EXPERIMENTAL AND THERAPEUTIC MEDICINE 21: 23, 2021

Exposure to radiofrequency radiation increases the risk of
breast cancer: A systematic review and meta-analysis
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Abstract. The present systematic review and meta-analysis
investigated the association between exposure to radiofre-
quency radiation and the risk of breast cancer. The published
studies that were available in PubMed, Embase, Cochrane
Library, Ovid MEDLINE, CINAHL Plus, Web of Science,
Airiti Library, Networked Digital Library of Theses and
Dissertations and ProQuest until May 2020 were investi-
gated. A total of eight studies (four case-control and four
cohort studies) were eligible for quantitative analysis. A
significant association between radiofrequency radiation
exposure and breast cancer risk was detected [pooled relative
risk (RR)=1.189; 95% confidence interval (CI), 1.056-1.339].
Subgroup analyses indicated that radiofrequency radiation
exposure significantly increased the risk of breast cancer
susceptibility among subjects aged =50 years (RR=2.179;
95% CI, 1.260-3.770). Pooled estimates revealed that the use
of electrical appliances, which emit radiofrequency radiation,
such as mobile phones and computers, significantly increased
breast cancer development (RR=2.057; 95% CI, 1.272-3.327),
while occupational radiofrequency exposure and transmitters
did not increase breast cancer development (RR=1.274; 95%
CI,0.956-1.697; RR=1.133; 95% CI, 0.987-1.300, respectively).
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It was concluded that radiofrequency radiation exposure
significantly increased the risk of breast cancer, especially in
women aged =50 years and in individuals who used electric
appliances, such as mobile phones and computers. In accor-
dance with Preferred Reporting Items for Systematic Reviews
and Meta-analysis, an evaluation protocol was prepared
and registered with the PROSPERO database (registration
no. CRD42018087283).

Introduction

Electromagnetic radiation is categorized into two types,
ionizing and non-ionizing radiation. Ionizing radiation, which
consists of higher frequencies, exhibits sufficient energy to
remove electrons from atoms, thereby destroying chemical
bonds in molecules (1). Exposure to ionizing radiation
has been demonstrated to constitute a breast cancer risk,
and primarily is owed to exposure to diagnostic (x-ray) or
therapeutic (radiotherapy) sources, outer space (for example,
flight crews), radon gas emanating from rocks in the earth
and Japanese atomic bombs (1). Non-ionizing radiation is
classified into three categories: Extremely low-frequency
(1-100 Hz), radiofrequency (100 kHz-3 GHz) and microwave
radiation (>3 GHz) (2). Radiofrequency radiation, which is a
subcategory of non-ionizing radiation, has been indicated to
exhibit harmful effects that are similar to those of ionizing
radiation, and to increase the risk of cancer (3).
Radiofrequency radiation is invisible but surrounds living
organisms, as it emanates from mobile phones, smart phones,
wireless computers, base stations, radios, cellular transmitters
and other common Wi-Fi technology sources (2). All wireless
technologies emit radiofrequency radiation, and certain studies
have documented their adverse health effects, and particularly
their contribution to increased cancer risk (2,4). Furthermore,
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in 2011 the International Agency for Research on Cancer (5),
which is a branch of the World Health Organization,
classified non-ionizing radiofrequency radiation as possibly
carcinogenic to humans categorizing it in group 2B (6).

Breast cancer is one of the most commonly diagnosed
cancers affecting women in Taiwan, and its incidence rate
is gradually increasing worldwide (7). The known risk
factors for breast cancer are obesity (8), smoking (9), genetic
mutations such as breast cancer susceptibility gene 1 (BRCA1)
and breast cancer susceptibility gene2 (BRCA2) which
are tumor suppressor genes (9,10), family history (11,12),
alcohol consumption (11-14), exposure to estrogen hormones
over an extended period (11,14), diethylstilbestrol and post-
menopausal hormone therapy (15,16). In addition, previous
studies suggested that breast cancer can be attributed to
exposure to radiofrequency radiation (17,18). Experimental
research has demonstrated that simulated radiofrequency
radiation exposure can cause damage to human breast
cancer MCF-7 cells and promote the formation of reactive
oxygen species (ROS), which are the primary cause of DNA
strand breaks and cell death (17,18). Cigand Naziroglu (17)
indicated that exposure of breast cancer cells to radiofre-
quency radiation was associated with the accumulation of
ROS and disruption of mitochondrial membrane pores,
which resulted in swelling and dysfunction of mitochondria,
causing rupture of the outer membranes and the release of
apoptosis-inducing factors. Therefore, it was hypothesized
that exposure to radiofrequency radiation may induce breast
cancer development due to the induction of oxidative stress
and apoptosis in breast cancer cells.

In addition, previous studies have also focused on the
effects of the exposure to non-ionizing radiofrequencies on
brain tumors, leukemia, salivary gland tumors, infertility and
electro-hypersensitivity (3,6,19,20). Although a number of
studies have investigated the association between exposure
to radiation and cancer, the majority of meta-analysis studies
have focused on the association between mobile phones
and tumors (21-23) or electromagnetic fields and breast
cancer (24). Potential breast cancer risks from radiofrequency
radiation emitted from novel technologies developed last
decade, such as digital mobile phones, increases public health
concerns (25). Therefore, to the best of our knowledge, the
present study performed the first meta-analysis aiming to
evaluate and obtain more precise and comprehensive estimates
of the association between radiofrequency radiation exposure
and the risk of breast cancer.

Materials and methods

Data sources and search strategy. Studies were identified
using a comprehensive literature search in the following
electronic databases: PubMed (https://www.ncbi.nlm.nih.
gov/), Embase (https://www.embase.com/), Cochrane Library
(https://www.cochranelibrary.com/), Ovid MEDLINE
(http://ovidsp.dc2.ovid.com/sp-4.07.0b/ovidweb.cgi), CINAHL
Plus (https://www.ebsco.com/products/research-databases/
academic-search-ultimate), Web of Science (http://apps.
webofknowledge.com), Airiti Library (http://www.airitilibrary.
com/), Networked Digital Library of Theses and Dissertations
(http://search.ndltd.org) and ProQuest (https://search.proquest.

com), until May 2020. Search terms, including ‘radiofre-
quency’, ‘radio’, ‘smartphone’, ‘cell phone’, ‘mobile phone’,
‘transmitter station’, ‘antenna’, ‘base station’, ‘radar installa-
tion’, “Wi-F1’, ‘breast cancer incidence’ and‘breast neoplasm
incidence’ were applied for each database. To increase the
precision and specificity of article retrieval, [mesh term] and
[text word] were used to search each databases. However, since
the Embase database does not have mesh term set up, therefore,
we ‘emtree term’/‘exploded’ was used instead of mesh term. If
the database does not have mesh term or text word set up, then
[keyword] was utilized for searching.

The strategy used for searching PubMed was as follows:
[‘Radiofrequency’ (Text Word) OR ‘radiofrequency’ (MeSH
Terms) OR ‘radio’ (Text Word) OR ‘radio’ (MeSH Terms)
OR ‘smartphone’ (Text Word) OR ‘smartphone’ (MeSH
Terms) OR ‘cell phone’ (Text Word) OR ‘cell phone’ (MeSH
Terms) OR ‘mobile phone’ (Text Word) OR ‘mobile phone’
(MeSH Terms) OR ‘transmitter station’ (Text Word) OR
‘transmitter station’ (MeSH Terms) OR ‘antenna’ (Text Word)
OR ‘antenna’ (MeSH Terms) OR ‘base station’ (Text Word)
OR ‘base station’ (MeSH Terms) OR ‘radar installation’ (Text
Word) OR ‘radar installation’ (MeSH Terms) OR ‘Wi-Fi’
(Text Word) OR ‘Wi-Fi’ (MeSH Terms)] AND [‘breast cancer
incidence’ (Text Word) OR ‘breast cancer incidence’ (MeSH
Terms) OR ‘breast neoplasm incidence’ (Text Word) OR
‘breast neoplasm incidence’ (MeSH Terms)].

Inclusion and exclusion criteria. The title and abstract of all
retrieved articles were reviewed. The studies were limited to
those involving human individuals and were written either
in English or Chinese, but with no limitation on the date in
which the study was conducted. For inclusion, the studies
were required to meet all the following criteria: i) Evaluated
associations between radiofrequency radiation and the risk of
breast cancer; ii) studied a human population; iii) provided
detailed data for calculating the relative risk (RR) or odds ratio
(OR) and 95% confidence interval (CI); and iv) investigated
radiofrequency radiation or any frequency classified as radio-
frequency. All observational studies (cohort, cross-sectional
and case-control studies) were included, the primary outcomes
of the incidence rate recorded in the Cancer Registry of breast
cancer were examined and detailed data for calculating the RR
or OR and 95% CI were provided. A total of two investigators
developed the selection criteria and conducted the literature
search. Another investigator assessed the retrieved studies for
accuracy and reliability of meeting the inclusion criteria, and
independently examined the included studies. Studies were
excluded if they were; i) duplicates of previous publications;
ii) meta-analyses, commentaries, letters, reviews or editorial
articles; and iii) were performed in animal models.

Data extraction. Initially, the title and abstract of all articles
were reviewed to identify their eligibility by two reviewers,
and studies were considered eligible if they investigated the
association between radiofrequencies and breast cancer risk.
All studies matching the inclusion criteria were retrieved
for subsequent examination and data extraction. The rates
and the observed and expected cases from candidate studies
were validated to ensure that appropriate data were identi-
fied and correctly transcribed into a spreadsheet. A total
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of two investigators developed a data extraction sheet and
independently extracted the data from each study, including
characteristics of the selected studies (authors' names and
year of publication), the patient populations (country and
number of patients in each group), the study design (cohort
or case-control study design), the exposure to radiation
(type, frequency, length and intensity of exposure) and
outcome measures and confounding variables of the study.
Discrepancies were examined by another investigator and
consensus was achieved by discussion between all investi-
gators. In accordance with Preferred Reporting Items for
Systematic Reviews and Meta-analysis, an evaluation protocol
was prepared and registered with the PROSPERO database
(registration no. CRD42018087283).

Methodological assessment. A quality assessment method
for case and control studies was developed based on the
Newcastle-Ottawa Scale (NOS) (26). According to this
method, three aspects of all studies were assessed, which
included eight indicators for selecting cases and controls,
the comparability of cases and controls and the exposure or
outcome assessment. The total possible scores ranged from
0-9 points, where a higher scores indicate higher quality. NOS
was used to assess the quality of all eight included studies, and
the scores of all selected studies ranged between 5-7. A total of
three parameters were assessed: i) Selection bias; ii) compara-
bility of the included studies; and iii) assessment of exposure
for cohort and case control studies. A total of two investigators
individually evaluated the quality of the studies. Any conflicts
were resolved by discussion with a third investigator until a
consensus was reached.

Statistical analysis. All quantitative data were pooled to assess
the association between radiofrequency radiation exposure and
the risk of breast cancer using the RR. According to Pagano
and Gauvreau (27), when the disease incidence is low (<10%)
in unexposed and exposed groups in case-control studies, the
OR approximately equals the RR. Therefore, the significance
of the RR and 95% CI was examined to determine whether an
association between radiofrequency radiation and the risk of
breast cancer existed.

Heterogeneity was examined using the Cochran Q-test
and I? test. A Cochran Q-test score <0.05 and an I*>-value of
>50% were considered to represent substantial heterogeneity,
whereas a Cochran Q-test score =0.05 and an I>-value of <50%
were considered to represent homogeneity across studies (28).
According to the statistical heterogeneity, fixed-effect models
were performed when homogeneity existed.

Subgroup analyses were conducted to determine the possible
influences of certain factors, including age, mobile phones and
computers, occupational radiofrequency, transmitters. Funnel
plot asymmetry was measured using Egger's regression inter-
cept test (29), and an Egger's regression test <0.05 indicated
publication bias. The trim-and-fill method (30) was used to
additionally adjust for the possible bias in the overall log or
via imputing the estimated number of missing studies. All
statistical tests were two-sided. To estimate the robustness of
the findings with respect to different assumptions, a sensitivity
analysis was conducted via deleting one study to examine the
influence of individual datasets on the pooled RR. All data

analyses were performed with Comprehensive Meta-Analysis
v2.0 software (Biostats, Inc.).

Results

Study selection. The search strategy yielded 9,571 studies, and
4,980 studies remained following the removal of duplicates,
4,556 of which were excluded after screening the title and
abstract. The reasons for exclusion are presented in Fig. 1. The
full manuscripts of 35 articles were obtained, 27 of which were
excluded, as 25 studies referred to different target populations,
and two studies contained no extractable data. Therefore,
eight studies were eligible and were included in the quantita-
tive synthesis. The Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (31) flow diagram of the review
process is presented in Fig. 1.

Characteristics of the included studies. The characteristics
of the included studies are presented in Table I. The papers
were published between 1996 and 2013. A total of four out
of eight were cohort studies (32-35), and the other four were
case-control studies (36-39). A total of four studies were
performed in Northern European countries (Norway and
Sweden), two in Israel, one in Turkey and one in Korea. A
total of four studies involved occupational exposure to radio-
frequency fields, two other studies focused on the residential
exposure to radiofrequency fields by people who lived close
to antenna/radio transmitters and the remaining two studies
examined the use of electrical appliances, including mobile
phones/computers. A total of three studies evaluated an age
group of =50 years old. Subgroup analyses was based on
the aforementioned data that were provided by the original
research.

Methodological quality. A methodological quality assessment
was performed for all included studies using NOS, and the
scores of all selected studies ranged from 5-7, with the average
score being 6. The lowest score of the included studies was
5 (35,36,39). These studies either exhibited low response and
follow-up rates, particularly with no description of the lack
of follow-up and without a precise description of the sample
selection, or the study's representability was questioned. The
scoring details are presented in Table II.

Outcomes of the meta-analysis. The association between
radiofrequency radiation exposure and the risk of breast
cancer was significant (Fig. 2; pooled RR=1.189; 95% CI,
1.056-1.339). Heterogeneity among the studies was evident
(Q=17.6; P=0.014; I>’=60%). To estimate how the robustness
of the findings affected the final results, a sensitivity analysis
was conducted by removing one study (32) from the analysis
to detect the pooled RR estimates (RR=1.164; 95% CI,
1.049-1.291) in the random-effects model (Q=13.04; P=0.04;
1°=54%), which indicated that the results were statistically
robust with only a slight heterogeneity being present.

The sources of heterogeneity were additionally explored
via a subgroup analysis of the age and the different types
of radiofrequency radiation exposure sources, according
to the previously established characteristics of the studies.
The results indicated that radiofrequency radiation exposure



4 SHIH et al: RADIOFREQUENCY RADIATION INCREASES RISK OF BREAST CANCER

scarching (n=9571)

Records identified through database

Studies excluded afier screening the

title and abstract (n=4556)

-Conference papers/ Editorial
letter/comments (n=32)
-Meta-analysis or Reviews

(n=87)
-Animals/cell/gene studies (n=978)

-Study protocol (n=22)

-Being irrelevant to the main subject
(not focus on exposure and breast
cancer incidence, such as radiation for

the treatment of cancers, and prevention
of cancer recurrence) (n=1286)

\d

-Being the irrelevant outcome of
incidence for breast cancer
(investigation of radiofrequency and

risk of other cancers except for breast
cancer) (n=890)

-Exposure not within scope of study
(n=1261)

.| Full-text articles excluded

-Different target population (n=25)

-Data could not be extracted (n=2)

— -PubMed (n=3421)
-Embase (n=4993)
s -Cochrane Library (n=90)
= -Medling OVID (n=82)
K] -CINAHL Plus (n=680)
‘-'.é -Web Of Science (n=102)
g -Airiti Library (n=3)
= -NDLTD (n=10)
__J -ProQuest (n=190)
A 4
)
Duplicates articles removed
o n= 4980
£
c
Q
Q A 4
S
L4 Studies screened
n= 4591
| S—
v
Full-text articles
F assessed for eligibility
= n=35
)
w
| S
Y
Studies included in
qualitative synthesis
n=8
-
U
3 Y
- Studies included in
quantitative synthesis
(meta-analysis)

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyzes flow diagram of the review process. A total of 9,571 studies were searched
initially, 4,980 duplicate articles were excluded. A further 4,556 articles were excluded due to the following reasons: Conference papers/editorial letter/
comments (n=32); meta-analysis or reviews (n=87); animals/cell/gene studies (n=978); study protocol (n=22); being irrelevant to the main subject, including
those that did not focus on exposure and breast cancer incidence, radiation for the treatment of cancers and the prevention of cancer recurrence (n=1,286); being
the irrelevant outcome of incidence for breast cancer, such as those investigating radiofrequency and the risk of other cancers except for breast cancer (n=890);
and exposure not within scope of study (n=1,261). In total, there were 35 studies remaining for full manuscript review, of which 27 studies were excluded:
Different target population (n=25) and data could not be extracted (n=2). Finally, 8 studies were included for further qualitative and quantitative analyses.

significantly increased the risk of breast cancer susceptibility
among subjects aged =50 years (Fig. 3; RR=2.179; 95%
CI, 1.260-3.770), but not among subjects aged <50 years
(Fig. 4; RR=1.053; 95% CI, 0.910-1.218). In addition, mobile
phone/computer exposure significantly increased the risk of

breast cancer (Fig. 5; RR=2.057; 95% CI, 1.272-3.327), but a
significant association was not observed for radiofrequency
radiation exposure in an occupational environment (Fig. 6;
RR=1.274; 95% CI, 0.956-1.697) or for transmitter exposure
(Fig. 7; RR=1.133; 95% CI, 0.987-1.300).
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-8).

Table II. Assessment of the included studies quality using the Newcastle-Ottawa Scale (n

Exposure

Comparability

Selection

Non-

response

Same method of
ascertainment for

Control for important
factor or additional

Adequate
definition of

Case control study

Total

Ascertainment

Definition

Selection
of controls

Representability
of patient cases

score®  (Refs.)

rate

of exposure participants

factors

of controls

patient cases

First author, year

SHIH et al: RADIOFREQUENCY RADIATION INCREASES RISK OF BREAST CANCER

(37

6
5
6
5
7
7
7
5

Kliukiene et al, 2003

Ha et al, 2003

(36)
(38)

Atzmon et al 2012

(39)
(32)
(33)

Aydogan et al, 2013

Tynes et al, 1996

Kliukiene et al, 1999
Pollén et al, 2001

(34)
(33)

1

Beniashvili et al, 2005

“The total possible score ranged from 0-9 points, where a higher score represented a higher quality.

Publication bias. The visual inspection of the funnel plot
indicated a slightly substantial asymmetry. The funnel
plot revealed that two studies were not within the 95%
CI, and Egger's regression intercept test also indicated
evidence of publication bias among the studies (Egger's test,
t=2.46;P=0.048). A subsequent analysis was performed using
the trim-and-fill method, which indicated that the adjusted
point estimate was 1.121 (95% CI, 1.067-1.177) with four
missing studies imputed at the left side of the funnel plot
(Fig. 8).

Discussion

In the present study, a meta-analysis of eight studies published
between 1996 and 2013 was performed, in order to determine
the potential association of radiofrequency radiation exposure
with breast cancer. The exposure types that were examined
in the present study included exposure to occupational radio-
frequency radiation, which comprised female radio/telegraph
operators and women employed in the electronics industry,
electric appliances, including daily mobile phone and
computer use and radio/antenna transmitter exposure in a
radiofrequency radiation environment. The current study indi-
cated that there was a significant association between exposure
to radiofrequencies and breast cancer risk (pooled RR=1.189;
95% CI, 1.056-1.339). To the best of our knowledge, this is the
first meta-analysis that combined studies on radiofrequency to
determine an association with the risk of breast cancer. The
biological mechanism via which radiofrequency radiation
exposure increases the breast cancer risk may be associated
with the fact that exposure to radiofrequency radiation has
been revealed to result in mammary cell damage and ROS
formation (40), which are the primary causes of DNA strand
breaks that result in cell death (15,40,41). Although it has been
indicated that non-ionizing radiation exhibits in sufficient
energy to cause DNA strand breaks, the primary cause of
DNA strand breaks is considered to be a by-product of ROS
metabolism and not high-energy radiation (42-44). A number
of in vitro studies have demonstrated an association between
radiofrequency exposure and ROS production, resulting in
DNA single- and double-strand breaks (42-44).

In the subgroup meta-analyses performed in the present
study, the risk of breast cancer was indicated to increase in
women aged =50 years (RR=2.179; 95% CI, 1.260-3.770).
Aging results in a decline in physiological organ function,
and it has also been indicated to be a major risk factor for
cancer development (45,46). Carcinogenic risks following
radiation exposure have been revealed to increase with age
and enhance the risk of cell inflammation and the loss of
oxidant/antioxidant equilibrium (47,48). Age is one of the risk
factors that has been associated with breast cancer in women,
particularly those exposed to radiation (49). The results of
the present study are in accordance with those of a previous
study, which reported that radiologic technologists of an older
age who worked in an environment with radiation exhibited
a higher lifetime attributable risk of breast cancer compared
with that in other occupational groups, including radiologists,
dentists and nurses (49).

Regarding the exposure type of radiofrequency, subgroup
analysis revealed that mobile phone use increased breast cancer



EXPERIMENTAL AND THERAPEUTIC MEDICINE 21: 23, 2021 7

Model Study name Statistic for each study Risk ratio and 95%C1
Risk Lower Upper Z-Value  P-Value
ratio limit limit
Kliukiene et al, 2003 (37) 1.430 0.743 2.752 1.071 0.284 - _-_ .
Pollan et al, 2001 (34) 1310 0.944 1.818 1.616 0.106 -
Ha et al, 2003 (36) 1.200 1.104 1.305 4.278 0.000 -
Tyne et al, 1996 (32) 4.600 1.268 16.683 2322 0.020 4 ._
Atzmon et al, 2012 (38) 1.040 0.896 1.208 0.514 0607 -
Beniashvili et al, 2005 (35) 2480 1.352 4.548 2936 0.003 - .
Aydogan et al, 2013 (39) 1500 0682 3299 1.008 0313 -
Kliukiene et al, 1999 (33) 1.080 1.008 1.157 2.179 0.029 -
Fixed 1132 1078 1189 4949 0.000 ‘
Random 1.189 1.056 1.339 2.862 0.004 ’
01 02 05 1 2 5 10
M Favours unexposure Favours exposure g
Figure 2. Forest plot of the overall effect of the association of radiofrequency exposure with the risk of breast cancer.
Model Study name Subgroup within  Statistic for each study Risk ratio and 958%%C1
study
Risk ratio Lower limit ~ Upper limit ~ Z-Value P-Value
Beniashvili et al, 2005 (35) 50 2480 1.352 4.548 2936 0,003
Kliukiene et al, 2003 (37) S0 1.430 0.743 2752 1.071 0.284
Tymne et al, 1996 (32) 50 4,600 1.268 16,683 2322 0,020
Random 2179 1.260 3.770 2.786 0.005
01 02 05 1 2 5 10

" Favours UNeXposUre Favours exposure

Figure 3. Meta-analysis of radiofrequency exposure and the risk of breast cancer among women aged =50 years. The subgroup analyses were based on age

groups.

risk (RR=2.057; 95% CI, 1.272-3.327). A study consisted of
case reports of four young women aged 21-39 years, who
exhibited no family history and tested negative for BRCA1
and BRCA2. Their breast imaging was reviewed and demon-
strated clusters of multiple tumor foci in the breast directly
under the area of phone contact (50). In addition, participants
who regularly carried their mobile phones close to their breast
area for a period of up to 10 h a day were found to be at higher
susceptibility of developing tumors on their breasts (50).
Richter et al (51) indicated that exposure to a radiofrequency
environment increased the risk of developing tumors in
various organs, and that long-time and direct exposure to
radiation affected the body with a chronic adverse influence on
health. When using a mobile phone, a close distance between
the phone and the breasts exists, and the breasts are exposed
to significant amounts of radiofrequency radiation, which
contributes to DNA damage and promotes the development of
breast cancer (3). In addition, it has been reported that mela-
tonin is a hydroxyl radical scavenger, and decreased expression

of melatonin has been indicated to enhance the oxidative
damage and increase breast cancer risk (52). Chang et al (53),
conducted a randomized controlled trial to estimate the effect
of iPad notebooks on melatonin expression. Their results
indicated that electronic devices such as iPads delayed the
onset of expression and suppressed the level of melatonin (53).
Therefore, the radiofrequency emitted by mobile phones
or electronic devices can induce both DNA damage and
the suppression of melatonin expression. Suppression of the
production of melatonin may cause an increased production
of estrogen, resulting in a subsequent increase in the risk of
breast cancer (25,52,53).

Occupational studies have provided evidence of
increased cancer risks associated with chemicals in manu-
facturing (polycyclic aromatic hydrocarbons) and agriculture
(pesticides and dichlorodiphenyltrichloroethane), as well as
night-shift work, metals and both ionizing and non-ionizing
radiation (24,54). However, in the subgroup analysis of the
current study, occupational radiofrequency exposure did not
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Figure 4. Meta-analysis of radiofrequency exposure and the risk of breast cancer among women aged <50 years.
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Figure 5. Meta-analysis of radiofrequency exposure to mobile phones and the breast cancer risk.

Model Study name Subgroup within  Statistics for cach study
group
Risk ratio Lower limit ~ Upper limit
Atzmon ¢t al, 2012 (38) 50 1.040 0.896 1.208
Kliukiene, 2003 (37) 50 1470 0.575 1758
Tyne et al, 1996 (32) 50 1.200 0.482 2988
Random 1053 0.910 1.218
Model Study name Group by Statistics for each study
cxposure
Risk ratio  Lower limit ~ Upper limit
Beniashvili et al, Mobile phone 2480 1.352 4548
2005 (35) CXPOSUre
Aydogan et al, 2013 Mobile phone 1.500 0.682 3299
(39) exposure
Random Mobile phone 2057 1.272 3.327
exposure
Model Study name Group by Statistics for each study
exposure
Risk ratio  Lower limit  Upper limit
Kliukiene et al, 2003 (37)  Occupation 1.430 0.743 2752
Kliukiche et al, 1999 (33) Occupation 1.080 1.008 1.157
Pollan et al, 2001 (34) Occupation 1.310 0.944 1818
Tyne et al, 1996 (32) Occupation 4.600 1.268 16.683
Random Occupation 1.274 0.956 1697
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Figure 6. Meta-analysis of radiofrequency exposure in occupational environments and the breast cancer risk.

exhibit a significant association with breast cancer. This finding
is supported by the study of Koeman ef al (55), which indicated
that in a Dutch cohort study occupational radiation exposure
was associated with haemato-lymphoproliferative malignan-
cies, leukemia and non-Hodgkin's lymphoma, but not with
breast cancer (adjusted hazard ratio=1.07; 95% CI, 0.94-1.23).
Moreover, McElroy et al (56) investigated the breast cancer

risk in women who were occupationally exposed to radia-
tion environments, and radiation exposure was differentiated
into three categories: Low, medium and high exposure. The
ORs were 1.06 (95% CI, 0.99-1.14) for low, 1.09 (95% CI,
0.96-1.23) for medium and 1.16 (95% CI, 0.90-1.50) for high
exposure. The results indicated that the risk of breast cancer
was not significantly associated with occupational radiation
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Figure 7. Meta-analysis of radiofrequency exposure to transmitters and the breast cancer risk.

Model Study name Group by Statistics for cach study
Cxposure
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Ha et al, 2003 (36) Transmitters 1.200 1.104 1.305
\tzmon <t al, 2012 (38) Transmilters 1.040 0.896 1.208
Random Transmiltters 1.133 0.987 1300
Funnel plot of standard error by log risk ratio
0.0 =
A,
5 0.24
=
@ . .
© 0.4/ .
@
=
[~
2 0.6/ / .
W . \ 0
0.8 L . L. . AN
-
-20 15 1.0 -05 00 05 10 15 20

Log risk ratio

Figure 8. Funnel plot of the radiofrequency exposure papers included in the
meta-analysis. The visual inspection of the funnel plot indicated a slightly
substantial asymmetry.

environments, which is consistent with the current study (56).
By contrast, a meta-analysis, which comprised of 23 studies,
suggested that women who worked in an environment with
electromagnetic radiation exhibited an increased risk of breast
cancer development (OR=1.07; 95% CI, 1.02-1.13) (15).

Inconsistencies in the conclusions of several studies on
occupational radiation exposure may be attributed to the lack
of an accurate assessment of occupational radiofrequency
field exposure, where exposure classification was regularly
solely based on the occupational code/title (55). An actual
effect may be overlooked due to a non-differential misclassi-
fication of exposure (55). In addition, the exposure definitions
using common job codes/titles may be inaccurate (15,56).
For example, electronic technicians exposed to radiofre-
quency radiation may also be exposed to polycyclic aromatic
hydrocarbons (PAHs), which are known to increase the risk of
breast cancer (56,57).

During the previous few decades, >1.5 million transmit-
ters (radio, television and mobile phone base stations) have
been installed around the world (2). A European ecological
study, which surveyed 23 different European countries for
cancer incidence, examined living residences and the density
of frequency modulation (FM) broadcasting transmitters in
various regions (19). The incidence of melanoma and breast
cancer in the surveyed countries were found to be associated
with their respective average densities of transmitters (19).
Melanoma and breast cancer exhibited an important asso-
ciation with the density of FM broadcasting transmitters in
the European countries examined (19). In the present study,
however, no significant association was observed between

a close residency to a transmission station and the develop-
ment of breast cancer. The results of the current study are in
accordance with those of Atzmon et al (38), who conducted
a population-based case-control study, which included
260 controls and 47 patients with different types of cancers,
who were diagnosed between 1989 and 2007. The determina-
tion of exposure has been based on the distance of each house
to radiofrequency antennas, and a lack of association has been
demonstrated between distance of the house to radiofrequency
antennas and the incidence rates of breast cancer (OR=1.04;
95% CI, 0.89-1.20) or other cancers (OR=1.00; 95% ClI,
0.99-1.02) (38). The lack of association has been attributed
to the low radiofrequency levels emitted by the transmitters,
resulting in a non-direct exposure of the individuals.

The current study presents certain limitations. Firstly, only
results in the selected papers were used, which limited the
analyses. The sample size was sufficient for an overall size
effect, but the statistical power of certain subgroup analyses
may be insufficient. For example, the results of the subgroup
analyses on the occupational environment and transmitters were
borderline significant, while with a larger sample size, these
results may have exhibited a greater statistical power. Secondly,
a dose-response relationship was not determined, which was
attributed to complicated exposure conditions, numerous expo-
sure assessment methods and inconsistencies in the exposure
definitions and the units of exposure calculations. Finally, the
quality of the included studies was assessed using NOS. The
scores of all selected studies ranged from 5-7 with the average
rating being 6, which demonstrated that the quality of these
studies was medium to high. A publication bias among the
studies was also indicated, which may be attributed to the accep-
tance and publication of studies that report significant results.
Therefore, additional research studies should be conducted, and
higher-quality studies are required for future analysis.

In conclusion, the present study indicated that radiofre-
quency radiation exposure significantly increased the risk
of breast cancer, especially in women aged =50 years and
individuals who used electric appliances, such as mobile
phones and computers. Therefore, effective self-protection
strategies against radiofrequency radiation require further
development.

Acknowledgements

Not applicable.



10

SHIH et al: RADIOFREQUENCY RADIATION INCREASES RISK OF BREAST CANCER

Funding

The present study was supported by The Ministry of Science
and Technology, Taiwan (grant nos. MOST 103-2314-
B-040-005-MY3 and MOST 106-2314-B-038-013-MY3).

Availability of data and materials

All data generated or analyzed during this study are included
in this published article.

Authors' contributions

YWS, AO and HTT conceived and designed the study. YWS
and CSH collected the data. YWS, WHH and KHC analyzed
and interpreted the data. YWS drafted the article. HTT
critically revised the article. All authors read and approved the
final manuscript.

Ethics approval and consent to participate

Not applicable.

Patient consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

References

. Engel CL, Sharima Rasanayagam M, Gray JM and Rizzo J: Work

and femalebreast cancer: The state of the evidence, 2002-2017.
New Solut 28: 55-78, 2018.

. Jalilian H, Eeftens M, Ziaei M and Ro66sli M: Public exposure

to radiofrequency electromagnetic fields in everyday microen-
vironments: An updated systematic review for Europe. Environ
Res 176: 108517, 2019.

. Melnick RL: Commentary on the utility of the national toxicology

program study on cell phone radiofrequency radiation data for
assessing human health risks despite unfounded criticisms aimed
at minimizing the findings of adverse health effects. Environ
Res 168: 1-6, 2019.

. Mokarram P, Sheikhi M, Mortazavi SMJ, Saeb S and

Shokrpour N: Effect of exposure to 900 MHz GSM mobile
phone radiofrequency radiation on estrogen receptor methylation
status in colon cells of male sprague dawley rats. J Biomed Phys
Eng 7: 79-86, 2017.

. TARC Working Group on the Evaluation of Carcinogenic Risks

to Humans: Non-ionizing radiation, Part 2: Radiofrequency
electromagnetic fields. IARC Monogr Eval Carcinog Risks
Hum 102: 1-460, 2013.

. Belyaev I, Dean A, Eger H, Hubmann G, Jandrisovits R,

Kern M, Kundi M, Moshammer H, Lercher P, Miiller K, et al:
EUROPAEM EMF Guideline 2016 for the prevention, diagnosis
and treatment of EMF-related health problems and illnesses. Rev
Environ Health 31: 363-397, 2016.

. KuoCN,Liao YM,Kuo LN, Tsai HJ,Chang WC and Yen Y: Cancers in

Taiwan: Practical insight from epidemiology, treatments, biomarkers,
and cost. J Formos Med Assoc, Sep 12,2019 (Online ahead of print).

.Lee KR, Hwang IC, Han KD, Jung J and Seo MH: Waist

circumference and risk of breast cancer in Korean women: A
nationwide cohort study. Int J Cancer 142: 1554-1559, 2018.

. Groenendijk FH, Jager A, Cardoso F and van Deurzen CHM:

A nationwide registry-based cohort study of the MammaPrint
genomic risk classifier in invasive breast cancer. Breast 38:
125-131, 2018.

10.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.
25.

26.

27.
28.
29.

30.

31.

32.

Pop LA, Cojocneanu-Petric RM, Pileczki V, Morar-Bolba G,
Irimie A, Lazar V, Lombardo C, Paradiso A and
Berindan-Neagoe I: Genetic alterations in sporadic triple nega-
tive breast cancer. Breast 38: 30-38, 2018.

. Elwood PC, Whitmarsh A, Gallacher J, Bayer A, Adams R,

Heslop L, Pickering J, Morgan G, Galante J, Dolwani S, et al:
Healthy living and cancer: Evidence from UK Biobank.
Ecancermedicalscience 12: 792, 2018.

. Zeinomar N, Thai A, Cloud AJ, McDonald JA, Liao Y and

Terry MB: Alcohol consumption and breast cancer-specific and
all-cause mortality in women diagnosed with breast cancer at the
New York site of the breast cancer family registry. PLoS One 12:
e0189118, 2017.

Larsen J, Wallace P, Sim F, Chick J, Jarvis S, Lidington I,
Neidle S, Ogden G and Owens L: Accuracy of alcohol and breast
cancer risk information on Drinkaware's website. Drug Alcohol
Rev 37: 304-306, 2018.

Takizawa Y, Kawai M, Kakugawa Y, Nishino Y, Ohuchi N
and Minami Y: Alcohol consumption and breast cancer risk
according to hormone receptor status in Japanese women: A
case-control study. Tohoku J Exp Med 244: 63-73, 2018.

Chen Q, Lang L, Wu W, Xu G, Zhang X, Li T and Huang H:
A meta-analysis on the relationship between exposure to
ELF-EMFs and the risk of female breast cancer. PLoS One 8:
€69272,2013.

Balekouzou A, Yin P, Afewerky HK, Bekolo C, Pamatika CM,
Nambei SW, Djeintote M, Doui Doumgba A, Mossoro-Kpinde CD,
Shu C, et al: Behavioral risk factors of breast cancer in Bangui
of Central African Republic: A retrospective case-control study.
PLoS One 12: e0171154, 2017.

Cig B and Naziroglu M: Investigation of the effects of distance
from sources on apoptosis, oxidative stress and cytosolic calcium
accumulation via TRPV1 channels induced by mobile phones
and Wi-Fi in breast cancer cells. Biochim Biophys Acta 1848:
2756-2765, 2015.

Esmekaya MA, Canseven AG, Kayhan H, Tuysuz MZ,
Sirav B and Seyhan N: Mitochondrial hyperpolarization and
cytochrome-c release in microwave-exposed MCF-7 cells. Gen
Physiol Biophys 36: 211-218, 2017.

. Hallberg O: Cancer incidence vs. FM radio transmitter density.

Electromagn Biol Med 35: 343-347, 2016.

Alkan A, Kutuk T, Karci E, Yasar A, Hicsonmez A and Utkan G:
Radiation-induced tumor lysis syndrome in chronic lymphocytic
leukemia. Turk J Haematol 33: 248-250, 2016.

Wang P, Hou C, Li Y and Zhou D: Wireless phone use and
risk of adult glioma: Evidence from a meta-analysis. World
Neurosurg 115: €629-e636, 2018.

Yang M, Guo W, Yang C, Tang J, Huang Q, Feng S, Jiang A,
Xu X and Jiang G: Mobile phone use and glioma risk: A system-
atic review and meta-analysis. PLoS One 12: 0175136, 2017.
Bortkiewicz A, Gadzicka E and Szymczak W: Mobile phone use
and risk for intracranial tumors and salivary gland tumors-A
meta-analysis. Int J Occup Med Environ Health 30: 27-43, 2017.
Fenga C: Occupational exposure and risk of breast cancer.
Biomed Rep 4: 282-292, 2016.

Sagar S, Dongus S, Schoeni A, Roser K, Eeftens M, Struchen B,
Foerster M, Meier N, Adem S and Ro6sli M: Radiofrequency
electromagnetic field exposure in everyday microenvironments
in Europe: A systematic literature review. J Expo Sci Environ
Epidemiol 28: 147-160, 2018.

Stang A: Critical evaluation of the Newcastle-Ottawa scale
for the assessment of the quality of nonrandomized studies in
meta-analyses. Eur J Epidemiol 25: 603-605, 2010.

Pagano M and Gauvreau K: Principles of biostatistics (2nd
edition). Duxbury Press, 2000.

Ioannidis JP, Patsopoulos NA and Evangelou E: Uncertainty in
heterogeneity estimates in meta-analyses. BMJ 335: 914-916,2007.
Egger M, Davey Smith G, Schneider M and Minder C: Bias in
meta-analysis detected by a simple, graphical test. BMJ 315:
629-634, 1997.

Shi L and Lin L: The trim-and-fill method for publication bias:
Practical guidelines and recommendations based on a large data-
base of meta-analyses. Medicine (Baltimore) 98: 15987, 2019.
Moher D, Liberati A, Tetzlaff J and Altman DG; PRISMA
Group: Preferred reporting items for systematic reviews and
meta-analyses: The PRISMA statement. PLoS Med 6: e1000097,
2009.

Tynes T, Hannevik M, Andersen A, Vistnes Al and Haldorsen T:
Incidence of breast cancer in Norwegian female radio and tele-
graph operators. Cancer Causes Control 7: 197-204, 1996.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

EXPERIMENTAL AND THERAPEUTIC MEDICINE 21: 23, 2021 11

Kliukiene J, Tynes T, Martinsen JI, Blaasaas KG and Andersen A:
Incidence of breast cancer in a Norwegian cohort of women with
potential workplace exposure to 50 Hz magnetic fields. Am J Ind
Med 36: 147-154, 1999.

Polldn M, Gustavsson P and Floderus B: Breast cancer, occupa-
tion, and exposure to electromagnetic fields among Swedish men.
Am J Ind Med 39: 276-285, 2001.

Beniashvili D, Avinoach I, Baazov D and Zusman I: Household
electromagnetic fields and breast cancer in elderly women.
In Vivo 19: 563-566, 2005.

Ha M, Lim HJ, Cho SH, Choi HD and Cho KY: Incidence of
cancer in the vicinity of Korean AM radio transmitters. Arch
Environ Health 58: 756-762, 2003.

Kliukiene J, Tynes T and Andersen A: Follow-up of radio and
telegraph operators with exposure to electromagnetic fields and
risk of breast cancer. Eur J Cancer Prev 12: 301-307, 2003.
Atzmon I, Linn S, Richter E and Portnov BA: Cancer risks
in the druze isifya village: Reasons and RF/MW antennas.
Pathophysiology 19: 21-28, 2012.

Aydogan T, Cakcak E, Simsek O, Erginoz E, Aydogan F,
Hatipoglu S and Kapan S: The effect of current environmental
risk factors on breast cancer. Med J Bakirkoy 9: 176-182, 2013.
Bartsch H, Bartsch C, Seebald E, Deerberg F, Dietz K, Vollrath L
and Mecke D: Chronic exposure to a GSM-like signal (mobile
phone) does not stimulate the development of DMBA-induced
mammary tumors in rats: Results of three consecutive studies.
Radiat Res 157: 183-190, 2002.

Shih YW, Yang SF, Chien MH, Chang CW, Chang VHS and
Tsai HT: Significant effect of acupressure in elevating blood stem
cell factor during chemotherapy in patients with gynecologic
cancer. ] Nurs Res 26: 411-419, 2018.

Miah T and Kamat D: Current understanding of the health effects
of electromagnetic fields. Pediatr Ann 46: el72-e174, 2017.
Taheri M, Mortazavi SM, Moradi M, Mansouri S, Hatam GR
and Nouri F: Evaluation of the effect of radiofrequency radia-
tion emitted from Wi-Fi router and mobile phone simulator on
the antibacterial susceptibility of pathogenic bacteria listeria
monocytogenes and escherichia coli. Dose Response 15:
1559325816688527, 2017.

Havas M: When theory and observation collide: Can non-ionizing
radiation cause cancer? Environ Pollut 221: 501-505, 2017.

Lodi M, Scheer L, Reix N, Heitz D, Carin AJ, Thiébaut N,
Neuberger K, Tomasetto C and Mathelin C: Breast cancer in
elderly women and altered clinico-pathological characteristics:
A systematic review. Breast cancer res Treat 166: 657-668, 2017.
Dugue PA, Bassett JK, Joo JE, Jung CH, Ming Wong E,
Moreno-Betancur M, Schmidt D, Makalic E, Li S, Severi G, et al:
DNA methylation-based biological aging and cancer risk and
survival: Pooled analysis of seven prospective studies. Int J
Cancer 142: 1611-1619, 2018.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Hernandez L, Terradas M, Camps J, Martin M, Tusell L and
Genesca A: Aging and radiation: Bad companions. Aging
Cell 14: 153-161, 2015.

Ameziane-El-Hassani R and Dupuy C: Detection of reactive
oxygen species in cells undergoing oncogene-induced senes-
cence. Methods Mol Biol 1534: 139-145, 2017.

Lee WJ, Choi Y, Ko S, Cha ES, Kim J, Kim YM, Kong KA,
Seo S, Bang YJ and Ha YW: Projected lifetime cancer risks
from occupational radiation exposure among diagnostic medical
radiation workers in South Korea. BMC Cancer 18: 1206, 2018.
West JG, Kapoor NS, Liao SY, Chen JW, Bailey L and
Nagourney RA: Multifocal breast cancer in young women with
prolonged contact between their breasts and their cellular phones.
Case Rep Med 2013: 354682, 2013.

Richter ED, Berman T, Ben-Michael E, Laster R and Westin JB:
Cancer in radar technicians exposed to radiofrequency/micro-
wave radiation: Sentinel episodes. Int J Occup Environ Health 6:
187-193, 2000.

Warille AA, Altun G, Elamin AA, Kaplan AA, Mohamed H,
Yurt KK and El Elhaj A: Skeptical approaches concerning the
effect of exposure to electromagnetic fields on brain hormones
and enzyme activities. J] Microsc Ultrastruct 5: 177-184, 2017.
Chang AM, Aeschbach D, Duffy JF and Czeisler CA: Evening
use of light-emitting eReaders negatively affects sleep, circadian
timing, and next-morning alertness. Proc Natl Acad Sci USA 112:
1232-1237,2015.

Kim J, Seo S, Lee DN, Park S, Im KJ, Park S and Jin YW:
Occupational exposure characteristics and factors associated
with radiation doses among Korean radiation workers. Radiat
Prot Dosimetry, Feb 22,2020 (Online ahead of print).

Koeman T, van den Brandt PA, Slottje P, Schouten LJ,
Goldbohm RA, Kromhout H and Vermeulen R: Occupational
extremely low-frequency magnetic field exposure and selected
cancer outcomes in a prospective Dutch cohort. Cancer Causes
Control 25: 203-214, 2014.

McElroy JA, Egan KM, Titus-Ernstoff L, Anderson HA,
Trentham-Dietz A, Hampton JM and Newcomb PA: Occupational
exposure to electromagnetic field and breast cancer risk in a
large, population-based, case-control study in the United States.
J Occup Environ Med 49: 266-274, 2007.

Rodgers KM, Udesky JO,Rudel RA and Brody JG: Environmental
chemicals and breast cancer: An updated review of epidemio-
logical literature informed by biological mechanisms. Environ
Res 160: 152-182, 2018.

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0
International (CC BY-NC-ND 4.0) License.

@080

E MG MD



