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Background: This review aimed to emphasize the effects,
mechanisms involved, conditions required to trigger impacts, and the
adapted responses of EMF on thyroid gland.

Methods: The included literatures were collected from the Oceania
Radiofrequency Scientific Advisory Association (ORSAA) database
which were published before April 2021. The searched was then
refined with keyword ‘thyroid'".

Results: A total of 15 experimental studies, 10 observational studies, 4
review articles, and 1 medical hypothesis were included.
Hypothyroidism is the most reported functional abnormality. The
identified morphological abnormalities of the thyroid gland include
increased follicular epithelial and interfollicular tissue, decreased
colloid volume of cubic cells, follicular fluid, interfollicular space,
changes in lysosomes, granular endoplasmic reticulum, cell nuclei,
changes in glandular structures including cell hypotrophy, glandular
hypertrophy, and increased apoptosis via caspase-dependent
pathways. The observational studies reported an increase in thyroid
cancer incidence and the diameter of the left anteroposterior of the
thyroid gland. Postulation that thyroid cancer is associated with
thyroid cancer EMF exposure, is suggested by a medical hypothesis
paper. The possibilities of hypothyroidism, thyroid cancer, and cell
apoptosis due to EMF exposure have been highlighted in the review
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articles.

Conclusion: Despite these findings, critical elements, such as the
effects and mechanisms of EMF exposure on thyroid hormone
transporters, genomic and non-genomic actions, conditions required
for the effect to occur, and the resultant adapted responses, have not
been explored suggesting the need of further research.
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Introduction

Thyroid abnormalities, including functional (hypothyroidism/hyperthyroidism) and anatomic (benign nodules/thyroid
cancer) disorders, had affected 200 million of the world population in 2013." This situation is demonstrated by incidences
of hypothyroidism and hyperthyroidism that have reached 226/100,000 population per year (5% prevalence) and
51/100,000 population per year (2% prevalence), respectively.' Thyroid nodules are found in 12% of the global general
population in which the incidence rises among older population.” At least 50% of individuals have one thyroid nodule at
60 years old, where 90-95% of them are benign.” There are 3.2 million patients with thyroid cancer worldwide, generally
dominated by women, with an incidence of more than 560,000 new cases per year.’ Some of the triggering factors for
thyroid abnormalities are iodine, selenium, vitamin D deficiency, smoking, pathogen infection, drugs, chemicals, and
external radiation.” It has been suggested that an increase in thyroid dysfunctions is due to radiation exposure.’

Radiation is categorized into ionizing and non-ionizing. lonizing radiation (i.e. X-ray or gamma-ray exposure) breaks
molecular bonds due to its high frequency, whilst non-ionizing radiation (i.e. infrared, microwave, or radiofrequency
waves) damages cells by altering chemical reactions and inducing mechanisms related to heat and electricity. Owing to its
frequent use, non-ionizing radiation is likely to cause thyroid abnormalities.” A study suggested that increased cell phone
use is a contributing factor to higher incidence rate of thyroid cancer in Sweden and other Nordic countries.

The exposure to non-ionizing electromagnetic fields (EMF) in human cells may lead to several events, including
cyclotron ion resonance, parametric resonance, electromagnetic field interaction with electrons, wave stabilization and
quantum coherence, resonance and polarization frequency, resonance recognition, electron excitation in water molecules,
and increase of free radical concentration, which can affect the body.”~” The aforementioned events are followed by an
increase of calcium (Ca*) efflux, formation of reactive oxygen species, deoxyribonucleic acid (DNA) strand breaks,
increased activities of ornithine decarboxylase (ODC) and protein kinase (PKC), disturbances in Na*/K* phosphatase
activities, decreased levels of melatonin, impaired histone kinase activities, and increased protein misfolding if
adapted responses do not occur.'” These events will eventually cause genotoxic and carcinogenic effects under certain
conditions.' '~

The Oceania Radiofrequency Scientific Advisory Association (ORSAA) is an organization composed of scientists from
various academic disciplines who are investigating the scientific research that relates to the effects of artificial EMF
radiation on humans, animals and the environment. ORSAA database contains all information on the effects of non-
ionizing EMF radiation on human, animals and the environment from 2015 to present. The importance of this database is
derived to the fact that the number of mobile phone users has reached 7 billion people or 97% of the world's population. In
Southeast Asia alone, the number of cellular phones used is more than twice the population, reaching 600 million in
2014."> The thyroid gland plays an important role in the growth process and metabolism; however, it has a high risk of
being exposed to non-ionizing radiation because of its superficial and close location to the cellular phone when in use.'*"”
The exposure may cause abnormalities in thyroid gland morphology and thyroid hormone functions.'®'” Abnormality
of thyroid hormones are associated with some diseases.'®'® In addition, it is also suspected to affect thyroid hormone
actions, either the transporters or genomic and non-genomic actions, which in turn will disrupt the physiological
response.15,17,]‘)—l]

This systematic review examined data from experimental research (both in vivo and in virtro), observational studies,
reviews, and medical hypotheses published in the database to map and identify the relationship between non-ionizing
EMF radiation and thyroid dysfunctions. This systematic review aimed to answer the following research questions:

(1) Could non-ionizing EMF radiation impact thyroid gland and its hormones?

(2) What are parameters influencing the impact of non-ioninzing EMF radiation against thyroid gland and its
hormones?

(3) How is the advancement of the research perataining to non-ionizing EMF radiation impact on the thyroid?

Methods

Information sources

All studies containing information on the effect of non-ionizing EMF exposure on thyroid cells and their functions were
collected from the ORSAA database. The ORSAA database is a comprehensive database of bio-effects from non-ionizing
radiation by ORSAA, an organization consisting of researchers and science practitioners, that investigates the effects of
electromagnetic radiation on humans, animals, and the environment. The members also continuously collect all articles
published in other databases such as PubMed, Google Scholars and others that specific on the effects of bio-effects from
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non-ionizing radiation. The organization was founded in 2015 by a group of academics and researchers in Australia more
information can be found here. The sources of ORSAA database are from all articles from PubMed database, Google
Scholars, the Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) technical series documentation
and their monthly literature survey on electromagnetic radiations, and the EMF-Portal of Rheinisch-Westfélische
Technische Hochschule (RWTH) Aachen University. The ORSAA database was used because it is comprehensive
and it covers all studies published in other databases but specific on effects of electromagnetic radiation on humans,
animals, and the environment. This ensured that all articles related to the topic were covered but in smaller number of
datasets. In addition, the database easy to search, unbiased, and accessible online free of charge.

Eligibility criteria and screening

The searches were conducted using keyword “thyroid” on ORSAA database between 20 March and 1 April 2021. All data
from the database were included without year restriction. All cross-sectional, prospective or retrospective studies in
humans were considered eligible. Only articles written in English were included. In this article, reviews, commentaries
and hypothesis were considerate not eligible. We followed the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) to provide the workflow for the search strategy for each step.””

Data extraction and selection process

Bibliometric data including the author, year of publication, title, journal and other important information were
transferred to EndNote version X9 (Thompson Reuters, Philadelphia, PA, USA). All articles were reviewed based on
title and abstract based on inclusion and exclusion criteria manually. Those article who did not meet the criteria were
excluded from the EndNote library. Full-text of article that met the inclusion criteria were read and critical data were
extracted and summarized in the tables manually. For observational and experimental studies, extracted data included the
number and type of subjects, exposure parameter (i.e., power density, frequency duration, distance), thyroid-related
variables, and results. As for the observational studies, the aim of the study was also summarized in the table.

Results

Study eligibility results

The ORSAA database has 3,914 publications related to the exposure of non-ionizing radiation as of 1 April 2021. Out of
the total, 3,871 were excluded because they were not relevant (the studies did not consist the word of “thyroid”) leaving
43 articles that were related the exposure of non-ionizing radiation on thyroid (Figure 1). After reading the full-texts of the
43 articles, additional 18 articles were excluded with reasons: not related to thyroid (n=2),”>** different study purposes
(n=6)"*"? and full-text unavailable (n=5).”°~* In addition, four review articles (two discussing the effect of non-ionizing
EMEF on thyroid gland abnormalities,”~° while the two others discussing the effect of non-ionizing EMF on thyroid
hormone functions)”’~** and one hypothesis article elaborated the impact of non-ionizing radiation on the likelihood of

Effect of non-ionizing radiation
In ORSAA database

(n=3,914)
Exclusion by search filter
(n=3,871)
Related to thyroid
(n=43)

Exclusion by screening (n=13):

T o

= 1. Not related to thyroid (n=2)
S 8 2. Different study’s purposes (n=6)
85 Eff — e 3. Full-text unavailable (n=5)
a a ect of non-ionizing radiation

to thyroid abnormalities
(n=30)

3 |

= l I ! l

2 Experimental Observational Review Medical Hypothesis

~ (n=15) (n=10) (n=4) (n=1)

Figure 1. PRISMA diagram showing the steps to obtain included literatures.
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thyroid cancer’’ were also excluded (Figure 1). A total of 25 studies consisted of 15 experimental“"54 and
10 observational,’””~%" respectively, were included in this systematic review (Figure 1).

Detailed extracted data from the included literature reporting non-ionizing EMF effects on human thyroid are presented
in Table 1 (for experimental studies) and Table 2 (for observational studies). There were 15 experimental stud-
jes 02434979515 ncluded with five studies examining the effect of non-ionizing EMF on thyroid hormone
functions,>****°>3 nine studies examining the changes of the histocellular morphology,”****’=***!=3% and one study
examining both parameters”! (Table 1). The observational studies consisted of ten studies; four of them assessed the
effect of non-ionizing EMF on thyroid hormone function,””%** five studies assessed the association with thyroid
cancer incidence,””"”°" and one study examined the impact both on the thyroid gland morphological changes and the
thyroid hormone functions® (Table 2). Most of the experimental research publications were from Sweden*”'** which
predominantly published in 2005*%*’ (see Table 1). As for the observational studies, the highest number of publications
was recorded in 2016°7°° with most of the authors were from the United States™”°"°* (see Table 2).

Experimental studies

Out of fifteen experimental studies include ten studies assessed the morphological and histocellular changes of
thyroid gland*******/=>% and six studies assessed hormonal function (T3, T4, and thyroid-stimulating hormone
(TSH)).*!###=495% Out of ten experimental studies that assessed the effect of EMF exposure on morphological and
histocellular changes,”******"~> some indicators were used to assess the effects of EMF exposure including changes in
the number of NPY-containing nerve fibers, changes in thyroid mast cells,”” changes in volume density of the follicular
epithelium and interfollicular tissue, capillary volume density,”’ thyroid activation index, and alterations in colloid
volume density.”” The presence of several EMF-exposed colloid droplets in the thyroid follicular cells on the same
thyrocytes with some large-diameter droplets was also reported as a parameter.”' Moreover, the evaluation based on the
alterations of lysosomes, granular endoplasmic reticulum, and cell nuclei have been used.”’ A study also included the
changes in glandular structures, including those deriving from cell hypotrophy and increased apoptosis via caspase-
dependent pathways.*> Other parameters such as the changes of predominance follicles and thyrocytes, changes of
thyroid interfollicular space,’ the level of heat shock protein (HSP-90) and HSP-70,"’ recovery rate of HSP-90 basal
level,*” the number of cubic cells on thyroid gland,** and the fluid volume and follicular diameter have been used.** The
methods of the studies are presented in Table 1.

40-54
d, "

Out of ten experimental studies that assessed the effect of EMF exposure on morphological and histocellular
changes, 44773 eight of them showed significant effects,’”*****"=! while the remaining two studies showed no
effect.”””” Studies that demonstrated significant changes of thyroid gland reported the alterations of thyroid vasculature
(increased number of neuropeptide Y-containing nerve fibers),” increased the number and volume density of mast
cells,” increased the density of follicular and interfollicular tissue, capillaries, and thyroid activation index,’’ increased
the number of hypotrophy cells and cell apoptosis,”” decreased the level of HSP-90 and HSP-70,"""" reduced the normal
follicular diameter,”* and induced the glandular hypertrophy.*® Detailed of results from all studies are presented in

Table 1.

Among six studies assessing hormone function, three showed significant effects, with hypothyroidism being the most
found condition. "> One study showed the decreased serum levels of T3, T4, and thyroid-stimulating hormone (TSH)
(central hypothyroidism).®* Another study reported low T3 syndrome indicated by an increased level of T4 and a normal
level of TSH.”* A study reported an increase in TSH but a decrease in T3 and T4 levels, hence the primary
hypothyroidism."* Detailed of results from all studies are presented in Table 1.

40,43-52,54 —49,51,52

There were 12 in vivo studies in animal models, where most of them (n=10) used mice model**** % with
the number of animals ranged from 20" to 240" and age ranged from 25 days™ to 90 days/12 weeks.***° Some studies
used male mice,"*****1>? female mice*”*’*** or both male and female mice.*** One study used male rat as model.””
Two studies were conducted on human subjects with number of samples of 20 and 30 individuals and aged between
18 and 40 years.*"*** Only one study was in vitro.”

There are various types of EMF exposure measured in experiment studies. Three studies used real mobile phone as the
source of EMF exposure,*'"**** while others used EMF exposure produced from various simulation devices.*****7=*
Those who used the real phone, investigated the radiation transmitted from the European GSM-standard commercial
cellular phones, namely Motorola,*' Motorola 8200," and Nokia 1200.** In the two studies using human subjects, the
cell phone was made in ‘calling’ modes.*'*** Another study using the mice exposed the cellular phone transmission
through various modes (i.e. calls, unanswered calls, and connected calls (no talking)).44 The simulation devices with
various antenna were used as sources of radiation in 12 studies,"”****=* of which three studies carried the experiment in

Page 5 of 17



: 13 NOV 2024

12 Last updated

F1000Research 2024, 13

19)PnuU
|92 pue wn|naiaJ dwsejdopus
JeinueJb ‘sswososA|

ul suoneJ)|y sia|doup Jsrswelp
-abJe| Jo axuasaid [euoiseddo ayy
yum 214004443 swes ayy uiyaim
s19|doJp pI0]|03 |e1aA3s Jo bulpuly
juanbauy ay) pajeanas dnoib 4A3
3U3 Ul S||92 Je|ndi||o4 *ploj|0d JO
A3ISUSp SWN|OA pasealdaq Xxapul
uoneAnde pioJAy) ‘sae|ided

40 Ajsuap awinjoA ‘anssiy
Je[ndijjoyia3ul pue ewniRyida
1e|nd1||0) JO AISUSp SwnjoA
paseaJdU] 323443 Juediiubis

(proJAyy ur HIN v 2dAy 10e3UL

40 AJISUSp aWN|oA pue |esuawnu
paseaJtdul) 4|3 03 pasodxa

S)eJ ul DA P1oJAY) Jo suonesalje
U1l 1399449 JuedIubIS |enJed

129)J3 Juedyyiubis oN

(s19q14 343U Buuieyuod
-AdN JO Jagquinu pasea.dur)
‘ainye|nasen ploJAyy uo
949 uedIUBIS [enJed

129443 Juedyiubis oN

71 paseatdul pue €] wnJas
Pasea.dap 1133443 Juedyiubis

129)J3 Juedyyiubis oN

HSL ‘L “E1 4O S|9AS| WINJIS

Pasea.dap 1133443 Juedyiubis

129449 Juedyiubis oN

129443 Juedyiubis oN

3nsay

suonesalje
Je[n||a3 pue [e3160[01sIH

JIN BUIWeISIY ‘DIN UIU030I3S ‘DN
40 KISUSP SWNJOA puE JaqUINN

0Z dSH SOY ‘(13]anus |22
40 Apiojd yNa) Aujgessul
d1wouab ‘uonessyold |33

ISELTESEN]
pue ‘s||a2 Jejndjjjojesed ‘DN

HSL ‘7L €L

HSLPLEL

HSL

HSL ‘7L €L

HSL

HSL

3|qenen

L

43

or

43

°N

€C

°N

°N

N

°N

(wd)
asuessig

en

en

B3/M 0£1°0 D
BM/M 280°0 ‘8
B>/M 280°0 -V

en
(Apog sjoym)

VINGDM B3/M 0'C
pue vINdD B3Y/M 02
VINGD BX/M 0

(Apoq 3joym)

aue|d H ay3 03 [9||esed

wb/mn 86°0 pue aueld 3
ay3 0} |3|jesed wb/MN 9'€

(ureaq jesodwia]) B3/M €0

(Apog ajoym) b3/m ¢

en

en

93e. uondiosqe ay1ads

en

en

ZWI/MNOLZ D
ZW2/MN 08 g
ZW2/MN 08 Y

en

en

ZW/MN 591

en

ZWI/M ¥0FL

en

en

Kysusp
Jamod

ZH 05

ZH 05

ZHIN 968 D
ZHIN 006 +d
ZHIN 006 -V

ZH 05

ZHIN 0561 VINADM
ZHIN §'8¥8 YINAD

ZHIN 0S¥C

ZHIN 006

ZHIN 006

ZHIN 006

ZHIN 006

baiq

My PL Yy

My PL Yy

S9 D
9l
eV

My PL Yy

M8 PS yr/e

ME PLYZ

My PS Yc

My pS Y/

pl

My PS Yc

uoneinp
ainsodx3

*salpn3s [eauawiddxa jo Alewwns °| a|qe ]

d

uope|nwis
/1eay

(syuow z) sies
JeISIM 3jew OE

(syauow ) syed
JeISIM 3jeW 7

(sjewsy

Apsow ‘plo
s4eak 09-07) |19
ploJAy) Asewiid
Jo saje(d |lam-96

(sjw 7) sied
JeISIM 3jew 7

(S99Mm g-sjeway
0Z| 9jew ozl)
siey Asimeq
anbeuds otz

(s3m G-) syed
131504 S3jieyYD
slew oz

(s4h ze-00)

9|BIN H 0C

(S)eam z1) sied
Asimeg-anbeuds
dlew og

(s4K 0t-81) H 0

HO0cC

a|dwes

00¢
1012
Ji1noy ey

Jinoy ey

£5510C
D 32 BA|IS

05'6v500C
“ID 33
J1no ey

+EL0T
0 32 ulf

+5800C
032

eyuis

auepualg

5,500C
“Ib 32 nAoy|

3735 @

SLEYN
‘Joyny

Page 6 of 17



: 13 NOV 2024

12 Last updated

F1000Research 2024, 13

SIER
Jejnaijjojesed pue saueiquisw
UM PLIDOSSE 06-dSH

"M Sj9am !p ‘Aep !y ‘sunoy BN ‘paulejdxaun ‘en ‘s|gejieaeun bai4 ‘Aousnbaid Y ‘|eay ‘IS ‘uone|nwis ‘HS1 ‘duowJoH buneinwis proJAyl 4INT ‘plRl d13dubew 04193

(proJAy3 uean)
B3Y/M €-01°9F£0L0
= ME paieaday :d

(p10JAyy ues|n) B3/M

Mg
(xouez/LD

40UOBNQLISIP 943 JO UoRESLIpOW €-0L'ZLF6ZY0=MTL d (®s)yz/L g
‘saJnsodxa Jo Jaquinu Jo/pue sied 2,910
¥VS ay3 03 uoneja. ui AydospadAy sanssiy pue|b pioJAyy ur ssbueyd (p104Ayy ues|n) B3/Mm Asimeq anbeids “I0 33
Jejnpue6 32343 Juedyiubis [ea16ojoydiow pue 06-dSH an €-0L'ZLF20L'0 = ME :d en ZHD SP'C (®s) yz/L v 1S 3lewsay 3Npe 95 ounsnby
HSL pasesJdul
€1 pue 7] pssealtdaq
12349 JuedyIubis HSL'vL'€EL
1DeAXD
d|lJeb paAI9das pue uonelpes
03 pasodxa sdnoub ur Ja3ewelp
Je|ndi||o4 pue pinjj Jejnai|joy Jo
Junowe ay3 ul uoIdNPaJ e Se ||lom (shep 06-08)
se ‘sdnoub pajealyy ul JapJosip Slewsy pue w710T
pue s[|a 21gnd Jo Jagquinu ay) My pL 9lew sied Jeisip "o 32
Ul uonaNpa. e :129}2 JuedyIubIs suoneJay|e [e216003sIH an en en ZHIN 006 (wwol xzl)yz 4 o 40 sdnoib z unoifey
24nNAs
Jenpue|b ay3 ui sisoydode
10 uo|sa| jo subis ou aJe asay}
‘Bumas Jamod M € Y3 1e JaMO|S (p10JAyy uea|n) B3/M
1 S|9A9) [eSeq 06-dSH JO A1an0da4 S92 p1oJAy3 ay3 u uoneuawbely €-0L'ZLF28r0=MZTl d
‘0/-dSH PUe 06-dSH JO sanjeA ay3 1e3|anu pue uolesuIpuod (p1oJAyy ueay) Bx/m
ul aseatdap Aioysueny e '4y zHo unewoJsyd Aubaiul €-0L'SFYOL'0=ME d sied ,pCL0C
Gi'z 03 9AlISUaS S| pue|b ploJAyy pue Ayaioe onoydodenue ‘pueb (p1o4Ayy ueay) Bx/m Ksimeg-anbeuds “Ib 32
ay) 110949 JuedIUBIS [enued 93 Ul UoIs3| ‘0/-dSH '06-dSH aNn €-0L'LFI9r00=MG'L :d en ZHD S¥'T Cra% IS 9lews4 3npe 96 ounsnby
(p1oJAy) uean) B3/m
24n1onJ3s Jenpuelb ayy EolciFearo=mel d
ui sisoydode Jo uoisa| jo subis ou S92 p1oJAy1 3y3 ur uoneudWbHe.y (P10JAUY uBSIAY) BY/M
‘0L -dSH PUB 06-dSH 4O SanjeA sy} 1e3|dNu pue uolesusIpuod €-0L'SFPOL'0 =M € :d
ul 9seasdap Alojisuedd e '4y ZHD upewoJayd Ayubajul syed 0,2L0T
Sz 03 9AIISUSs S| pue|b ploJAyy pue Auainoe opoydodenue ‘puelb (p1oJ4Ayy ueaw) B3j/M As|meq anbeuds 10 32
3y} 119843 JuedIubIS ened 93 Ul UoIs3| ‘0/-dSH '06-dSH aNn €0L'LFI9P00=MEG'L :d en ZH9D SP'C yz/L IS Sewsay} 5 ounsnby
2oeds Je[no|jjoia3ul
pasnpaJ ‘93A30JAy} Jeuwn|od pue
S921]|04 0JD1W JO ddue opa.d 2s010¢C
pamoys siskjeue [ea16o]oIsIy (shep ge-57) s1ed "I 39
Ing 329443 JuedubIS ON suoneJay|e [e2160]03sIH 4} en en ZH 05 My PL Yy 1S JBISIV 3jew 7/ dinofey
sisoydode
Jo skemyyed juapuadap-asedsed
Buipueyua pue ‘sjj93 AydosyodAy Annipoe +,010Z
Buipnjoul ‘aun3nais puelb sisoydode pue ‘suopelaye (syyuow 7) syed “Ib 32
a3 buuiaye :10ayye Juedyiubis |ean1onuys ‘puelb ayy jo Abojoyied ol BY/M SE°L en ZHIN 006 ME PLYE/L IS JelsiMm dlew og efesawisy
(wd) Kjsuasp uoneinp uone|nwis S-CYN
3nsay a|qerien asuessia a3e. uondiosqe sy13ads Jamod baig ainsodx3 /1eay ajdwes ‘loyny
panupuo) | 3|qel

Page 7 of 17



: 13 NOV 2024

12 Last updated

F1000Research 2024, 13

ISl U0 123)J9 ou pey
SINoY 10 ‘syjuow ‘sieak ul painseaw asn
393jue|q 2143233 Jo uoneing (86°0 = ¥H)
J33ued ploJAy) Jo ysii Jusanbasqns pue
S193UB|] J141I3|3 JO SN UISIMIS] punoy
SEeM U01e|D0SSe ON 39943 Juediyiubis oN

sauoyd ajiqow

40 9SN 3AISSIXd BUIMO||04 4N320 Aew HS L
ul asi4 A1ojesuadwiod e yum uondunysAp
ploJAy3 Jo saaubap Jouiw ey

SW33S 3 ‘PAAISSQO SI9M SIISN J|IqOW Ul
SUOIIRJIUSIUOD €] |PWLIOU PUR 7] uesw
MO ‘|9A3] HS Jewlou ueyy Jaybiy v
1329449 Juedyiubis

S[9A3] 71 pUB €1WNIIS JIBY}
ul 9sealdap juedyiubis ybiy pasapns
suofIe)s aseq woJj 4o sauoyda|ay
3]IqOW WOJ) JBYID Y4y 01 ‘sieak g

0} PAPUIX3 S|eAIDIU| dWI} SO} ‘PasOdxd
2J9M oYM sIeak 09-GZ pue siedk zz-v1
sabe Jo su0sIad 1393443 Juediubis

‘S)UBWINIISUI 959U}
Buisn jo ssais ayy Aq Jo sauoyd ajiqow
wouj S 43 03 24nsodxa Ag paulw.aiap st
NS4 SIY3 JaYIYM ysl|qelsa o3 d|qissod

30U SI}| ‘e3ep Jno Jo siseq dayj uQ "dwp

UO[3BSISAUOD YIUOW/'SIYEE UeY) d40W

yum saskojdwa zg| ay) buowe sanjea

HS.L Mo| yum s3a3[gns jo asus|jenasd
J91e3.6 B sem aJay] 132349 Juedyiubis

s3|nsay

Jasued proJAyL

HSL pue y1
‘€140 SI2A3] 3YL

vL '€l [eIoL

HSL

s|qeren

°N

°N

uoje)s aseq
woJj W 0S< pue
w00S-001 ‘W00L-02

an

(wd) asuessiq

en

en

en

en

aey
uondiosqy
aads

en

ZHIN 056-NSD

en

baig

81 +0T ‘Tl
61-01 91 6-G ‘8L ¥-L
‘6 :L>:9SN JO SIE3A

sJeak ol pue |

9J9M 3sN 3[Iqow

J0 spouad wnwixew
pue wnwiuiw

ay3 ‘z dnoub ug

sJeak g pue syuow 9
Sem asn a|iqow

J0 pouad wnwixew
pue wnwiuiw

ay3 ‘L dnoub

ur ‘Apnis ay3 a104aq
sauoyd 3|igow pasn
ou pey oym asoys ‘(¢
dnoub) senuiw gz 1<
‘(1 dnoub) senuiw
02Z-G Sem apouw ey ul
sauoyd sjiqow J13y})
4o asn Ajiep abesane
3soym asoyL

sisA|eue [euow.ioy
1o} sieak 9
pue sieak € Jeak |

*3WI3 UOIIBSIIAUOD
Lpuow/yge<
‘yauow/yee pue
yel ‘yuow/yeL>

uoneing ainsodx3

»uelg
1323(3

auoyd
3|IqoIN [edY

suonels
aseq wouy
PaNIWS ¥y
pue auoyd
3IGON B3y

ainsodx3

(p10 s189K 6£-05)
UBWOM £T5'68

(plo s1eak 6Z-61)
juapnis
Aysianiun
Aypesy

3lewsy 5

pue ajew €7

(syuedpiued gL 1)
dlewsy pue

9lew pjo sieak
09-GC pue zz-vL

S9leway Joy
plosieakolL9 F
¥8°£Z pue sajew
10} p|o sieak
81'9 F 96'8C
:9by) seakojdwa
USWOM £471
pue usw GSEL

a|dwes

*S2IPNJS [EUOIIRAISSAO JO Alewwns “Z ajqe]

‘Apn3s 1oyod
anidadsoud

e ul 9duapidul
J2sued ploJAyy
pue asn 1»jue|q
J11123[9 UdIMIq
uopeosse

‘suewny

u| sauowoy
prosAyy

pue HS1 ay3 uo
sauoyd 3jiqow
INSD pasnpul
4IN7 JO s13YR
ay3 bupebpsanug

‘sa|iyoud
suouLoy
s,uewny

UM suoiefa. sy
puesuoiiels aseq
10 S3|Iqow wo.y
J3Y)S panIwe
(44y) uoneipes
fousnbauy

olpeJ 0}
24nsodxa Jo 3|04
ay3 buissassy

SJ9pJOSIp
uopaJdas

HSL uo ssans
Jeuonedno jo
9|0J ay3 azAjeue
03 40 3|04 Y}
azAjeue 03 pue
Suny ploJAyy
uo asn auoyd
3]IqowW JO S)I3Yd
ay3 bunenjens

Apmis jo wiy

5:510T "0 32 01.)

£9600C
““ID 32 1ZeARLIOIN

4:2L0T
“ID 32 Japueys]

9c700C
“Ip 321yd>sewebiag

dea, “doyiny

Page 8 of 17



: 13 NOV 2024

12 Last updated

F1000Research 2024, 13

‘ssau|l
p1oJAy} jo Kioisiy Ajiwey Inoyum pue
yum asoy ui- sdnoub yzoq buowe HS1L
Ul 3seaJdul ue pue ainsodxa uofelpe.
|B10} U33MIQ UONe[3.10D JuediIubIs

e Sem 343y 119343 Juesyiubis

‘ewAydualed

pue 3jnpou jo swua} ui sdnoub

3U3 U2aMIa( 22UdIa4Ip Juediyubis

Aue jou sem auay] ‘dnoub Apnis

ay3 ut Jaybiy Apuesiiubis punoy sem
pue|b p10JAy} 8y3 Jo ainseaw Jsjawelp
Jouidysodouajue Y uedyubis
A|[e213s13eIS JOU SBM 3 NS3J BY3 “IaAamoy
SN Aq 3uswainseaw duswoydiow
ay3 03 buipaodde dnoub jo13u0d aY3 yam
paJedwod usym paseasdul dnoib Apnys
ay3 Jo puelb pIoJAy) ay) Jo saunseaw
Ja19welp Joualsodolajue ‘aiowiayling
*dnoJb jos3u0d ay3 ueyy dnob

Apnis ay3 ul Jamo| Apuediyiubis paldelap
Sem [9A3] 7714 dyL uediiubis Ajleansinels
10U 349M A3y ‘dnoub Apnis ay3 ul Jamo)
249M (HSL pue £14) S1s31 uondUNy ploJAy}
ybnoyy 129449 Juedyiubis |ended

*J0308) YSl
© Se paJapIsuod ag p|NoYys pue uolelpel
Buiziuol ayy 0y aunsodxa s,uone|ndod
3y PaJeAd|d Sey Ssuojeulwexa

|e31pawi 404 13-13d pue 13 Jo

9SN PaseaJdu] “SaIUNO JIPION Y3 pue
U3PAMS Ul Jadued ploJAY) Jo duapdul
Buiseauoul ue umoys sey Apnis siy L

‘uonelped buiziuol

03 Jejjwis ‘usbourpied [esianiun e aq
Kew ydiym ‘syuaisue.y abeyjon Aouanbaly
ybiy yum pazeposse ABuois st pue ybiy
Ajlensnun si jooyds siyy je s1aydeal ay ul
92U3pIdUI JADURD BY]

Sy nsay

HSL

puelo proJAyL
pue 14 ‘e1d
'HSL -ploJAys jo
suoliesyuanuod
wnJas

J92ued ploJAy L

J9cued ploJAyL

siqenen

sauoyd
S Axejen
Bunswes
pue sauoyd!
9|ddy pasn
Aluowwod

EN en 104 SaN|BA ¥VS

EN en en

°N en en

‘ZHM 051 pue
¥ UamIaq
sjualsuesy

abeyjon
fousnbauy
ybiy ayy

Jo abueyd jo

9jeJ abesane

3y} saunseaw

N en 4938w S/9 8yl
ey
uondiosqy

(wd) asuessiqg J1y133ds baaiq

 :eyep Buissin
8:yg<
9:yec
veuel
Wwyl>

yuow

/NUIN 69°LTFSS¥0S
SIBIA 7L'9T68'SL
dnoub Apms awn
abesn auoyd 3jiqoN
yauow/nuiw
['8F9Y'LES SIeak
79'9F Lz L1:dnoib
|043U0d AW}

abesn auoyd 3jiqoN
s1eak z£9F6'SL

Se paujwWJalap Ssem
dnoub Apmis ays jo
pouad Bupjiom ueay

€102

-100¢ pouad awin ayy
40} se1nuiw uol|jiw
ul s|je> auoyd 3jigow
bulo6-1n0 Jo senuIw
|e103 JO Jaquinu 3y

sieak 0'g sem

J33ued ploJAyy Joy
awi Aouse| abesane
9yl 'sieak /6

SEM S122UED ||e U0}
sisoubelp pue jooyds
ay3 Je JuswAholdws
40O 1S UsaMIaq aw
fousie| abesane ay|
(s1eak ££91)
sleakg1<

(s1eak gy /) Jeak v |-
‘(s1eak zg'|) sieak € >

uoneinq a4nsodxg

(plo

sleak gz-g| pabe

S9|ewsy %9°0S

auoyd pue sajew %t'61)

3|IqOIN [e3y juedidnued €8
(s4eah z5 pue gz

pue :sieak g pue

62) Slenpiaipul

Auyeay v

wo4) pajeatd sem

dnoub |os3u0d

SJaW.lojsuesy ay] ‘siadiom
pue saul| [CRIRETE]
uolssiwsues} [t papnpul
abeyjon-ybiH dnoub Apnmis ay L

(p|o s1eak +08-0)
auoyd USWIOM /G/0L
9|IqOIAl |esy pue usw m_\m.——

Bbunim
[EIEARETE]
S,wooJssep
ayj uo
sjualsuesy
abeyjon
fousnbauy
ybry 03
ainsodxa

aAneINWIND siaydea) /€|

ainsodx3 a)dwes

sjuspnis
|eaipaw buisn
auoyd |92 aAnde
Ul HSL 3Y3 uo
sauoyd ajiqow
suonedIUNWWOd
3jIqow

Joj wajs [eqo|b
ayy Aq panpul
ST ERSEENE]

ay3 bupebpsanug

SIBIOM
[CAIBRETE]

JO¥14 ‘€14 WNnJas
‘uofew.o}
a|npou

p1oJAy3 uo 43
ue 03 ainsodxa
JLESRENIE]

ay3y buluiwexy

‘(3|ge|ieae Jou si
elep Jaijiea) €107
-€661 porad
awi ay) 4oy
PEINCENPERT[=p)
ysipams ayy
wio.y pauleyqo
sem eyep

‘J95Ued ploJAyy
4o sadAy Juasayp
JO ddUdpNUI

ay3 buikpnis

'asned syl pue

‘sJaydes) ayy ul
2d5U3pIdUl JBDURD
ay) bunebnsaaug

Apnis jo wiy

£10T "0 32 Aqeg

00910T "0 32 3UNy

,5910C
“I0 32 Baaqlied

258002 ‘uebioly
pue wey|in

aeaj “doyiny

panupuo) “z 3jgel

Page 9 of 17



: 13 NOV 2024

12 Last updated

F1000Research 2024, 13

*J9dued ploJAy) pue

asn auoyd 3jIgow UdaMIag UoNLIDOSSE
ue umoys sey Jeyy Abojoiwapida uewny
Aq payoddns asuapidul buiseasdul

3y 40} 410308} dAIRESNED B 3] IYbIw

siu3 3ey3 pazejnisod si 31 “pue|b protAyy
ay3 03 aunsodxa uonelpeds 4y ybiy sanib
auoydyews ayy Jejndied ul ‘buiseatdul
s auoyd ajiqow pjaypuey ayy

J09sn *Aunjuad3sz ay3 bulnp saiunod
JIPJON ||e pue uspams uj buiseanul
Ajda31s usaq sey aduspldul JadURD)

‘uonebnsaaul Jayyny

SjuelLIeM Sasn Juanbauy aiow pue Wi}
-buo| yum pajerdosse ewouldied04o1w
P10JAY3 JO S1I paleAd| annsabbns

V “Jadued ploJAyy pue asn auoyd

1192 U2am31aq uopeldosse Juedlylubis ou
punoy Apnis siy| :399443 Juedyiubis oN

Sy nsay

‘M Yaam p ‘Aep ‘Y ‘sinoy ‘an ‘paulejdxaun ‘en ‘d|qejieaeun ‘bai4 ‘Aouanbaid Yy ‘|eay IS ‘uonenwis ‘HS1 ‘@uowloH buneinwis pioJAyl 4NT ‘pIal dnaubewoiids|g

Jasue) ploJAyL

J9due) ploJAyL

siqenen

EN en
N en
ey

uondiosqy

(wd) aduessiq J1y133ds

en

en

baaiq

en

*S]0J3U0D 0y

P/Yy Sl 03 | ueyyss9)
pue sased 4oy p/y 0l
01.4n0yY | uey) sss| Jo
abuel e yum sjonuod
pue sased yjoq

10} Jnoy | sem abesn
Ajiep jo uoneunp
uelpaA 's|043u0d

10} €1 JO ueIpaW

e yum sieak g

0} Z WoJj pue sased
10} €1 4O ueIpaW
yum sieaf gg 03 |
wouy buibueu ‘Jejiwis
os|e 24am asn jo
sieaj ‘Rep uad sjjed g
JO ueIpaW P pRY Yded
S|0JJU0d pue saseD)
‘llea auoyd
QAnRINWIND

‘Jnoy asn aAne|nwnd
(05< '05-1Z '02>)

asn sl e abe ‘(sieak
Sl<'Sl-zlL ‘2L>)

Jeak asn auoyd (9<
‘9-¢ '€>) ||ed duoyd
Altep ‘(z< 'z-L '15)
anoy asn Ajleq

uoneinq a4nsodxg

p|o sJ1eak +08-0
suoyd pabe usw
S[IqON B3y [0G Uswom

(|o13u02)

¥S1 3jew

pue e ajews4

(osed) £8

dlew G/¢g ajewad

plo sieah y8-1z

'S|0J43U0d paseq

-uonejndod g6t

yum (onsejdeue

‘Re|Inpawl

‘Je|noi||oy

‘faefjided)

[SERI[=5)

pIoJAYY JUBPIDUI

auoyd pawu0d
3IqOIN |22y Ajieaibojoisiy zoy

ainsodx3 a)dwes

S3113UN0d
JIpJoN ayy

104 NVOQIYON
pue ua1s16ay
135UBD YSIpams

ay3 buisn

Jasued ploJAyy
40 @dusppUl 5020C
ay3 buikpnis ‘10 32 ‘Basqlied

*J30U.d ploJAyy
pue asn auoyd
|19 usamiaq
uoneposse

auy Bunebnsaaur 6102 "0 32 0N

Apnis jo wiy aeaj “doyiny

panupuo) “z 3jgel

Page 10 of 17



F1000Research 2024, 13:12 Last updated: 13 NOV 2024

gigahertz transverse electromagnetic (GTEM) chambers,*”""** one study in reverberation chamber,* one study in an

5% CO, incubator,” and seven others in an open experimental arena.*’"***=** In four studies, the antenna was
replaced with a single coil of the solenoid as a radiofrequency source.”*”""? In one study, the antenna was placed on top
of the animal holders and in another study was placed on the ceiling of the incubator above the plate.” In two studies, the
cage was placed above the midline of horn antenna™ and above the dipole antenna.**

Most studies continuously exposed their subjects with the radiation for 30 minutes’**”** though there was a study
employing 65-hours continuous exposure.™ In the case of the exposure intermittent duration, it is varied across studies
(from 20 minutes™ to 4 hours*””'°%). Based on the frequency, most studies performed the exposure up to four hours per
day and seven days a week for four weeks (n=4).*%"+>

Out of fifteen experimental studies included,”’™* only nine studies included specific absorption rate (SAR) as a
considered variable.***>*## #3334 However, only four studies provided the formula of how SAR value was calculated
(either using Equation 1*%***® and Equation 2*):

SARg = SARg x Ws/Wg 9]

SAR =p/o (Erms®) (W/kg) @

Where, SARg is the predicted experimental SAR value, SARg is the value obtained from the simulation, Wg (g) is the
mouse model’s weight, and Wg (g) is the weight of the experimental mouse. Egys is the root mean square value of the
electric field (V/m), o is the mean electrical conductivity of the tissues in Siemens/meter (S/m), and p is the mass density
(kg/m®). Apart from those equations, studies that used various simulators as the source of EMF exposure, estimated
the SAR values using computational simulations, namely finite difference time domain®”**>* and RF simulation
techniques.”

Power density****7** and distance*"**”'~* between the EMF source and the subjects were among other considered
experimental parameters. Meanwhile, radiation wave frequencies were mentioned in all the experimental studies. A study
determined the average value of power density on initial exposure using a specific reference point.** The power decreased
uniformly with distance from the antenna axis.*’ The studies used frequencies varying from low (50 Hz)***'? to ultra-
high (2.45 GHz),"**"*** with a majority used 900 MHz (n = 6).*' =" Studies had the distance of 10 cm*—40 cm,””
where most of them employed 12-cm distance.*”">*

Observational studies

Six studies investigated the effects of non-ionizing EMF radiation on the morphology and histocellularity of the thyroid
gland®7"=%? (Table 2). A disagreement was found among the studies; two studies reported an association,””%* two
studies — no association.,””*°" while two others required further research for conclusive findings.”’ A study reported a
significant increase in the left anteroposterior diameter of the thyroid gland associated with the exposure of high-
frequency voltage transient.”” A link between RF-EMF exposure and thyroid cancer incidence among Swedish and

Nordic populations was suggested by two studies.””’

Five observational studies revealed significant relationships between EMF exposure and alteration of thyroid functions
with common occurrence of hypothyroidism.”~*"%%%> A study among 2598 employees of EMF-related workplaces
found that the workers who having frequent cellular phone conversations more than 33 hours/month had chance to had
TSH level less than 0.4 U/I compared to those with cellular phone conversations less than 19 hours/month.”® A six years
observational study revealed that the decrease in T3 and T4 levels were more pronounced in subjects using cellular phone
frequently or those living near a phone tower.”® Similarly, a decrease in FT4 among electrical workers who worked in
high-voltage electric transmission lines (HVETL) compared to controls who did not work on the workplace” and an
increase in TSH levels were observed significantly more prevalent in frequent cellular phone users, regardless their family
histories of thyroid disease.’” None of observational studies assessed the actions of thyroid hormone, either related to
transporters or genomic and non-genomic actions. Furthermore, the mechanism of how EMF affects the thyroid gland
remained vague.

The highest number of subjects included in observational studies were 89,527 participants,”” and the least were

77 participants® with an age range of 14°°—80+ years old.®”’ The indicators can be total hours of cellular phone use
in conversation mode per month,’® duration of daily call mode or mobile phone use,””*°"°* or cumulative cellular phone
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use for years. Parameters including radiation frequency and SAR (based on the mobile phone type) were
scarcely considered in the studies.” In a study, SAR values from each of the cell phones used by participant were
retrieved to calculate total radiation exposure.”’”

Discussion
Out of total studies included, some examined the effects of EMF exposure to the morphology and histocellularity of the
thyroid gland™"-*"=°* and some examined its effects on hormone functions.”>**"*%%%* However, no study focused on
the effects of EMF exposure on thyroid hormone transporters, as well as genomic and non-genomic actions of thyroid
hormones. None of the studies describe the conditions that may trigger the effects and the thyroid's adapted response
mechanisms.

A group led by Mancini discovered the effect of electromagnetic wave exposure from cellular phones on estrogen
receptors, including an estrogen receptor o (ERa) gene methylation.®” The exposure is also associated with an absence of
adapted responses, namely DNA repair, cell cycle regulation, antioxidant formation, and p53 suppression in colonic
cells.” This finding stresses the importance of studying the effect of EMF on thyroid hormones since they also act on
nuclear receptors, the same way as estrogen.”®

The power released by non-ionizing radiation when making a call using a cellular phone also depends on the level of
coverage received from the base station.” Cellular phones or base stations are designed to transmit the minimum amount
of power to maintain calls.®” The technology used to establish communication between the cellular phone and the base
station depends on the system used by the cellular phone operator.®’ Studies identified ROS as a dominant pathway and
used HSP-70, HSP-90, and ROS as markers.*’**"* A study showed a significant transient reduction of HSP-90 and
HSP-70 after exposure to EMF and slower recovery of HSP-90 actions at 3 W exposure power.”’ The result is consistent
with the theory that transcription and translation in several genes (JUN, HSP 70, and MYC) are caused by excessive ROS
production in tissues due to exposure to ionizing/non-ionizing radiation.®

Several experimental studies have described the mechanism of thyroid abnormalities due to EMF exposure.****>* EMF
can affect iodine uptake in the thyroid gland, increase the pituitary gland temperature, *® and trigger a rise in serum cortisol
levels, inhibiting the conversion of T4 to T3.** It may also cause glandular tumors due to a rise in ornithine carboxylase.”
The deleterious effect of EMF on thyroid follicles is also associated with increased caspase-dependent apoptotic
pathways.**

A study demonstrated that thyroid cell apoptosis in exposed mice occurs through the induction of caspase-4 and caspase-
9-dependent apoptotic pathways and can be observed by the loss of mitochondrial cristae. The anti-apoptotic function of
HSP-90 is observed in regions close to protein kinases, in follicular and parafollicular cells, and also between lobular and
capsular membranes.*® The mechanism for the disruption of thyroid gland morphology and thyroid hormone functions
due to non-ionizing exposure has been described in previous experimental studies; *** however, full explanations are
still needed including the biomolecular pathways. Moreover, the effects on thyroid hormone transporters and genomic
and non-genomic actions are not well understood. A previous review has suggested that non-ionizing EMF may act as
endocrine disruptors (EDs) and might interfere with thyroid hormone at any level, including its functions, actions, and
structural abnormalities of the gland.®

Non-ionizing EMF can interact with the thyroid at certain levels and affect the thyroid gland structure and the functions
and actions of thyroid hormones.'*%*’""! EDs affect processes, such as thyroperoxidase iodine symporter, hepatic
uridine diphosphate-glucuronosyltransferases (UPDGTs), and deiodinase, causing changes in serum T3 and T4 levels
and a decrease in TSH. The foregoing hormones’ level alterations could lead to thyroid hyperplasia/tumors. In addition,
EDs affect cellular transporters' action and decrease the T4-TTR binding and thyroid receptors, resulting in T3 tissue
changes and ultimately disrupting growth and development processes (congenital disorders).’””

Various EDs mechanisms and their effects on the thyroid have been described, such as competition/blocking of the
sodium/iodide symporter (NIS) and inhibition of thyroid peroxidase (TPO), leading to a decrease in the synthesis of T3
and T4.”” Inhibition of sulfotransferases (SULTSs) can also decrease peripheral T3 synthesis.”” Additionally, EDs disrupts
hepatic catabolism through upregulation of glucuronosyltransferases or SULTs (via CAR/PRX or AhR) and hepatic
transport through upregulation of organic anion transporting polypeptides (OATPs) or monocarboxylate transporters
(MCTs) (via CAR/PRX or AhR). The mechanisms eventually increase the biliary elimination of T3 and T4.”? EDs also
induce impaired binding to serum transport proteins, but their effect on the thyroid remains unknown since no studies are
available. EDs can also interfere with the binding between thyroid hormone receptor and thyroid response element (TR-
TRE), both directly and indirectly, resulting in gene transcription-dependent thyroid hormone activation disruptions.
Summary of the impacts of non-ionizing EMF exposure on the thyroid has been presented in Figure 2.
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Figure 2. Schematic diagram summarizing the effect of non-ionizing electric and magnetic fields on thyroids.

This systematic review has its strengths and limitations. It is the first comprehensive review regarding the effects of EMF
on the thyroid. The previous reviews only discuss the overall effect of EMF on human organs, while the specific impact on
the thyroid has not been well emphasized. The limitations include an absence of non-English studies, unrepresentative
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results due to the heterogeneity of the studies, and the low number of studies on the specific topic and low number of
studies originally searched as a curated database was used rather than searching the entirety of existing literature. Thus,
future studies should focus more on the above aspects.

Conclusions

A number of studies have found significant effects of non-ionizing EMF radiation on thyroid gland and its hormones, but
disagreements remained present. Each study has varying standards or procedures related to the instrument, sample size,
dosimetry, and wave parameters, such as frequency, distance, and duration of exposure. Currently, there is no valid and
standardized method or procedure for assessing the effect of non-ionizing radiation exposure on the thyroid when, in fact,
EMF is frequently used daily. Such variations have lead to disputable results.

To date, studies examining the effects of non-ionizing radiation exposure in thyroid hormone transporters and genomic
and non-genomic actions is limited. However, further studies with an adequate control group, high sensitivity methods
in detecting hormone levels with better protocols are required. Some of the highlighted suggestions for future research
are a larger sample size, longer exposure durations, and adjustments of different frequencies. Due to a lack of data, studies
explaining the effect of EMF and its relationships with other elements, such as thyroid hormone transporters, genomic and
non-genomic actions, and several compensatory mechanisms, require further investigation. Accurate predictive models,
such as selection of biomarkers, development of predictive models that can estimate compensatory mechanisms,
exposure to external materials, minimization of methodological bias, and other complex factors related to experiments
in humans and animals, should be considered in future research.

Data availability
All data underlying the results are available as part of the article and no additional source data are required.

Reporting guidelines
Figshare: Do electromagnetic fields significantly affect thyroid cells and their functions? — a systematic review from

ORSAA database, https://doi.org/10.6084/m9.figshare.21587394.v4.”

Data are available under the terms of the Creative Commons Attribution 4.0 International license (CC-BY 4.0).
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