regarding 
the potential health effects of minimal radiation release 
in communities living around nuclear facilities, thereby 
prompting ongoing studies in various countries.

In the meantime, nuclear energy has drawn grow-
ing attention for its role in sustainable energy security 
and carbon neutrality goals [5]. In particular, several 
East Asian and European countries have shifted from a 
nuclear phase-out policy to the expansion of nuclear 
power to respond to energy demands and climate policies 
[6, 7]. However, safety issues regarding potential health 
effects and the varied public opinions on NPPs remain, 
raising concerns about its implementation.

Although a lot of attention has been paid to the child-
hood leukemia in populations living near nuclear facili-
ties, resulting in the publication of comprehensive 
meta-analyses [8, 9], relatively limited research exists on 
solid tumor risks among residents living near nuclear 
facilities. This limitation underscores the persistent gap 
in the literature concerning the comprehensive review 
of solid tumor types associated with nuclear facilities. 
To address this gap, we conducted a systematic review 
and meta-analysis of the incidence of solid tumor types 
among residents living near nuclear facilities.

Methods
Eligibility criteria
A systematic review was conducted in accordance with 
the Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) guidelines [10], and the 
protocol was registered in the International Prospective 
Register of Systematic Reviews (CRD42023442229) on 
July 15, 2023. The review was structured using a PICO 

framework: the Population consisted of residents near 
nuclear facilities; the Exposure (Intervention) referred to 
the routine operations of these facilities (excluding stud-
ies on nuclear weapon testing or accidents, such as those 
in the Marshall Islands-Bikini and Chernobyl-Ukraine); 
the Comparison groups were primarily the general 
population or residents living farther from these facili-
ties; and the Outcome was initially intended to assess 
overall cancer incidence and mortality. However, given 
the broad scope of these outcomes, we initially focused 
various types of cancer incidence and mortality, but later 
narrowed the scope to exclusively examine the incidence 
of solid tumors for a more focused analysis. Detailed 
changes from the original study protocol are provided in 
Supplementary Materal 1.

For the systematic review, studies employing compre-
hensive exposure metrics such as distance from facilities, 
regional hosting facilities, or regional radiation levels 
were considered. Since most studies used distance or 
geographic regions as practical surrogates for radiation 
exposure, the meta-analysis excluded studies that used 
radiation levels as exposure metrics due to the limited 
number of studies. In addition to the meta-analysis, we 
conducted two narrative reviews: one on solid cancer 
subtypes excluded from the meta-analysis due to a lack of 
quantitative estimates, and another on the impact of radi-
ation exposure on cancer incidence. This review allowed 
for a broader understanding of cancer incidences and 
complemented the meta-analysis findings by addressing 
cancers that were outside the scope of the quantitative 
analysis. We included English-language articles, exclud-
ing reviews, letters, and commentaries, provided they 
contained relevant estimates.

Search strategy and database
We systematically searched PubMed (National Center 
for Biotechnology Information, Bethesda, MD, USA), 
Excerpta Medica Database (EMBASE; Elsevier, Amster-
dam, the Netherlands), and Web of Science (Clarivate, 
Philadelphia, PA, USA) for studies published from 1960 
to January 9 th, 2023. The search strategies combined 
Medical Subject Headings terms and keywords related 
to cancer risk and residence near nuclear facilities, using 
Boolean operators (OR) for comprehensive inclusion of 
relevant literature, with a filter applied for human studies 
only. Further details on the search strategies are provided 
in Supplementary Material 2.

Screening
The review process consisted of two stages: an initial 
screening of titles and abstracts for relevance, conducted 
by G.B.L and S.J.P, followed by a full-text review of the 
retrieved articles, also conducted by G.B.L and S.J.P. The 
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process was overseen by a team of reviewers (G.B.L, S.J.P, 
and S.W.S), all of whom are experts in epidemiology, to 
ensure a rigorous evaluation of the retrieved articles. 
Any discrepancies or conflicts were addressed during the 
review to reach a consensus.

Quality assessment
To ensure the quality and reliability of the included stud-
ies, a detailed quality assessment was independently 
conducted by two reviewers (G.B.L and Y.R.H) using the 
Office of Health Assessment and Translation (OHAT) 
criteria, widely recognized for evaluating study quality 
in environmental health research [11]. This assessment 
included elements such as selection bias, confounding 
bias, attrition/exclusion bias, exposure characterization, 
outcome assessment, selective reporting bias, and other 
potential sources of bias. Based on the assessment results, 
each study was classified into one of three tiers reflect-
ing the overall risk of bias. Studies in Tier 1 were rated 
as having"definitely low"or"probably low"risk of bias for 
key elements and most other criteria. Tier 2 consisted of 
studies that did not meet the criteria for either Tier 1 or 
Tier 3, indicating a moderate risk of bias. Tier 3 included 
studies rated as having"definitely high"or"probably 
high"risk of bias for key elements and most other crite-
ria. Any discrepancies in the quality assessment were 
resolved through discussion or consultation with the sen-
ior author (S.W.S). Detailed information regarding the 
individual risk of bias scores and their corresponding tier 
ratings can be found in Supplementary Matarial 3.

Data extraction
The included articles underwent data abstraction to cap-
ture essential publication details such as authors, year 
of publication, country of origin, study design, and spe-
cific nuclear facilities involved. Additionally, the follow-
ing items were recorded: geographic regions or distances 
considered, population demographics (i.e., age and sex), 
assessed outcomes, reference groups, case counts, statis-
tical estimates, and corresponding 95% confidence inter-
vals (CIs).

The SIR was used as the primary measure across the 
studies, with IRR and RR considered as alternative esti-
mates. Where only observed and expected counts were 
available, we calculated SIRs as the ratio of observed 
to expected cases. The corresponding 95% confidence 
intervals were estimated using a normal approxima-
tion for observed counts greater than 30, and an exact 
method based on the Poisson distribution for smaller 
counts. Separate estimations of individual nuclear facili-
ties in the study region were combined. In cases where 
multiple estimates were available for different distances, 
wider distances from the facilities were prioritized to 

align with the regions under investigation. These regions 
typically encompassed the entire area hosting the nuclear 
facilities or extended to at least 25 km from the facilities, 
which was the most common distance range used in the 
included studies. The original values reported in the arti-
cles, along with the calculated and combined values, are 
presented in Supplementary Material 4. The calculations 
were performed using the LaMorte Epidemiology/Biosta-
tistics tool [12].

Statistical analysis
To account for study heterogeneity, the meta-analysis 
was conducted only for cancer types with a minimum 
of five studies providing relevant quantitative estimates 
(e.g., SIR, IRR, RR) [13]. A random-effects model using 
the inverse variance method was employed to combine 
effect sizes, given the anticiapted interstudy heterogene-
ity, with Knapp–Hartung adjustments applied to com-
pute the 95% CIs around the pooled effect [14]. Forest 
plots were generated to visually present the SIRs and 
corresponding 95% CIs across studies. Heterogeneity 
variance (τ2) was estimated using the method of Der-
Simonian and Laird [15], with residual heterogeneity 
assessed using Cochran’s Q statistic. The  I2 statistic of 
Higgins and Thompson [16] was used to assess the pro-
portion of variability in effect sizes that were not attribut-
able to sampling errors. Higher  I2 values indicated greater 
heterogeneity. We also computed prediction intervals 
(PIs) around the overall pooled effect based on the esti-
mated interstudy heterogeneity variance and standard 
error of the pooled effect [17]. Possible publication bias 
was evaluated by using Egger’s test and visual inspection 
of a funnel plot [18]. For sensitivity analyses, to assess the 
potential impact of publication bias in our meta-analysis, 
the trim-and-fill procedure was used [19]. Additionally, 
in the case of brain and central nervous system (CNS) 
tumors, for which the included studies covered a wide 
age range, the SIRs were pooled after excluding studies 
focusing on children aged 0 to 14 years. Lastly, we con-
ducted analyses by including only studies of higher qual-
ity (i.e., Tier 2 or above) based on the assessment of study 
quality. All statistical models were fitted using R, version 
4.3.2 (R Foundation, Vienna, Austria). P-values were two-
sided, with a significance level of 0.05.

Results
Figure  1 presents the study selection process, includ-
ing reasons for exclusion at each stage. A total of 2481 
records were identified through database searches 
(PubMed, Embase, and Web of Science). After remov-
ing duplicates, 1,686 records were screened based on 
titles and abstracts. Of these, 137 full-text articles were 
sought for retrieval, and 121 were successfully obtained 
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and assessed for eligibility. Ultimately, 86 studies were 
included in the systematic review. Of these, 13 studies 
provided sufficient quantitative data and were included 
in the meta-analysis on solid cancer incidence. Studies 
were excluded from the meta-analysis for the following 
reasons: reporting non-relevant outcomes (e.g., mortal-
ity, hematopoietic cancers) (n = 40); lacking the quantita-
tive data required for effect size estimation (n = 27); or 
overlapping with more recent or comprehensive studies 
(n = 6). The meta-analysis focused on five cancer types: 
breast, bladder, central nervous system (CNS), thyroid, 
and respiratory system cancers (e.g., lung, bronchus, 
trachea).

The characteristics of the 13 selected studies are 
summarized in Table  1. Two studies were retrospec-
tive cohort studies, and the remaining studies had an 
ecological design. These studies spanned 11 countries 
and covered 45 nuclear facilities, which included NPPs, 

radioactive waste storage facilities, and nuclear fuel pro-
cessing plants involved in the processing of radium, ura-
nium, and plutonium. The numbers of cases (n) for each 
cancer type included in the meta-analyses were as fol-
lows: breast, n = 20,701; bladder, n = 5,398; thyroid, n = 
9,907; CNS, n = 3,634; and respiratory system, n = 18,033. 
Based on the OHAT risk of bias assessment, 5 out of 13 
studies were classified as Tier 2, indicating moderate risk 
of bias. The remaining studies were classified as Tier 3, 
indicating high risk of bias.

All five cancer types had moderate-to-high heterogeneity, 
with I2 values ranging from 64 to 96%. The PI included the 
value of 1, indicating that uncertainty remains regarding the 
direction and magnitude of the association between cancer 
incidence and proximity to nuclear facilities. Figure 2 pre-
sents forest plots of the summary estimates derived from 
the random-effects model for each tumor type. The pooled 
SIRs for cancers of the breast (1.01, 95% CI: 0.96,1.06), CNS 

Fig. 1 Flowchart of the systematic review search process for assessing solid cancer incidence among individuals residing near nuclear facilities
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(1.00, 95% CI: 0.92,1.10), respiratory system (1.04, 95% CI: 
0.89,1.23), bladder (1.03, 95% CI: 0.93,1.14), and thyroid 
(0.99, 95% CI: 0.86,1.14) showed no statistically signifi-
cant increases or decreases associated with residing near 
nuclear facilities. Visual inspection of the funnel plots and 
Egger’s test results indicated minimal evidence of publica-
tion bias, with statistically nonsignificant findings for each 
cancer type (Supplementary Material 5).

In the sensitivity analysis, using the trim-and-fill 
method, the size and statistical significance of the 
pooled SIRs remained consistent across all cancer types 
except for thyroid cancer (Supplementary Material 
6). For thyroid cancer, the inclusion of imputed stud-
ies increased the pooled estimate to 1.21 (95% CI: 1.05, 
1.40), with the PIs ranging from 0.69 to 2.12, reflecting 
ongoing uncertainty in the results. The results from the 
Tier 2 studies showed similar findings, with no statisti-
cally significant differences observed for any of the can-
cer types (Supplementary Material 7).

Discussion
This study investigated the incidence of various solid 
tumors among residents living near nuclear facilities. 
The meta-analysis found no statistically significant 

differences in solid tumor incidence between the resi-
dents and the general population, with pooled results 
for breast, bladder, CNS, respiratory system, and thy-
roid cancer incidence ratios approaching 1, indicating 
comparable results with the general population. These 
results may have been influenced by the inconsistencies 
reported in previous studies. In particular, substantial 
heterogeneity existed among the studies, which may 
be attributable to variations in nuclear facility types, 
the range of interested areas, and sample sizes. This is 
reflected in the wide PIs, which indicate uncertainty 
regarding the direction and magnitude of the associa-
tion. Given this variability in study findings, we empha-
size the importance of cautiously interpreting the 
pooled results.

Breast cancer
Our statistically non-significant findings are consistent 
with those of most previous studies. Studies conducted 
in US regions (e.g., Apollo and Parks in the state of 
Pennsylvania) near decommissioned nuclear proces-
sors did not detect increases in breast cancer incidence 
[23, 33]. A Korean prospective cohort study spanning 
from 1992 to 2010 similarly reported no increase in 

Fig. 2 Forest plots illustrating pooled standardized incidence ratios (SIRs) for solid cancer subtypes among individuals residing near nuclear facilities
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female breast cancer incidence among residents living 
within 5 km of nuclear facilities [34], even after adjust-
ing for socioeconomic status (SES), body mass index, 
medical utilization, and other factors. In addition, stud-
ies on Canadian NPPs and nuclear processors have 
reported null findings [26, 27]. These results remained 
consistent, even when examining non-movers (i.e., 
individuals who had lived at the same address for the 
previous 6  years) near the Pickering NPP (Pickering, 
Ontario, Canada) [35]. However, two studies reported 
a significantly increased incidence of breast cancer 
near nuclear facilities: one study in the Ukraine inves-
tigated uranium mining and processing enterprises 
with extensive tailing waste areas [25], and one study 
in the US focused on regions within 1.6 km from a 
decommissioned nuclear processor (e.g., Apollo) [36]. 
However, a factor that should be noted is that, unlike 
studies reporting statistically non-significant findings, 
these studies did not adjust for confounding factors. 
For example, factors such as screening effects among 
nuclear facility employees [25] and demographic fac-
tors, such as SES and health behaviors [36] presumably 
influence the observed associations.

Bladder cancer
A French study involving seven NPPs reported a signifi-
cantly increased incidence of bladder cancer in men (RR: 
1.08, 95% CI: 1.00, 1.17) and in women (RR: 1.19, 95% 
CI: 1.02, 1.39), even after adjusting for municipality-level 
confounders. This increase was primarily associated with 
the Flamanville NPP and the nearby La Hague nuclear 
waste treatment center, known for chemical contami-
nants (e.g., arsenic) that are recognized as bladder cancer 
risk factors [29]. However, a series of studies conducted 
in the US involving former nuclear processing plants, 
which were updated to confirm the validity of residen-
tial addresses, yielded no significant associations [23, 33]. 
Residents near Canadian NPPs and uranium processing 
plants similarly showed no increase in bladder cancer 
incidence [26, 27]. However, the results varied among 
Canadian NPPs. Incidences were significantly higher 
near the Darlington NPP but significantly lower near the 
Pickering and Bruce NPPs [27], with smoking presumed 
to be a confounding factor influencing the results [37]

Brain and CNS tumors
All three studies included in our meta-analyses that 
examined childhood CNS tumor incidences reported 
increasing rates, but this trend did not reach statistical 
significance [20, 21, 24]. In contrast, studies encompass-
ing all age groups demonstrated either decreasing rates or 
results comparable to the general population [23, 26, 27, 

29, 30]. The sensitivity analysis, which excluded studies 
focusing on children, did not alter the overall results; the 
pooled SIRs remained at 0.95 (95% CI: 0.81, 1.10). A ret-
rospective birth cohort study conducted in regions sur-
rounding Sellafield identified no increase in CNS tumor 
incidence [30]. Canadian studies on uranium processing 
plants [26] and NPPs [27], as well as French NPPs studies 
[29], which adjusted for municipality-level confounding 
factors, also reported nonsignificant increases. In con-
trast, US studies investigating former nuclear process-
ing plants in Pennsylvania reported a significantly lower 
incidence of CNS tumors [23, 33]. However, it is crucial 
to note the limitations of their descriptive and popula-
tion registry-based study design, which did not adjust 
for individual-level confounders. An Italian study [28], 
by comparison, reported nearly double the incidence of 
nervous system tumors near radioactive waste storage 
sites and NPPs. This study, however, included a broader 
range of nervous system tumors, rather than focusing 
solely on brain and CNS tumors.

Thyroid cancer
Our findings, along with substantial interstudy heteroge-
neity in thyroid cancer incidence, align with the findings 
in previous meta-analyses [38] and in individual studies 
conducted in the Ukraine [25], Slovenia [22], Italy [28], 
and Taiwan [39]. Additionally, cross-sectional studies 
conducted in the US around Three Mile Island (TMI) 
predominantly reported non-significant findings [31, 
40, 41]. However, a French study [29] on NPPs reported 
a reduced incidence of female thyroid cancer, possibly 
owing to differences in medical practices. In contrast, two 
notable studies have reported significantly higher inci-
dence rates. Canadian studies on three NPPs indicated 
that the release of radioactive iodine, the primary cause 
of radiation-related thyroid cancer, was below detection 
limits during the study period, which was significantly 
lower than the natural background radiation and the pub-
lic dose limits (i.e., 1  mSv/year) [27]. This suggests that 
thyroid cancer incidence is unlikely to increase around 
certain NPPs (e.g., Pickering and Darlington). A Korean 
prospective cohort study, focusing on the period of 1992 
to 2010, reported a 1.9-fold increased incidence (95% CI: 
1.13, 3.21) of thyroid cancer among women living within 
5 km of NPPs compared to the risk among women living 
more than 30 km away, after adjusting for confounding 
factors [34]. However, these findings warrant cautious 
interpretation, particularly as radiation levels in residen-
tial areas remain far below the established dose limit. In 
addition, subsequent ecological studies in Belgium pre-
sented inconsistent findings [32, 42, 43], although some 
significant results based on distances from facilities or 
hypothetical radiation exposure became nonsignificant 
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in follow-up studies, significant results persisted in other 
studies. Although the latter studies were conducted at the 
smallest geographical level, the ecological study design 
may lack the sensitivity required to follow up on these 
findings [43].

Respiratory system cancer
We were unable to exclusively evaluate lung cancer owing 
to data limitations. Previous studies covered a wide 
range of outcomes, resulting in substantial heterogeneity 
among studies. US studies in regions near former nuclear 
processing plants (e.g., Apollo and Parks) revealed no 
differences in lung cancer incidences among residents 
compared with that among the Pennsylvanian population 
[23, 33]. However, recent results for one of these regions 
(i.e., Apollo) revealed a significant increase in lung and 
bronchial cancer (SIR: 1.48, 95% CI: 1.32, 1.65), pos-
sibly attributed to unintended release of insoluble ura-
nium-235 or unmeasured confounders, such as smoking 
and the SES. A Ukrainian study [25] reported a signifi-
cantly higher incidence (1.23-fold) of tracheal, bronchial, 
and lung cancers near nuclear facilities, which suggested 
a screening effect due to the more rigorous medical sur-
veillance undertaken by employees. Similarly, a Canadian 
study found a significantly increased incidence of lung 
cancer among female residents near uranium processing 
plants, likely due to unadjusted tobacco use, as the low 
radiation levels (< 0.69 mSv/year) from these facilities are 
unlikely to cause increased cancer incidences [26]. Find-
ings from Canadian NPP studies on lung and bronchial 
cancer have been inconsistent, with certain NPPs show-
ing significant increases and others showing decreases. 
Conversely, studies from Taiwan [39], Italy [28], France 
[29], and the US (TMI) [44, 45] reported statistically non-
significant findings.

Solid cancer subtypes not included in the meta‑analyses
Excluded from the meta-analyses were various solid 
tumor subtypes, such as stomach, liver, kidney, colon, 
esophagus, and oral cavity cancers, which are suscepti-
ble to radiation-induced effects. Notably, a Korean pro-
spective cohort study found a significantly increased 
incidence of stomach cancer in men living within 5  km 
of NPPs (hazard ratio [HR]: 1.60, 95% CI: 1.10, 2.43), 
compared to men residing farther away. However, no sig-
nificant association was found in the aggregated radio-
inducible cancer group (HR: 1.20, 95% CI: 0.92, 1.54) 
[34]. To conclusively attribute these findings to radia-
tion releases from the facility is challenging, given the 
low estimated radiation releases, specific results limited 
to certain sexes or comparison groups, and small sample 
sizes [34]. Furthermore, an Italian ecological study [28] 

conducted in areas with a history of radioactive waste 
disposal and a nearby NPP reported significantly ele-
vated incidences of various cancers, ranging from 1.8 to 
14 times higher SIRs, including tumors of the oral cavity, 
kidney, nervous system, and bone. Potential factors such 
as viral origin and occupational exposure may contribute 
to the elevated risk of tumors, which highlights the need 
for further research to assess the impact of unmeasured 
factors on cancer incidences [28]. In contrast, several US 
ecological studies conducted at former nuclear material 
processing sites (i.e., Apollo and Parks) did not reveal 
significant findings. However, a recent study focusing on 
areas within 1.6 km of the Apollo site reported notable 
increases in the incidences of colon, stomach, kidney 
(in women), and oral cavity (in men) tumors [36]. These 
findings may be influenced by occupational exposure, 
particularly in regions historically associated with steel 
production, which suggests potential non-radiation-
related factors; additionally, uncontrolled variables such 
as smoking habits, SES, and other lifestyle factors may 
have contributed to these results. Other studies con-
ducted in Canada [26, 27] and Taiwan [39] did not report 
significant results, which adds to the complexity of com-
prehending the impact of residing near nuclear facilities 
on cancer incidence.

Literature on solid tumors related to radiation exposure
Several studies have assessed the incidence of solid 
tumors with respect to radiation exposure. In a Cana-
dian retrospective cohort study involving the Pickering 
NPP, an increased breast cancer incidence was observed 
among female residents, compared with the incidence 
among the general population (HR: 2.34, 95% CI: 1.32–
4.46); however, this finding was not associated with 
tritium levels [35]. Another retrospective cohort study 
conducted among residents within a 5-mile radius of the 
TMI NPP in the US, spanning the years 1982 to 1995, uti-
lized the maximum and likely whole-body gamma doses 
from the TMI accident, calculated based on residential 
location and duration of stay during the 10 days after 
the accident [46]; no evidence of increased incidence of 
malignant neoplasms was found in relation to radiation 
exposure, even after adjusting for multiple confounding 
factors, including background radiation. Ecological stud-
ies in Belgium employed distance and hypothetical radio-
active discharges of iodine-131 as surrogate markers of 
radiation exposure; these studies revealed a significantly 
increasing trend in thyroid cancer incidence around 
Fleurus, a major production site of radio-iodine [43] and 
around Mol-Dessel, a facility for managing radioactive 
materials [32]. This trend corresponds to decreased dis-
tance and increased hypothetical radioactive discharge, 
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calculated using a mathematical dispersion model. Addi-
tionally, a retrospective cohort study [47] conducted in 
the US at the Hanford site, a nuclear production complex 
in Washington state, investigated self-reported thyroid 
radiation exposure from facility releases during infancy 
and childhood. However, no association existed between 
such exposures and thyroid diseases.

Strengths and limitations
This systematic review and meta-analysis is the first com-
prehensive effort to investigate the incidence of solid 
tumors among people living near nuclear facilities. How-
ever, several critical considerations must be made when 
interpreting these results.

First, most included studies were ecological or descrip-
tive in nature, with no consideration for individual-level 
confounding factors such as health behaviors and SES. 
These factors, including current smoking status, alcohol 
consumption, and physical inactivity, are well-established 
contributors to cancer risk [48]. The absence of such data 
could introduce bias into the estimates of cancer inci-
dence from nuclear facilities, particularly if these factors 
vary between populations living near nuclear facilities 
and the comparison populations [49]. For example, in 
Korea, individuals living near NPPs undergo more thy-
roid screening tests than the general population [50], 
which may influence the diagnosis of thyroid cancer. 
Additionally, a significant limitation of many previous 
studies is their inability to capture residence duration. 
This makes interpreting the results challenging, particu-
larly since the minimum latency period for solid tumors 
is typically assumed to be 10 years [4]. Without this infor-
mation, whether individuals in the communities of inter-
est have resided for extended periods or been exposed to 
measurable radiation associated with industrial activities 
is unclear. Furthermore, the ecological design of most 
studies introduces limitations due to the use of aggre-
gated data. This can compromise the independence of 
observations, as observations from regions with shared 
factors may be correlated, which could affect the preci-
sion and generalizability of the findings.

Second, the decision to assess radiation exposure 
near nuclear facilities presents several challenges. 
One major challenge stemmed from the limited avail-
ability of studies directly assessing radiation exposure, 
which precluded their inclusion in the meta-analyses. 
We consequently relied on the distance from nuclear 
facilities as a surrogate marker for exposure despite its 
potential limitations in accurately reflecting radiation 
exposure levels. This reliance on distance alone over-
looks the impact of individual behaviors such as food 
consumption and water use [51] and overlooks natural 

background or cosmic radiation [4] which is known to 
influence individual radiation exposure. A factor worth 
noting is that the estimation of individual radiation 
exposure is more difficult among residents than among 
radiation workers because workers typically undergo 
monitoring by using individual dosimeters, which pro-
vides more accurate data [52]. Moreover, radiation 
levels are not uniformly distributed relative to the dis-
tance from nuclear facilities [53], and this factor can 
confound the association between distance and cancer 
incidence.

Third, the exceptionally low estimated radiation 
released from routine operations, which falls below the 
public dose limit and average natural radiation back-
ground [27, 34, 54], poses an additional challenge in 
detecting any noticeable effect on cancer incidence. This 
challenge is primarily attributed to the limited statistical 
power of capturing the statistical significance of the rela-
tionship between cancer incidence and minimal radiation 
exposure [4]. Distinguishing these low levels from the 
natural background or medical radiation exposure adds 
another layer of complexity.

Furthermore, the wide range of interested regions 
and types of nuclear facilities could contribute to the 
heterogeneity observed among the studies. Varying def-
initions of study regions, ranging from close proximity 
to nuclear facilities to the entire host region, have led 
to diverse sample sizes, often resulting in inconsistent 
findings. Additionally, different types of nuclear facili-
ties, including NPPs, radioactive waste storage sites, 
and nuclear material processing plants, release vary-
ing levels of radiation [55, 56], which may have differ-
ent impacts on health. Operational differences, safety 
measures, and the types of radioactive isotopes pro-
duced or stored in these facilities can also affect the 
extent of radiological release. Although these factors 
are critical, our ability to quantitatively analyze their 
specific impacts was limited because of insufficient 
data. Most research has examined nuclear facilities as a 
whole rather than distinguishing between specific types 
of facilities or radiological releases. Other potentially 
attributable risks beyond radiation, including chemical 
materials such as arsenic and steel, are also important 
to consider [29, 36]. These complexities underscore 
the challenges inherent in investigating the relation-
ship between residence near nuclear facilities and the 
incidence of solid tumors. Lastly, we restricted the 
inclusion of studies to English-language articles due 
to practical challenges in translating and interpreting 
non-English studies. While this restriction was neces-
sary to maintain a uniform standard of data quality, it 
may affect the comprehensiveness of the findings.
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Conclusion
Understanding the relationship between residing near 
nuclear facilities and cancer incidence is essential for 
risk assessment, regulatory decisions, and public health 
interventions, particularly in the current context of 
energy security and net-zero emission targets. In this 
regard, our systematic review and meta-analysis signifi-
cantly contribute to the understanding of the incidence 
of solid tumors among people living near nuclear facili-
ties. Although definitive scientific evidence regarding the 
incidence of solid tumors among residents living near 
nuclear facilities remains unclear, our study highlighted 
critical limitations, including reliance on ecological or 
descriptive studies, absence of considering individual-
level confounding factors, challenges in measuring radi-
ation exposure, and significant heterogeneity among 
studies. Future research should employ a well-structured 
design that considers radiation exposure and individual-
level confounding factors in order to provide more robust 
evidence.
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