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Cocuklarda Elektromanyetik
Radyasyonun Etkileri: Biyofiziksel
Temeller, Epidemiyolojik Riskler ve
Halk Saghg Yaklasim

Ozlem Coskun' & Sibel Cevizci?

1.Giris:
Modern Diinyanin Goriinmez Kusatmasi

Insanlik tarih boyunca giines 15181 ve Diinyanin dogal manyetik alan1 gibi
kaynaklarla siirli olmak iizere elektromanyetik alanlara maruz kalmis olsa da bu
durum son ylizyilda dijital doniisim c¢agiyla birlikte radikal bir sekilde
degismistir. Giiniimiizde, kentsel alanlardaki yapay elektromanyetik radyasyon
(EMR) seviyeleri, dogal arka plan radyasyonundan trilyonlarca kat daha yiiksek
seviyelere ulasarak, "elektrosmog" (elektromanyetik sis) adi verilen ve kagist
olmayan bir tiir ¢cevre kirliligi yaratmistir [1, 2]. 1980'lerde bu maruziyet radyo
ve TV dalgalariyla sinirliyds, ancak bugiin 5G, Nesnelerin interneti (IoT) ve akill
sehir sistemleriyle siirekli bir elektromanyetik yiike doniismiistiir [1].

Giliniimiiz ¢ocuklar1 tarihte bir ilki temsil ediyor: Hayatlarmin en erken
asamalarindan itibaren, hatta anne karnindayken bile, yiiksek yogunluklu yapay
elektromanyetik alanlara maruz kalan ilk nesil onlar. Literatiirde "kiiresel saglik
deneyi" olarak adlandirilan bu siire¢, COVID-19 pandemisi sirasinda egitimin
hizla dijitallesmesi ve sosyal yasamin ekranlara kaymasiyla "teknolojik baski"ya
doniistii [1, 3, 4, 11]. Cihazlarin kucaga veya kulagin hemen yanina ("sifir
mesafe") yerlestirilmesi, dokular {izerindeki radyasyon yogunlugunu katlanarak
artirmis ve bu durum gezegensel bir kirlilik sorunu olarak raporlanmistir [17].

2. Radyasyon ve Doku Etkilesiminin Biyofiziksel Karakterizasyonu

Elektromanyetik radyasyonun (EMR) biyolojik sistemlerle etkilesimi, dalga-
parcacik ikiligine dayal karmasik fiziksel 6zellikler ¢ergevesinde sekillenir. Bu
etkilesimin kalitesi ve miktari, radyasyonun frekansina, yogunluguna ve hedef
dokunun biyofiziksel parametrelerine baglidir.
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2.1. iyonlastirici ve Iyonlastirict Olmayan Spektrum Arasindaki Ayrim

Biyofiziksel karakterizasyonda, radyasyon, atomlardan ve molekiillerden
elektronlar1 uzaklastirma kapasitesine gore iki ana kategoriye ayrilir [5].
Radyofrekans (RF) ve mikrodalga radyasyonu, iyonlastirici olmayan spektrumun
diisiik enerji bolgesinde yer alir. Kuantum fizigi prensiplerine gore, bir fotonun
enerjisi frekansiyla dogru orantilidir (E=hf). Iyonlastiric1 olmayan spektrumdaki
fotonlarin enerjisi, klasik biyofizik teorisine gdre kovalent baglar1 ve DNA
sarmalin1 dogrudan kiracak esik degerinin altinda kalir [11, 43]. Ancak, dogrudan
bag kirma kapasitesinin olmamasi, radyasyonun biyolojik olarak etkisiz oldugu
anlammna gelmez. Bu dalgalar, doku icindeki polar molekiillerde molekiiler
rotasyon ve serbest iyonlarda iyonik titresim yoluyla dnemli bir enerji transferi
gerceklestirir. Bu siire¢, hiicresel sinyal yollarmi etkileyen termal olmayan
biyofiziksel degisikliklerin yani sira termal etkilerin de temelini olusturur [43].

2.2. Dokunun Dielektrik Parametreleri: Gegirgenlik ve fletkenlik

Dokuda EMR'nin yayilmasi ve enerji emilimi, hedef malzemenin karmasik
dielektrik 6zelliklerine baglidir. Bu etkilesimde iki temel degisken kritik bir rol
oynar [7, 44]:

--Dielektrik Gegirgenlik (g): Dokunun elektriksel enerjiyi depolama
kapasitesini ifade eder. Yiiksek su icerigine sahip dokular (beyin, kas, kemik iligi)
yiiksek dielektrik gegirgenlige sahiptir, bu da bu dokularda daha fazla enerji
hapsine yol agar.

--Elektriksel fletkenlik (o):

Dokunun i¢inden gegen akima kars1 direncini ve enerjinin 1s1ya doniistiiriillme
hizin1 belirler. Cocuklarin dokularin yetiskinlere gére daha yiiksek su ve iyon
konsantrasyonlarina sahip olmasi, bu dielektrik parametrelerin pediatrik
popiilasyonda radyasyon emilimini artiracak sekilde modiilasyonuna yol agar [7].

2.3. Karmasik I¢ Mekan Etkilesimleri ve "Sicak Noktalar" Radyasyonun
biyolojik etkisi sadece kaynaktan gelen dogrudan radyasyonla sinirli degildir.
Ozellikle kapali alanlarda (simflar, evler), EMR dalgalar1 duvarlardan, metal
ylizeylerden ve diger nesnelerden yansiyarak girisim desenleri olusturur [46]. Bu
fiziksel olayin sonucu olarak, dalgalarin iist tiste bindigi ve yogunlastigi yerlerde,
"uzak alan" maruziyetinde bile yerel "sicak noktalar" olusur [47]. Bu noktalar,
standart dozimetrik Ol¢iimlerle tahmin edilemeyen, dokuda yerel olarak
yogunlagmis enerji emilimlerine yol agarak heterojen bir biyolojik risk olusturur.
Bu durum, ozellikle ¢ocuklarin gilinlin biiyilk bir boliimiini gegirdigi i
mekanlarda, kiimiilatif maruziyet analizini daha karmasik ve 6nemli hale getirir
[48].



3. Cocuklarin Anatomik ve Fizyolojik Hassasiyeti

Cocuklarin EMR’ye yetiskinlerden daha duyarli olmasinin nedeni, basit bir
Ol¢ek farkindan ziyade, derin anatomik ve biyofiziksel nedenlere dayanmaktadir.
Bu duyarlilig1 belirleyen temel faktorleri asagidaki gibi inceleyebiliriz:

3.1. Kafatas1 Morfolojisi ve Gec¢irgenlik Kapasitesi

Cocuklarin kafatas1 yapisi, yetiskinlere kiyasla fiziksel koruyucu bariyer
olarak daha az iyi performans gosterir. Pediatrik kafatasi kemikleri,
yetigkinlerinkinden ortalama 1-2 mm daha incedir ve mineral yogunlugu
acisindan heniiz tam olgunluga ulasmamistir [8, 45]. Biyofiziksel olarak bu,
radyo frekansi (RF) dalgalariin beyin dokusuna ulagtiginda karsilastigi direncin
(zayiflama miktar1) azaldig1 anlamina gelir. Sonug olarak, yayilan enerji, beyin
korteksinin daha derin katmanlarina, hipokampus ve orta beyin gibi kritik sinir
yapilarina ¢ok daha kolay niifuz eder [15, 45].

3.2. Dokularin Dielektrik Ozellikleri: Su ve Iyon Konsantrasyonu

EMR'min biyolojik dokularla etkilesimini belirleyen en 6nemli
parametrelerden biri, dokunun dielektrik 6zellikleridir (gecirgenlik ve iletkenlik).
Cocuklarin dokular, 6zellikle gelisim donemindeki beyin korteksi ve kemik iligi,
yetigkinlere gore ¢ok daha yiiksek su ve iyon igerigine sahiptir [7, 9].

-—-Artan iletkenlik: Yiiksek su igerigi, dokunun dielektrik sabitini artirarak
elektromanyetik dalgalarin yayilmasint ve doku i¢indeki enerji transferini
hizlandirir.

--Derin Penetrasyon: Yiiksek su igerigi sayesinde, ¢ocugun beynindeki
radyasyon emilim kapasitesi artar ve enerji, cocuklarin tiimdr riskine daha yatkin
oldugu derin sinir bolgelerinde yogunlasirken, yetiskin beyninde ylizeysel kalir

[9].
3.3. Spesifik Sogurma Orani (SAR) Analizi ve Dozimetrik Modelleme

Dozimetrik simiilasyonlar (FDTD modellemesi), cocuklarin sadece "minyatiir
yetigkinler" olmadigini, radyasyon emilimi ag¢isindan tamamen benzersiz bir
biyofiziksel profil sergilediklerini kanitlamigtir.

Beyin Dokusu: Cocuklarm beyinlerindeki Spesifik Sogurma Orani1 (SAR),
ayn1 maruz kalma kosullar1 altinda yetiskin bir bireye gore ortalama 2 kat daha
yiiksektir [4, 10].

Kemik iligi: Ozellikle ¢cocuklarda kan iiretiminin merkezi olan kemik iligi,
yiiksek su ve yag dengesi nedeniyle yetiskinlere gore 10 kata kadar daha fazla
radyasyon emebilir [10, 19]. Bu veriler, EMR maruziyetinin hematolojik riskler



(6rnegin, cocukluk cagi 16semisi) iizerindeki potansiyel etkisini biyofiziksel
diizeyde temellendirmektedir.

3.4. SAM (Standart insan) Modelinin Yetersizligi

Mevcut yasal sinir degerleri ve giivenlik yonergeleri genellikle 1,80 m
boyunda ve 90 kg agirliginda olan SAM (Spesifik Antropomorfik Manken) ad
verilen yetigkin bir erkek modeline dayanmaktadir. Bununla birlikte, cocuklarda
daha kiiciik kafa cevresi ve kulak memesinin esnekligi, mobil cihazlarin beyin
merkezinden fiziksel mesafesini kisaltmaktadir. Bu geometrik ve anatomik
farkliliklar, standart modellerin pediatrik popiilasyonu korumak igin yetersiz
oldugunu ve biyolojik temelli, yasa 6zgli koruma standartlarinin gelistirilmesinin
bilimsel bir gereklilik oldugunu ortaya koymaktadir [4, 19].

Bu anatomik duyarlilik, sinir sisteminin gelisim ve miyelinlesme hiziyla
birlestiginde, EMR maruziyetinin ¢ocuklarda yetigkinlere gore ¢ok daha biiyiik
ve daha fazla birikimli bir biyolojik yiik haline geldigini gdstermektedir. Bu
biyolojik yiikte yas ilerledik¢e nedeni belli olmayan kanserlere bagli erken 6liim
riskine yol agmaktadir.

4. Biyolojik ve Molekiiler Etki Mekanizmalari

EMR'in etkisi sadece dokularin isinmasiyla (termal etki) sinirli degildir.
Modern biyofizik ¢aligmalari "termal olmayan" mekanizmalara odaklanmaktadir.
En temel mekanizma, mitokondriyal zincirde elektron sizintisina yol agarak
Reaktif Oksijen Tiirlerinin (ROS) agir1 iiretilmesidir [12, 13, 35, 36].

Ayrica, zayif elektromanyetik alanlar hiicre zarindaki voltaj duyarli kalsiyum
kanallarim1 (VGCC) aktive ederek hiicre igine kontrolsiiz Ca** girisine neden olur
[6, 14, 37]. Bu siireg, hiicre i¢i nitrik oksit seviyelerini artirarak DNA'ya ve
proteinlere hasar veren giiclii bir oksidan olan peroksinitrit olusumuna yol agar
[15, 38]. Uzun vadede bu etkiler, DNA onarim mekanizmalarini zayiflatabilir ve
epigenetik modifikasyonlar (DNA metilasyonu) araciligiyla gen ifadesini kalict
olarak degistirebilir [16, 17, 39, 40].

5. Cocuk Saghg Uzerindeki Potansiyel Etkiler
Cocuk saglig1 iizerindeki etkiler sistemik bir yayilim gosterir:
5.1. Onkolojik Perspektif ve Kanserojen Etkiler

EMR maruziyetinin onkolojik riskleri, epidemiyolojik ve laboratuvar
caligmalarinin en yogun oldugu alandir. 2011 yilinda Uluslararas1 Kanser
Arastirma Ajanst (IARC), mevcut kanitlara dayanarak radyo frekansh
elektromanyetik alanlar1 (RF-EMF) "insanlar i¢in muhtemel kanserojen" (Grup
2B) olarak siniflandirmustir [9, 24].



Cocukluk Cagi Losemisi: Diisiik frekansli manyetik alanlarin (ELF-EMF)
meta-analizleri, yliksek voltaj hatlar1 veya trafo merkezlerinin yakininda 0,3-0,4
uT'nin iizerindeki maruziyetlerin g¢ocukluk cagi 16semisi riskiyle istatistiksel
olarak anlaml sekilde iligkili oldugunu gostermektedir [8, 22, 23]. Beyin
Tiimorleri: Geng popiilasyonlarda mobil cihaz kullaniminin néro-onkolojik
etkilerini inceleyen MOBI-Kids gibi biiyiik 6lgekli uluslararasi ¢aligmalar,
cocuklarda gelismekte olan beyin dokusunda belirli enerji maruziyetinin gliom
ve diger merkezi sinir sistemi tiimorleri tizerindeki tetikleyici roliinii ¢ok boyutlu
bir sekilde analiz etmektedir [25, 51].

5.2. Norolojik ve Norogelisimsel Etkiler

Cocuk beyninin yiiksek iletkenligi ve devam eden miyelinasyon siireci,
EMR'yi noérolojik biitiinliik i¢in ciddi bir risk faktorii haline getirmektedir.

Kan-Beyin Bariyeri (BBB) ve Sinyal iletimi: Deneysel bulgular, EMR
maruziyetinin BBB gecirgenligini artirdigini ve normalde beyin dokusuna niifuz
etmemesi gereken toksik maddelerin néronal ortama ge¢mesine izin verdigini
gostermektedir [20, 41]. Bu, noronal sinyal iletiminde bozulmalara yol agabilir
ve uzun vadede norodejeneratif siiregleri tetikleyebilir [48, 49].

Bilissel Fonksiyonlar ve Uyku: EMR maruziyeti; dikkat dagmikligi,
odaklanma gii¢liigii ve kisa silireli hafiza kapasitesinde azalma ile
iliskilendirilmigtir [19, 30]. Ek olarak, epifiz bezinin EMR'ye duyarlilig
nedeniyle melatonin hormonunun baskilanmasi, uyku mimarisini bozarak
cocuklarda 6grenme ve gelisim i¢in kritik olan derin uyku evrelerinin kisalmasia
yol agar [10, 20, 47].

5.3. Gelisimsel ve Endokrinolojik Etkiler

EMR, biyolojik sistemler iizerinde "endokrin bozucu" bir ajan olarak etki
ederek hormonal diizenlemeyi bozabilir. Fetal Duyarlilik: Organogenez
stirecinde fetiisiin EMR'ye maruz kalmasi, gelisimsel anormallikler ve dogum
sonrasi ndrodavranigsal bozukluklarla iligkilidir [1, 52].

Hormonal Bozulma ve Metabolizma: EMR'nin hipotalamus-hipofiz-
gonadal eksen {iizerindeki etkileri, erken ergenlik vakalarinda artigla iligkilidir
[26, 27]. Ayrica, insiilin direnci ve yag dokusu metabolizmas: lizerindeki bozucu
etkilerin, cocukluk cag1 obezitesi ve metabolik bozukluklar i¢in ek bir ¢evresel
risk katmani olusturdugu tahmin edilmektedir [52, 53].

5.4. Duyusal Sistemler ve 5G Teknolojisinin Etkileri

Yeni nesil 5G teknolojisiyle 6n plana ¢ikan milimetre dalgalar1 (mmWave),
biyofiziksel  Ozellikleri  nedeniyle  viicut  yiizeyindeki  dokularda
yogunlasmaktadir.
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Cocuklarin daha ince deri tabakasi ve kornea gibi yiiksek su igerigine sahip
dokularm varligi, 5G frekanslarmin bu bélgelerde yiiksek Ozgiil Emilim Oram
(SAR) degerlerine ulagmasina neden olur [28]. Bu durum, epitel hiicrelerinde
oksidatif stresin birikmesi nedeniyle erken katarakt gelisimi, kornea hasar ve
cesitli dermatolojik asin duyarlilik reaksiyonlar (elektromanyetik dermatitler)
riskini tasir [42].

6. Sosyal Farkindalik ve Alg1 Yonetimi

Halk sagligi yonetimindeki en temel paradokslardan biri, elektromanyetik
radyasyon (EMR) hakkindaki bilimsel kanitlar ile toplumsal algilar ve inang
sistemleri arasindaki derin ugurumdur [6, 21]. EMR'nin goriinmez, kokusuz ve
sessiz dogasi, toplumda iki ug¢ tepkiye yol agar: kaynagi belirsiz bir teknofobi
(teknoloji korkusu) veya maruz kalmanin biyolojik etkilerini tamamen reddeden
bir teknofili (teknolojiye hayranlik). Bu epistemolojik bosluk, risk iletisimini
zorlagtirir ve ¢ocuklar erken yaslardan itibaren radyasyonun zararl etkilerinden
korumak icin gerekli halk saglig1 etkili politikalarinin uygulanmasini engeller
[21].

6.1. iyonlastiric1 ve Iyonlastirics Olmayan Radyasyon Arasindaki Fark

Toplumdaki en yaygin yanlig anlama, iyonlastirici olmayan radyasyonun (Wi-
Fi, mobil iletisim, radyo dalgalar) fiziksel etkilerinin, iyonlastirici radyasyonun
(X 1s1nlar1, gama 1sinlar) etkileriyle karigtirilmasidir. Iyonlastirici radyasyonun
atomlardan elektronlar1 kopararak DNA'ya dogrudan zarar verme kapasitesine
sahip oldugu genel olarak kabul edilirken, iyonlastirici olmayan radyasyonun
"termal olmayan" biyolojik etkileri (hiicresel sinyal yollarinda bozucu etkiler)
siklikla g6z ardi edilmektedir. Halk sagligi egitiminde, iyonlastirict olmayan
radyasyonun, DNA'y1 dogrudan parcalamasa bile, hiicresel oksidatif stresi
tetikleyerek ve onarim mekanizmalarini bozarak "dolayli" bir risk olusturdugu
gercegi rasyonel bir diizeyde agiklanmalidir [6]. Ozellikle erken yaslarda
cocuklara “saglikli ¢evre” konulu egitimlerde radyasyon kaynaklar1 anlatilarak
bu konudaki bilgi ve farkindalik diizeyleri artirilabilir. Is Saghg ve Giivenligi
egitimlerinde de saglik algisi, elektromanyetik alanlarin sagliga alan etkileri ve
korunma yontemleri, gelisen ve hizla artan teknolojiye bagli hayatimiza giren
yeni nesil radyasyon kaynaklar ve kontrolii anlatilmalidir.

6.2. Elektromanyetik Okuryazarhk: Yeni Nesil Yetkinlik

Modern diinyada, bireylerin, 6zellikle ¢ocuklarin yasamlarmi ydnlendiren
yetiskinlerin "elektromanyetik okuryazarlik" diizeyini artirmak bir liikks degil, bir
zorunluluktur. Bu okuryazarlik, EMR kaynaklarimi tanima, mesafe ve siire
prensiplerini anlama ve bilimsel verileri sansasyonel haberlerden ayirt etme
yetenegini igerir [5].
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Ebeveynlerin Rolii: Ebeveynler, ev ortaminda ¢ocuklarin elektromanyetik
hijyeninden sorumlu birincil aktorlerdir. "Korku" yerine "bilingli sinirlama"
yoluyla cihaz kullanim aliskanliklarin1 yonetmek, cocuklarin teknolojiyle saglikli
bir iligki kurmalarini saglar [21].

Ogretmenlerin ve Egitimcilerin Rolii: Ogretmen egitim miifredatina EMR
ve dijital hijyen konularinin dahil edilmesi, okul ortaminda maruz kalmayi1 en aza
indirmek icin kritik Sneme sahiptir. Egitimcilerin bu konudaki yetkinligi,
okullarda kablolu internetin yayginlastirilmasini ve siniflarda akilli cihaz
yonetiminin bilimsel temelinin olusturulmasini saglayacaktir [5, 29].

6.3. Bilincli Koruma: Korkudan Stratejiye Gecis

Sosyal farkindalik ¢aligmalarinin nihai amaci, toplumdaki irrasyonel kaygilart
ortadan kaldirmak ve bunlarm yerine "Onlem Ilkesi"ne dayali somut bir koruma
kiiltiirii  olusturmaktir. Halkin, EMR maruziyetini azaltmanin teknolojiden
kopmak anlamina gelmedigini; aksine, teknolojiyi biyolojik sinirlara (6rnegin
kablolu baglant1 tercihleri, gece cihaz kapatma rutini, mesafe kurali) uyumlu hale
getirmek anlamina geldigini anlamas1 saglanmalidir. Bu farkindaliktaki degisim,
kiimiilatif yiikii azaltarak pediatrik popiilasyonun uzun vadeli saglik risklerinin
yonetilmesinde en maliyet etkin halk sagligi miidahalesi olacaktir [29].

7. Halk Saghgi Perspektifi ve Yenilikci Koruma Stratejileri

Elektromanyetik radyasyon (EMR) maruziyetinin ydnetimi, "goriinmez
cevresel risklerin" kontroliiyle ilgili modern halk sagligi paradigmasinda kritik
bir sinav olusturmaktadir. Mevcut yasal sinir degerleri ve uluslararasi kilavuzlar
(6rnegin, ICNIRP), biiyiikk 6l¢iide dokularmn akut isinmasma dayali "termal
etkilere" atifta bulunmaktadir. Bununla birlikte, pediatrik popiilasyonun karsi
karsiya kaldig1 gergek tehlike, bu smirlarin ¢ok altinda seviyelerde meydana
gelen kronik, diisiik yogunluklu ve kiimiilatif maruziyettir. Mevcut standartlar,
biyolojik duyarliliklar1 ve uzun vadeli onkojenik riskleri kapsamada metodolojik
olarak yetersizdir [32, 33, 43].

7.1. Temel Yol Gosterici ilkeler: Onlem ve ALARA

Halk sagligi miidahalelerinde bilimsel kesinligin tam olarak saglanamadig:
ancak ciddi zarar riski bulunan alanlarda, temel yol gosterici ilke olarak "Onlem
Ilkesi" benimsenmelidir [31, 39]. Bu ilke, cocuklarin gelisimsel biitiinliigiinii
korumak igin verilerin kesinlesmesini beklemeden koruyucu 6nlemler alinmasin
gerektirir. Bu stratejinin 6zlinde, radyasyon korumasinin altin kurali olan
ALARA (Makul Olarak Elde Edilebilecek En Disiik Seviye) ilkesi yer
almaktadir [19, 21]. ALARA, teknolojik konforu tehlikeye atmadan maruziyeti
teknik olarak miimkiin olan en diislik seviyeye indirmeyi amaglar.
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7.2. Kurumsal ve Kentsel Diizey Koruma Stratejileri

Halk saghig yetkilileri, bireysel cabalarin otesinde, yapisal ve kurumsal
diizenlemeler yoluyla kiimiilatif yiikii azaltmalidir:

Egitim Kurumlarinda Dijital Hijyen: Okullar, ¢ocuklarin zamanlarinin
cogunu gegirdikleri ve biligsel gelisimlerinin sekillendigi alanlardir. Sinif
ortamlarinda Wi-Fi (kablosuz ag) yerine kablolu internet altyapisi
(Ethernet/Fiber) kullanmak, ortamdaki radyo frekansi arka planin1 ve
ogrencilerin kiimiilatif dozunu %80'e kadar azaltabilir [12, 34, 40].

Sehir Planlamasi ve Imar: Baz istasyonlarinin ve yiiksek gerilimli elektrik
hatlarmin yerleri, "hassas alanlar" (okullar, anaokullari, oyun alanlar1 ve
hastaneler) dikkate alinarak belirlenmelidir. Epidemiyolojik veriler 1s1ginda, bu
tiir altyapinin pediatrik yasam alanlarindan fiziksel olarak izole edilmesi veya
diisiik emisyonlu "kii¢lik hiicre" dagitiminin biyolojik prensiplere gére optimize
edilmesi oOnerilir [39, 40, 41].

7.3. Bireysel Maruz Kalma Yonetimi ve Davranissal Protokoller

Ev ortamindaki riski yonetmek i¢cin kamuoyunun farkindaliginin artirilmast
sarttir.  Biyofiziksel gercekler 1s18inda, asagidaki bireysel adimlar
"elektromanyetik hijyen"in bir parcasi olarak degerlendirilmelidir.

Mesafe Kurali ve Fiziksel Etkilesim: Elektromanyetik alan sgiddeti,
kaynaktan uzakligin karesiyle ters orantili olarak azalir (Ters Kare Yasasi).
Cihazlan viicuttan (6zellikle bas ve lireme organlarindan) uzak tutmak, biyolojik
dokular iizerindeki SAR yiikiinii 6nemli 6l¢iide azaltir [12, 18, 35].

Zaman ve Sinyal Optimizasyonu: Gece uyku saatlerinde kablosuz aglarin
kapatilmasi, melatonin salgisinin korunmasi ve sinir onarim siireclerinin
bozulmasinin 6nlenmesi agisindan kritik 6neme sahiptir [23, 36]. Ayrica, diigiik
sinyal giiciine sahip alanlarda (baz istasyonlarindan uzakta) mobil cihazlarin
kullanilmasi, baglant1 kurmak i¢in cihaz tarafindan yayilan radyasyonu yiizlerce
kat artirir; bu nedenle, yalnizca sinyal giicii yiiksek oldugunda telefon goriismesi
yapmak koruyucu bir 6nlemdir [35].

Sonug¢ ve Oneriler

Elektromanyetik radyasyonun cocuk sagligi iizerindeki etkilerine iliskin
kapsamli ¢aligmalar, sorunun sadece teknik bir siir degeri veya miihendislik
parametresi olmadigini, aksine derin biyofiziksel gerceklere dayanan bir "gelecek
nesillerin korunmasi" stratejisi oldugunu agik¢a gostermektedir. Mevcut koruma
paradigmalari, iyonlastirici olmayan radyasyonun etkilerini biiyiik dl¢lide termal
etki yoluyla tanimlayan statik bir modele dayanmaktadir. Bununla birlikte,
bilimsel veriler, pediatrik popiilasyonun karsi karsiya kaldig1 gercek riskin, bu
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esiklerin ¢ok altinda meydana gelen ve biyolojik sistemlerin temel
elektrofizyolojik isleyisini bozan kronik, kiimiilatif ve yikici "termal olmayan"
etkiler oldugunu kanitlamaktadir.

Gelecek perspektifinden bakildiginda, halk sagligi yonetimi geleneksel
"termal etki" odakli yaklagimi terk etmeli ve "biyolojik temelli" bir koruma
modeline gecmelidir. Bu degisim, iyonlastirict olmayan radyasyonun hiicresel
kalsiyum sinyallemesi, oksidatif stres yollar1 ve epigenetik diizenleme iizerindeki
kanitlanmis etkilerini tantyan yenilik¢i bir mevzuat getirmelidir. Ozellikle 5G ve
Otesi olmak iizere milimetre dalga teknolojilerinin yasamin her alanina entegre
oldugu bir ekosistemde, ¢cocuklarin ontogenetik kirilganliklarina (ince kafatasi
yapisi, yiiksek doku iletkenligi ve devam eden nérogelisimsel siiregler) odaklanan
yasa O0zgii dozimetrik standartlarin olusturulmasi hayati bir gerekliliktir. Bu
baglamda, "Onlem Ilkesi" ve "ALARA" ilkesi teknolojik gelismenin &niindeki
engeller olarak degil, teknolojinin biyolojik yasamla siirdiiriilebilir
entegrasyonunu saglayan stratejik kilavuzlar olarak goriilmelidir. Dijitallesmenin
kaginilmaz oldugu egitim ve sosyal ortamlarda, kablolu baglantilari tesvik etmek,
sosyal mesafe kurallarin1 toplumsal bir kiiltiir olarak benimsemek ve
elektromanyetik hijyen konusunda farkindaligi artirmak, risk yonetimi i¢in en
uygun maliyetli araglardir. Sonug¢ olarak, teknolojik ilerlemenin hizi ile insan
biyolojisinin evrimsel istikrari arasinda bir denge kurmak, modern halk saglig
politikalart i¢in en bilylik zorluk olacaktir. Gelecege yonelik Ongoriimiiz,
teknolojiyi reddetmeyen, ancak biyolojik gergeklere ve pediatrik nérogelisimsel
biitiinliige gore optimize eden ihtiyath bir dijital ekosistem olusturmaya
dayanmalidir. Gelecegin yetiskinlerinin biligsel ve fiziksel sagligi, bugiinkii
politika yapicilarin termal olmayan biyolojik etkileri tanimak i¢in attiklar
rasyonel ve insan merkezli adimlara dogrudan baglhdir.
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Acute Appendicitis, Serum Amyloid A,
Peripheral Oligomeric a-Synuclein, and
the Gut-Brain Axis: A Translational
Framework for Neurodegenerative
Vulnerability

Cagatay Han Turkseven'

Introduction

Acute appendicitis is classically defined as an acute surgical abdominal
disorder characterized by luminal obstruction, bacterial overgrowth, mucosal
injury, transmural inflammation, and, in progressive cases, ischemia, necrosis,
and perforation. However, the biological significance of this condition is not
limited to localized appendiceal inflammation alone. The inflammatory response
that develops during acute appendicitis is carried into the systemic circulation
through IL-1B, IL-6, TNF-0, and acute-phase proteins; accordingly, acute
appendicitis may also be interpreted as a model of short-lived yet intense
peripheral inflammation. This perspective is important because, in recent years,
relationships among peripheral immune activation, impaired intestinal barrier
integrity, enteric nervous system stress responses, and protein misfolding in
neurodegenerative diseases have become increasingly apparent (Adamu et al.,
2024; Heidari et al., 2022; Zhang et al., 2023). For this reason, acute appendicitis
should be regarded not only as a subject of diagnostic biomarker research, but
also as a meaningful clinical model for examining the brain-related biological
consequences of peripheral inflammation. Within this context, serum amyloid A
(SAA) occupies a distinctive position. SAA is not merely a sensitive indicator of
the acute-phase response; it is also a biologically active molecule with roles in
lipoprotein interactions, immune cell chemotaxis, TLR-dependent signaling, and
amplification of inflammation. A subset of the studies in the uploaded corpus
addresses SAA in the settings of sepsis, severe trauma, systemic inflammatory
response, and gastrointestinal inflammation, collectively showing that SAA is far
more than a “passive laboratory parameter” (Chen et al., 2023; Li et al., 2024;
Nady et al., 2024; Saleh et al., 2025). Thus, although an increase in SAA is an
expected finding in a condition such as acute appendicitis that generates sudden
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and marked inflammation, the more intriguing question is how this increase might
intersect with neuroinflammatory processes. The second biomarker axis, o-
synuclein, is the key element that distinguishes this chapter from a conventional
inflammation-centered discussion. a-Synuclein is well known as the central
pathological protein of Parkinson’s disease (PD) and other synucleinopathies.
Nevertheless, current literature demonstrates that a-synuclein can be detected not
only in the brain, but also in serum, plasma, erythrocytes, skin, intestine, and
other peripheral tissues (Cristiani et al., 2024; Jiménez-Jiménez et al., 2023; Liu
et al., 2022; Magalhdes & Lashuel, 2022; Zubelzu et al., 2022). Oligomeric
forms, in particular, have come to the forefront of biomarker discussions because
they appear to be more meaningfully related to toxicity and disease activity.
Accordingly, investigating the relationship between peripheral inflammation and
serum-measurable oligomeric a-synuclein in acute appendicitis establishes the
basis not only for a diagnostic question, but also for a pathobiological hypothesis.
The third pillar of this hypothesis is the appendix itself. The appendix is no longer
regarded merely as a vestigial organ; rather, it is increasingly understood as an
active immune niche within gut-associated lymphoid tissue (GALT), involved in
antigen sampling, B-cell responses, mucosal immunity, and interactions with the
microbiota. GALT has been shown to be an immunologically distinct tissue
chronically stimulated by the microbiota, exposed to a high antigen load, and
linked to systemic immune cell development (Bemark et al., 2024).
Consequently, appendiceal inflammation may be interpreted not simply as a local
surgical event, but as a biological stressor occurring within an intensely organized
immune compartment with potential systemic consequences.

The central thesis of this chapter is as follows: the intense peripheral
inflammatory response arising during acute appendicitis, together with elevated
SAA and appendix/GALT-based immune activation, may influence peripheral a-
synuclein biology; it may increase enteric neuroinflammation; and it may create
a biological milieu associated with neurodegenerative vulnerability through the
gut—brain axis. This proposition does not rest on an overreaching causal claim
such as “acute appendicitis causes Parkinson’s disease.” Rather, this chapter aims
to discuss how the transient but intense inflammation of acute appendicitis may
intersect, at a theoretical and translational level, with molecular networks related
to neurodegeneration. Although current evidence is insufficient to establish direct
causality, when appendiceal biology, the systemic effects of SAA, enteric
neuroinflammation, and the peripheral a-synuclein biomarker literature are
considered together, Parkinson’s disease appears to be the most appropriate
neurodegenerative context (Menozzi et al., 2025; Oliver et al., 2025; Sun et al.,
2022; Takahashi et al., 2025; Tan et al., 2022).
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Acute Appendicitis as a High-Intensity Peripheral Inflammatory Model

Acute appendicitis is characterized by abrupt mobilization of the peripheral
immune system. In clinical practice, CRP, leukocyte count, and neutrophil
percentage are commonly monitored parameters; however, the more sensitive and
earlier-rising members of the acute-phase protein family may reflect the systemic
impact of the disease more accurately. SAA is therefore of particular importance.
The sepsis and trauma studies included among the uploaded papers show that
SAA can have strong discriminatory value both on its own and as part of
multimarker panels (Li et al., 2024; Saleh et al., 2025). These findings are not
specific to appendicitis, but they reinforce the biological significance of SAA in
clinical settings marked by severe acute inflammation. The implication for
appendicitis is straightforward: SAA may represent not merely an “elevated
inflammation marker,” but rather a dynamic signal reflecting the severity of
peripheral inflammation and perhaps even its effects on distant organs. At this
point, the temporal structure of acute appendicitis becomes especially relevant.
Whereas chronic inflammatory diseases are characterized by recurrent or
persistent immune activation, acute appendicitis produces a short-lived but
powerful inflammatory spike. In neurodegenerative disorders, it is increasingly
argued that not only chronic inflammation, but also repeated acute peripheral
inflammatory events, may lower the threshold for neuroinflammation. Acute
appendicitis can therefore be regarded as a human model in which the intensity
of inflammatory burden may be more relevant than its duration. Investigating the
relationship between SAA and peripheral oligomeric o-synuclein during
appendicitis thus brings into the clinical arena the question of whether high-
intensity peripheral inflammation can acutely alter synuclein biology.

Serum Amyloid A as a Biological Mediator Rather Than a Passive
Marker

The importance of SAA lies in the fact that it is not only an acute-phase
reactant, but also an active immune regulator. SAA interacts with HDL, affects
immune cell migration, can modulate TLR2/TLR4 and other receptor pathways,
and may amplify inflammatory responses (Behling-Kelly et al., 2022; Chen et al.,
2023; Nady et al., 2024). At the level of structural biology, the potential of SAA
to bind lipids and scaffold nanodiscs highlights its close relationship with
membrane and lipoprotein biology (Nady et al., 2024). These features matter,
because membrane interactions, inflammatory receptor activation, and protein
aggregation are also central to neurodegenerative proteinopathies. When the
relationship between SAA and gastrointestinal inflammation is considered, the
inflammatory bowel disease literature provides a useful conceptual bridge. Chen
et al. (2023) discuss in detail the role of SAA in intestinal inflammation as both
a biomarker and an effector molecule. Acute appendicitis is, of course, not
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inflammatory bowel disease; nevertheless, both conditions involve intense gut-
related immune activation. It is therefore reasonable to conceptualize SAA in
appendicitis not only as a diagnostic marker, but also as a “molecule that
disseminates gut-derived systemic inflammation.” Such a framework provides a
theoretical link between acute appendicitis and potential inflammatory
vulnerability in the brain. Moreover, the CAPS study, which suggests an
association between SAA elevation and subclinical neuroinflammation, is
notable in that it indicates peripheral acute-phase responses may resonate with
neurological tissues (Mulazzani et al., 2024).

Peripheral Oligomeric a-Synuclein: Why Parkinson’s Disease Is the Most
Plausible Neurological Context

The literature on peripheral a-synuclein is not entirely uniform; nevertheless,
a discernible pattern exists. a-Synuclein, and particularly oligomeric a-synuclein,
can be measured in serum, plasma, and erythrocytes, and in some studies has
shown associations with early PD, disease severity, or progression; importantly,
beyond its role in aggregation, a-synuclein is increasingly recognized as a
mediator of early synaptic dysfunction and network-level alterations (Calabresi
et al., 2023; Cristiani et al., 2024; Liu et al., 2022). By contrast, heterogeneity
remains high at the meta-analytic level, and not all studies report findings in the
same direction (Zubelzu et al., 2022). This does not imply that the biomarker
lacks value; rather, it suggests that preanalytical variability, matrix differences,
assay standardization, and disease stage are all highly influential. Precisely for
this reason, if peripheral oligomeric a-synuclein is to be studied in acute
appendicitis, the biological rationale may be strong, but the methodological
design must be exceptionally rigorous. Parkinson’s disease is the most
appropriate neurological disorder for the purposes of this chapter, because a-
synuclein pathobiology is directly central to PD. In addition, the wide literature
concerning prodromal gastrointestinal symptoms in PD, a-synuclein
accumulation in the enteric nervous system, the hypothesis of vagal propagation,
and the microbiota-gut-brain axis is highly compatible with an
appendicitis/appendix-based hypothesis (Menozzi et al., 2025; Oliver et al., 2025;
Sun et al., 2022; Takahashi et al., 2025; Tan et al., 2022). While inflammatory
links may also be proposed for other neurodegenerative disorders such as
Alzheimer’s disease, the biological fit is far stronger in PD because of the
relevance of serum-measurable oligomeric a-synuclein. The experimental
perspective offered by Xiang et al. (2025), in which gut-induced propagation of
a-synuclein and tau is considered within a single framework, also supports a
broader conceptual background in which peripheral and enteric events may
intersect with central proteinopathic processes.
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Appendix, GALT, and the Immunobiology of a Putative Trigger Site

The significance of the appendix becomes decisive at this stage. GALT is an
organized lymphoid tissue in constant interaction with the microbiota,
functioning under chronic antigenic load and capable of shaping both mucosal
and systemic immunity (Bemark et al., 2024). These features render the appendix
much more than a simple intestinal appendage. With its concentration of antigen
sampling, B-cell activation, immune tolerance, and inflammatory responses, this
region may, when acutely inflamed, act not only as a site of local tissue injury but
also as a center for the generation of potent immune signals. This, in turn, makes
the systemic rise in SAA and the potential immune-neuronal interactions during
appendicitis more biologically meaningful. The PD literature makes the appendix
even more compelling. Tan et al. (2022), Menozzi et al. (2025), Oliver et al.
(2025), and Takahashi et al. (2025) critically summarize enteric a-synuclein
accumulation, gut-origin hypotheses, and the “body-first” model of PD. The
central message emerging from this literature is that the gastrointestinal system
may not merely be an organ system affected by disease; in some patients, it may
represent an early stage of the disease or an amplifying compartment. Because of
its richness in GALT and its central role in mucosal immunity, the appendix is a
logical focal point within this discussion. This does not mean that appendicitis
causes PD, but it does mean that inflammation occurring within the appendix may
be biologically distinctive because it takes place in a tissue environment already
relevant to synuclein biology.

Enteric Neuroinflammation as the Missing Mechanistic Bridge

If a mechanistic connection is to be established between acute appendicitis
and neurodegeneration, serum biomarkers alone will not be sufficient. The
missing link is the enteric nervous system and enteric neuroinflammation. Brefer
et al. (2025) open an important window in this regard by showing that resident
macrophages can interact closely with enteric neurons during gut inflammation,
triggering synaptic disruption and neuronal death programs. Although this study
does not directly investigate appendicitis, it demonstrates that acute intestinal
inflammation can leave neurodegenerative signatures in enteric neurons. If acute
gut inflammation is capable of activating degenerative stress programs in enteric
neurons, then the notion that acute appendix-centered inflammation may engage
similar axes is translationally defensible. Reviews focusing on enteric glia and
the microbiota-gut-brain axis further complete this picture. dos Santos et al.
(2023) discuss in detail the mutually reinforcing cycle among enteric glia,
epithelial barrier dysfunction, inflammation, and o-synuclein misfolding.
Kalyanaraman et al. (2024) and Li et al. (2023) likewise emphasize the
multilayered relationships among microbiota-derived metabolites, short-chain
fatty acids, oxidative stress, and a-synuclein aggregation in the context of PD.
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The theoretical framework for appendicitis therefore becomes clearer: acute
inflammation may produce not only a systemic increase in SAA, but also
transient yet biologically meaningful changes in enteric glia, macrophages,
barrier integrity, and a-synuclein handling.

Neuroinflammation, Innate Inmunity, and the Relevance of a-Synuclein-
Driven Immune Signaling

Neurodegeneration is no longer explained solely through the lens of “protein
accumulation.” Microglial activation, TLR signaling, inflammatory kinases, the
c¢GAS-STING axis, and central responses to peripheral immune stimuli have all
come to the forefront (Adamu et al., 2024; Fornari Laurindo et al., 2023; Gulen
et al., 2023; Heidari et al., 2022; Woo et al., 2024; Zhang et al., 2023; Zhu et al.,
2022). It is particularly important here that a-synuclein itself is a protein capable
of activating immune pathways. Oligomeric a-synuclein is associated with
microglial activation, TLR2/TLR4 signaling, and proinflammatory responses;
moreover, there is evidence suggesting that systemic inflammation may influence
a-synuclein expression or pathological processing (Forloni, 2023; Heidari et al.,
2022; Zhang et al., 2023). Accordingly, if a positive relationship were observed
between SAA elevation and oligomeric a-synuclein in acute appendicitis, it
would be difficult to interpret this merely as the coincidental co-occurrence of
two simultaneous parameters; rather, it would suggest a shared background of
immune activation. Even so, methodological and conceptual caution remains
essential. Current literature suggests that peripheral inflammation may contribute
to central neurodegenerative processes; however, it is not sufficient to conclude
that a single acute inflammatory episode determines future PD risk in clinical
terms. For this reason, the language used in a chapter of this kind must be
grounded in plausibility and biological coherence, while carefully avoiding
causal overstatement. Scientifically, the strongest formulation is that acute
appendicitis is “a clinical model that renders visible peripheral immune and
enteric mechanisms associated with neurodegenerative vulnerability.”

A Unified Translational Hypothesis

Within this framework, the unifying hypothesis may be stated as follows:
during acute appendicitis, the inflammation localized to the appendix/GALT axis
produces a marked systemic acute-phase response and substantial elevation of
SAA. At the same time, the enteric nervous system, macrophages, and glial cells
are subjected to inflammatory stress. This environment may generate biological
pressure capable of influencing a-synuclein expression, misfolding,
oligomerization, or clearance. The resulting peripheral and enteric alterations
may, particularly in individuals already predisposed to neuroinflammation
because of genetic or age-related factors, create a “priming milieu” that
contributes to neurodegenerative processes through the gut—brain axis. In this
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model, SAA serves as the circulating signature of acute inflammatory burden,
whereas oligomeric a-synuclein is a candidate circulating biomarker related to
synucleinopathic vulnerability. Assessing both together may be more informative
than evaluating either in isolation.

The strongest aspect of this hypothesis is that the two biomarkers in question
do not appear biologically independent. SAA represents the severity of peripheral
inflammatory burden, whereas oligomeric a-synuclein represents proteinopathic
and synucleinopathic fragility. The appendix, in turn, emerges as the anatomical
intersection of these two processes: it is both a GALT-centered immune organ
and a gastrointestinal structure connected to the enteric neural network. Acute
appendicitis therefore offers an unexpected yet intellectually coherent
translational bridge between “acute abdominal surgery” and “neurodegenerative
biology.”

Clinical and Research Implications

This model has several direct implications for both clinical and research
practice. First, simultaneous measurement of SAA and serum oligomeric o-
synuclein in cohorts with acute appendicitis is feasible and practically
implementable. Second, sampling timing will be critical; serial measurements
obtained preoperatively, in the early postoperative period, and during recovery
may reveal how biomarker dynamics evolve alongside inflammation. Third,
analyses should move beyond simple diagnostic comparisons and incorporate
multivariable models including perforation status, histopathological severity,
CRP/leukocyte levels, age, and family history of neurological disease. Fourth, if
this framework is validated, acute appendicitis could provide a novel clinical
platform for testing how short-term peripheral inflammation influences synuclein
biology in humans. Nonetheless, the limitations are clear. Much of the current
literature is centered on PD, the gut-brain axis, peripheral a-synuclein, and
general neuroinflammation; direct evidence linking acute appendicitis to long-
term neurodegenerative outcomes remains limited. Consequently, the scientific
strength of this chapter lies not in any claim of direct proof, but in the careful
integration of biologically convergent lines of evidence that have not typically
been considered together. The true novelty is not to present acute appendicitis as
a condition that “causes” neurodegenerative disease, but to demonstrate that it
may serve as a translational window through which SAA, enteric immunity, and
a-synuclein can be studied in concert.

Conclusions

Acute appendicitis has traditionally been approached primarily as a surgical
and infectious-inflammatory disorder. Yet when the unique position of the
appendix within GALT, the active inflammatory biology of SAA, the emerging
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evidence on enteric neuroinflammation, and the literature on peripheral
oligomeric a-synuclein biomarkers are considered together, acute appendicitis
takes on a much broader biological significance. It may represent a powerful
human model for examining how peripheral inflammation intersects with
proteinopathic and neuroinflammatory networks.

Accordingly, the most coherent and up-to-date framework is to consider SAA
and serum oligomeric a-synuclein together in acute appendicitis and to situate
this pair within the appendix-GALT-enteric nervous system—gut—brain axis
continuum in the context of Parkinson’s disease. Current evidence is insufficient
to establish causality; however, the biological rationale is strong, the translational
potential is substantial, and this axis constitutes an important candidate for well-
designed prospective clinical studies.
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