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Beyin Yas Farki Brain Age Gap:
Anatomik Bir Biyobelirte¢ Olarak
Klinik ve Arastirma Degeri

Fulya Yaprak Erkmen' & Basak Yavuz’

1. Beyin Yas Farkinin Morfolojik Temelleri

Beyin, yasam boyu dinamik bir yapisal doniisiim siireci i¢indedir. Erken
gelisim doneminde hizli bir hacimsel biiylime ve kortikal organizasyon ile
baslayan bu siireg, yetigkinlikle birlikte yerini kademeli bir morfometrik
gerilemeye birakmaktadir. Normal yaslanma, beyin dokusunda homojen bir
atrofi olarak degil; belirli kortikal ve subkortikal yapilar1 orantisiz bigimde
etkileyen, bolgeye 0zgli ve zamana yayilmis bir degisim siireci olarak karsimiza
cikmaktadir. Bu siirecin dogru anlasilmasi, patolojik yaslanmadan ve
norodejeneratif hastaliklardan kaynaklanan beyin degisikliklerinin ayirt
edilebilmesi agisindan kritik bir 6neme sahiptir. Asagida bu siirecin gri madde,
beyaz madde, cinsiyet farkliliklar1 ve bellek yapilar1 6zelinde nasil tezahiir ettigi
ele alinmaktadir.

1.1. Gri Madde Kayiplar:

Normal yaglanma siirecinde gri madde hacminde belirgin ve yaygin bir
azalma gozlemlenmekte olup bu azalmanin homojen dagilmadigi, belirli
anatomik bolgelerde yogunlastig1 goriilmektedir. Good ve ark. (2001), frontal ve
parietal kortekslerin —ozellikle prefrontal korteks, anterior singulat girus ve
precuneus bolgelerinin— yasa bagli gri madde kaybina en duyarli alanlar
oldugunu bildirmistir. Serebellumda da anlamli gri madde azalmasi saptanmis
olmakla birlikte, temporal lob yapilar1 gérece korunmus bulunmustur. Smith ve
ark. (2007) da bu bulgular1 destekler nitelikte, gri madde kaybinin frontal, parietal
ve temporal korteks ile bazal ganglionlarda yogunlastigini; buna karsin medial
temporal lob ve posterior singulat korteks gibi limbik sistem yapilarinin normal
yaslanmada gorece korundugunu ortaya koymustur. Bu tablo, yaslanmaya bagh
gri madde atrofisinin belirli fonksiyonel aglari secici bigimde etkiledigine isaret
etmektedir.

! Doktor Ogretim Uyesi, Izmir Demokrasi Universitesi Tip Fakiiltesi, Anatomi Anabilim
Dali, ORCID: 0000-0001- 5597-9461
2 Dogent Doktor, izmir Demokrasi Universitesi Tip Fakiiltesi, Histoloji ve Embriyoloji
Anabilim Dali, ORCID: 0000-0003-1817-2241
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Gelisimsel siire¢ agisindan degerlendirildiginde ise Sussman ve ark. (2016),
cocukluk ve adolesan doneminde kortikal kalinligin neredeyse tiim kortikal
bolgelerde lineer olarak azaldigimi bildirmistir. Frontal, parietal ve temporal
bolgeler bu incelmenin en belirgin gézlemlendigi alanlar arasinda yer alirken,
yalnmzca superior ve middle temporal pol gibi smirli bolgelerde anlamli bir
azalma saptanmamistir. Kortikal hacim degisimlerinin ise bolgeye bagli olarak
lineer veya kuadratik paternler izledigi ve yaklasik 12 yas civarinda bir doniim
noktasina ulastig1 gdsterilmistir (Sussman ve ark., 2016; Terribilli ve ark., 2011).
Bu bulgular, beyin gelisiminin tek yonlii bir hacim artisindan ziyade kortikal
incelme, yilizey alani genislemesi ve subkortikal yapilarin diferansiyel
maturasyonu ile karakterize kompleks bir siire¢ oldugunu ortaya koymaktadir.

1.2. Beyaz Madde Kayiplar

Manyetik rezonans gorintiileri iizerinden yapilan calismalarda, normal
yaslanmada beyaz madde hacmindeki azalmanin gri maddeye kiyasla daha sinirli
ve bolgesel bir dagilim sergiledigi, frontal beyaz maddenin ise yasa bagh
degisimlere en duyarl alan oldugu saptanmistir (Good ve ark., 2001; Sussman ve
ark., 2016). Smith ve ark. (2007) ise global diizeyde anlamli bir beyaz madde
hacim kayb1 belirlenmedigini, ancak bolgesel olarak &zellikle anterior korpus
kallozum diizeyinde fokal bir azalma gozlemlendigini bildirmistir. Bu bulgu,
yaslanmanin yaygin bir beyaz madde kaybindan ziyade, frontal loblar arasi
baglantiy1 saglayan spesifik lif yollarini segici bigimde etkiledigini ve baglantisal
organizasyonun kismen bozuldugunu diisiindiirmektedir. Ayrica beyin omurilik
stvist hacminde yasla birlikte gézlemlenen anlaml artisin, gri madde kaybiyla
paralel seyrettigi ve atrofiye sekonder bir genislemeyi yansittigi belirtilmektedir.

1.3. Cinsiyet Farkhiliklar

Beyin yaslanmasiin bireyler arasinda farkli paternlerde izlenebildigi
bilinmektedir (Kirkwood, 2005; Peters, 2006). Bu farkliliklarin cinsiyet temelli
Ozelliklerinin aydinlatilmasina iliskin ¢aligmalar ise nispeten yenidir. Good ve
ark. (2001), yasa bagli beyin morfolojik degisimlerinin cinsiyete gore
farklilagtigin1 gostermis; erkeklerde kadinlara kiyasla daha yaygm ve hizh
ilerleyen bir gri madde kaybi Oriintiisii saptanmistir. Bu bulgu, yaslanmanin
néroanatomik  etkilerinin  cinsiyete 0zgli ~mekanizmalar aracilifiyla
gerceklesebilecegine isaret etmekte ve yaslanma aragtirmalarinda cinsiyet
degiskeninin bir kovaryat olarak kontrol edilmesinin 6nemini vurgulamaktadir.

1.4. Hipokampus ve Bellek Yapilari

Good ve ark. (2001), Alzheimer hastaligiyla giiglii bi¢imde iligskilendirilen
hipokampus ve entorinal korteksin, saglikli bireylerde olusan yaslanma siirecinde
belirgin bir hacim kaybi sergilemedigini bildirmistir. Bu bulgu, s6z konusu
bolgelerdeki atrofinin normal degil patolojik yaslanmanin bir ndrobiyolojik
gostergesi olabilecegini diisiindiirmekte; hipokampal hacim kaybinin ayiric
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tanida klinik bir belirte¢ olarak kullanilmasina teorik dayanak olusturmaktadir.
Smith ve ark. (2007) da medial temporal lobun normal yaslanmada gorece
korundugunu ve bu yapilarin daha ¢ok patolojik norodejeneratif siireglerde
etkilendigini ortaya koymustur.

Gelisimsel agidan ise Sussman ve ark. (2016), hipokampusun relatif hacminin
cocukluk ve addlesan doneminde yasla birlikte lineer olarak arttigin1 gostermistir.
Bu bulgu, talamus, kaudat niikleus ve putamen gibi yapilarda gozlemlenen hacim
azalmasiyla tam ters yonde bir seyir izlemekte ve limbik yapilar ile striatal
sistemler arasinda gelisimsel olarak farklilasan maturasyon stireclerinin varligina
isaret etmektedir. Hipokampusun hem gelisim hem de yaslanma ddneminde
gorece korunan bu yapisal profili, onun 6grenme ve bellek islevlerindeki kritik
roliiyle biyolojik olarak tutarl bir tablo olusturmaktadir (Franke ve Gaser, 2019).

2. Beyin Yas Farki (Brain Age Gap) Kavramm
2.1. Tanim ve Kuramsal Cerceve

Beyin yas farki (Brain Age Gap; BAG), yapay zeka modelleri ve beyin
gorilintiileme verileri araciligiyla tahmin edilen biyolojik beyin yast ile bireyin
gercek kronolojik yasi arasindaki fark olarak tanimlanmaktadir (Cole ve Franke,
2017). Niifus yaslanmasinin giderek hizlandig1 giiniimiizde, biyolojik yaslanma
siireglerinin bireyler arasi heterojenligini nesnel bigimde ortaya koyabilecek
giivenilir biyobelirteglere duyulan gereksinim artmaktadir. BAG, bu ihtiyaca
yanit veren yenilik¢i bir 6l¢iit olarak one ¢ikmakta; beynin yapisal biitlinliigiinii
kronolojik yastan bagimsiz bir biyolojik perspektifle degerlendirmektedir (Cole
ve Franke, 2017; Levine, 2013; Liu ve ark., 2025). Klinik ndrobilim ag¢isindan
BAG, yalnizca hacimsel bir 6l¢iim degil, nérodejeneratif siireglerin kiimiilatif
etkisini 6zetleyen non-invaziv bir indikator olarak kabul edilmektedir (Levine,
2013).

BAG'in biyobelirte¢ olarak kuramsal temeli, Ol¢iilebilirlik, 6ngdrii giicti ve
klinik sonuglarla iligkililik kriterleri ekseninde tartisilmigtir. Yapilan ¢aligmalar,
BAG'In epigenetik saatler ve diger sistemik yaglanma gostergeleriyle
kiyaslandiginda anlamli bir biyolojik yaslanma indeksi oldugunu dogrulamus;
bagimsiz veri setlerinde dogrulamanin ve global tek-skor yaklagiminin Gtesine
gecilmesinin gerekliligini vurgulayarak literatiirde metodolojik bir cergeve
olusturmustur (Rajabli ve ark., 2025; Liu ve ark., 2025).

2.2. BAG Hesaplama Yontemi ve Klinik Yorumlama
BAG, temel olarak su formiille hesaplanmaktadir:
BAG = Tahmin Edilen Beyin Yas1 — Kronolojik Yas

Bu formiilden elde edilen degerin isareti ve biiylikliigl, bireyin beyin saglig
hakkinda klinik olarak anlamli bilgiler sunmaktadir (Liu ve ark., 2025). Pozitif
BAG degeri, tahmin edilen beyin yasinin kronolojik yas1 astigini ve hizlanmis bir
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biyolojik yaslanma siirecinin varligini gostermekte; Alzheimer hastaligi ve
multipl skleroz gibi nérodejeneratif tablolarda klinik ilerlemenin ve biligsel
gerilemenin giiglii bir yansiticisi olarak kabul edilmektedir (Liu ve ark., 2025;
Kumari ve Sundarrajan, 2024). Negatif BAG ise beynin kronolojik yasina gore
daha geng ve saglikli bir yapisal profile sahip olduguna isaret ederken, sifira
yakin degerler beynin beklenen yaslanma yoriingesiyle uyumlu oldugunu
gostermektedir.

2.3. Beyin Yas1 Tahmininde Kullanilan MRI Teknikleri

Yapay zekd modelleri, beyin yast analizinde agirlikli olarak yapisal MRI
(sMRI) verilerinden yararlanmakla birlikte, tahmin dogrulugunu artirmak
amaciyla farkli goriintiileme modaliteleri de kullanilmaktadir (Rajabli ve ark.,
2025; Kumari ve Sundarrajan, 2024).

Bu modaliteler arasinda en yaygin ve altin standart olarak kabul edilen yontem
T1-agirlikli goriintiilemedir. Gri madde hacmi, kortikal kalinlik ve ventrikiil
genislemesi gibi anatomik parametreleri yiiksek c¢oziiniirlikkle ortaya koymasi,
genis veri tabanlarina ve standartlastirilmis analiz protokollerine sahip olmasi
nedeniyle yapay zeka egitiminde birincil veri kaynagi konumundadir (Lee ve
ark., 2022; Zeng ve ark., 2026). T2-agirlikli ve FLAIR goriintiileme ise 6zellikle
multipl skleroz gibi hastaliklarda beyaz madde lezyonlari ve vaskiiler hasar
belirtilerini saptamak icin yapisal verilere tamamlayic1 bir boyut katmaktadir
(Kumari ve Sundarrajan, 2024; Seitz-Holland ve ark., 2024). Difiizyon tensor
goriintiileme (DTI), beyaz madde mikroyapisini ve fraksiyonel anizotropi kaybini
Olcerek yaslanmayla zayiflayan baglantisal biitiinliigii degerlendirirken (Kumari
ve Sundarrajan, 2024); dinlenme hali fonksiyonel MRI (rs-fMRI), beyin bolgeleri
arasindaki fonksiyonel baglantisallig1 ve sinirsel ag dinamiklerini inceleyerek
beynin islevsel yasini tahmin etmeye olanak tanimaktadir (Seitz-Holland ve ark.,
2024). Manyetik rezonans anjiyografi (MRA) ise damar ¢ap1 ve yogunlugundaki
degisiklikleri analiz ederek vaskiiler yaslanma boyutunu yapisal verilere
eklemektedir (Liu ve ark., 2025; Kumari ve Sundarrajan, 2024).

2.4. Beyin Yas1 Tahmininde Yapay Zekanin Rolii
2.4.1. Genel Mekanizma

Yapay zekd modelleri, saglikli bireylerin beyin MRI verilerinden normal
yaslanma yoriingelerini Ogrenerek bir referans model olusturmakta; klinik
degerlendirme asamasinda ise hastanin beyin yapisimi bu referansla
karsilastirarak biyolojik beyin yasimi tahmin etmektedir (Liu ve ark., 2025).
Modelin egitimi sirasinda T1-agirlikli goriintiiler; kafatasi siyirma, yogunluk
normalizasyonu ve standart uzaya kayit gibi 6n igleme adimlarindan
gecirilmektedir. Geleneksel makine Ogrenimi yontemlerinde bu asamada
aragtirmaci tarafindan yonlendirilen manuel 6zellik ¢ikarimi yapilirken, derin
6grenme modellerinde ilgili veriler dogrudan makine tarafindan islenmekte ve bu
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ayrim iki yaklagim arasindaki temel metodolojik farki olusturmaktadir (Kumari
ve Sundarrajan, 2024).

Model performansi ortalama mutlak hata (MAE) ve kok ortalama kare hata
(RMSE) gibi metriklerle degerlendirilmekte olup MAE degerinin 2-3 yilin
altinda olmasi klinik kabul edilebilirlik i¢in 6nerilmektedir. Mevcut literatiirde
bildirilen MAE degerleri 2,14 ile 4,5 yil arasinda degismektedir (Lee ve ark.,
2022; Zeng ve ark., 2026).

Tahmin siirecinde kullanilan analiz birimi agisindan iki temel yaklasim
bulunmaktadir. Voksel diizeyi analizde MRI goriintiisiiniin en kiiciik ii¢ boyutlu
birimi olan vokseller tek tek degerlendirilerek beynin yiiksek mekansal
¢Oziiniirliklii yaslanma haritas1 olusturulmaktadir. ROl (Region of Interest)
diizeyi analizde ise hipokampus, frontal lob ve temporal korteks gibi dnceden
tanimlanmis anatomik bdlgeler bir biitiin olarak incelenmekte; bu yaklasim
voksel analizine gore daha az ayrintili olmakla birlikte anatomik yorumlamay1
kolaylastirmaktadir. Bu iki yontemin c¢iktilarindan iretilen bolgesel-PAD
haritalar1, beynin hangi bolgelerinin kronolojik yasa kiyasla daha hizli ya da daha
yavag yaslandigini mekéansal olarak gorsellestirmektedir (Nemati ve ark., 2024;
Rajabli ve ark., 2025).

Longitudinal takip boyutunda ise yapay zeka, bireyin beyin yasini farkli
zaman noktalarinda 6lgerek kisiye 6zgi bir beyin sagligi profili olusturmakta ve
kortikal incelme ile ventrikiil geniglemesi gibi yapisal degisimlerin hizimi 6lgerek
hastalik ilerleyisini nicel olarak raporlayabilmektedir (Liu ve ark., 2025; Romme
ve ark., 2024). Gelismis modeller, Saliency Maps ve SHAP gibi aciklanabilirlik
teknikleri araciligiyla lateral ventrikiiller, insula veya hipokampus gibi hangi
bolgelerin yas tahminini etkiledigini belirleyerek klinik yorumlamayi
giiclendirmektedir (Nemati ve ark., 2024; Rajabli ve ark., 2025; Liu ve ark.,
2025).

2.4.2. Kullanilan Derin Ogrenme Mimarileri

Modern beyin yast tahmin modelleri, gelencksel makine &grenimi
yaklagimlarinin yerini biiyilik dl¢lide derin 6grenme mimarilerine birakmasiyla
birlikte dnemli bir metodolojik doniisiim gecirmistir. Bu alanda 6ne ¢ikan baglica
mimariler asagida karsilastirmali bigimde ele alinmaktadir.

3D Konvoliisyonel Sinir Aglar1 (3D CNN), MRI goriintiilerini voksel
diizeyinde {i¢ boyutlu hacim olarak islemekte ve yasla iligkili anatomik paternleri
otomatik bi¢imde 6grenmektedir. Manuel 6zellik ¢ikarimi gerektirmemesi ve
yiiksek dogruluk oranlar1 nedeniyle klinik c¢alismalarda tercih edilen birincil
yontem konumundadir; ancak biiyiik egitim veri setlerine duyulan ihtiyag temel
sinirliligini olusturmaktadir (Good ve ark., 2001; Smith ve ark., 2007). Hafif ve
yiiksek performansli yapisiyla Simple Fully Convolutional Network (SFCN)
mimarisi bu kategoride 6zellikle dikkat cekmektedir. 2D CNN ise goriintiileri iki
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boyutlu kesitler olarak analiz etmekte, hesaplama maliyeti agisindan 3D modele
gore avantajli olmakla birlikte {i¢ boyutlu anatomik iligkileri yeterince temsil
etmedigi tartisilmaktadir (Nemati ve ark., 2024; Rajabli ve ark., 2025). Graf
Sinir Aglar1 (GNN), beyni bolgesel bir ag olarak modelleyerek diiglimler ve
baglantilar araciligiyla yapisal iligkileri analiz etmekte; ancak Onceden
tanimlanmis baglanti matrislerine ve parselasyona ihtiyag duymaktadir.
Transformer tabanh modeller ise uzak mesafeli anatomik iligkileri yakalamada
iistiinlitk saglamakla birlikte, cok sayida parametre ve biiyliikk veri seti
gerektirmeleri klinik uygulanabilirliklerini sinirlandirmaktadir (Nemati ve ark.,
2024; Liu ve ark., 2025).

Genel degerlendirmede 3D CNN modellerinin, diisiik hata pay1 ve pratik
kullanim kolaylig1 agisindan mevcut klinik arastirmalarda 6ne ¢iktigr goriilmekte
(Good ve ark., 2001; Smith ve ark., 2007); bununla birlikte multimodal veri
entegrasyonu ve agiklanabilirlik tekniklerinin gelismesiyle birlikte hibrit
mimarilerin giderek daha fazla benimsenecegi 6ngoriilmektedir.

3. Beyin Yas Farkimin Klinik Onemi ve Kullamim Alanlar

BAG, beyindeki yapisal degisiklikleri —hacim kaybi, kortikal incelme ve
ventrikiiler genigleme gibi— tek bir nicel skorda birlestirmesi sayesinde klinik
agidan giiclii bir degerlendirme araci sunmaktadir. Bu 6zelligi, BAG'1 erken tani,
hastalik seyrinin tahmini, yasam tarzi ile kronik hastaliklarin izlenmesi ve
kisisellestirilmis tip uygulamalar1 gibi birbirini tamamlayan alanlarda
kullanilabilir kilmaktadir.

3.1. Erken Teshis

BAG"'m klinik kullanimindaki en kritik potansiyel, klinik semptomlar heniiz
ortaya ¢ikmadan Once beyinde baslayan hasar siireclerini tespit edebilme
kapasitesinden kaynaklanmaktadir. Alzheimer hastaligt ve MS gibi
norodejeneratif tablolarda patolojik siiregler, semptomlarin gdzlemlenebilir hale
gelmesinden yillar 6nce baglamaktadir. BAG, bu sessiz donemde bile beynin
biyolojik yaslanma hizindaki sapmay1 nicel olarak yansitarak erken miidahale
pencerelerinin belirlenmesine katki saglayabilir. Hafif biligsel bozuklugu (MCI)
olan bireylerde BAG degerinin yiiksekliginin, Alzheimer'a doniisim hizim
anlamli bigimde 6ngordigii bildirilmekte (Vakli ve ark., 2025); her bir yillik
BAG artisinin  Alzheimer gelisme riskini yaklagik %10 oraninda artirdig
saptanmaktadir (Liu ve ark., 2025).

3.2. Hastalik Seyrinin ve Engellilik Riskinin Tahmini
3.2.1. Multipl Skleroz ve NMOSD'de Engellilik Iliskisi

BAG, oOzellikle norodejeneratif  hastaliklarda  mevcut  durumu
degerlendirmenin Gtesinde, hastanin gelecekteki engellilik riskini Ongoren
bagimsiz bir prognostik biyobelirteg olarak kabul edilmektedir. Engellilik
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diizeyinin 6l¢iimiinde kullanilan Genisletilmis Engellilik Durum Olgegi (EDSS)
ile BAG arasindaki iliski bu baglamda kapsamli bigimde incelenmistir.

MS hastalarinda beyin yasinin kronolojik yastan bazi ¢aligmalarda ortalama 6
ile 13 y1l arasinda daha yiiksek oldugu saptanmis (Wei ve ark., 2023; Romme ve
ark., 2024); baslangigtaki BAG degerinin hem MS hem de NMOSD hastalarinda
ilerleyen donemdeki EDSS kotiilesmesini anlamli  bicimde 06ngdrdiigi
gosterilmistir (Wei ve ark., 2023). Yiiksek BAG degerine sahip hastalarin
engellilik ilerlemesine diisiik BAG'l1 hastalara kiyasla belirgin bicimde daha kisa
stirede ulastig1 bildirilmekte; bu esigin NMOSD i¢in 6,1 yilin, RRMS ig¢in ise 24
yilin {izerinde oldugu durumlarda progresyon siiresinin anlamli sekilde kisaldig
Kaplan-Meier sagkalim analizleriyle ortaya konmaktadir (Wei ve ark., 2023).
Beyin yasindaki artisin daha yiliksek EDSS skorlart ve daha uzun hastalik
stiresiyle istatistiksel olarak anlamli diizeyde iligkili oldugu da ayrica
gosterilmistir (Skattebel ve ark., 2025).

Cok degiskenli analizler acisindan degerlendirildiginde, Cox regresyon
analizi sonuclar1t BAG''n NMOSD hastalarinda EDSS kétiilesmesini 6ngdérmede
bagimsiz bir degisken oldugunu ortaya koymaktadir (HR: 1,07, %95 GA: 1,01-
1,14, p = 0,027). Bununla birlikte RRMS grubunda BAG'!n bagimsiz tahmin
giicliniin diger klinik degiskenler tarafindan maskelendigi saptanmis olup bu
bulgu, BAG'm prognostik degerinin hastalik tipine ve klinik baglama gore
farklilagabilecegine isaret etmektedir (Wei ve ark., 2023; Romme ve ark., 2024;
Skattebel ve ark., 2025).

3.2.2. Alzheimer Hastaliginda Biligsel Gerileme Riski

Biligsel gerilemenin ongoriilmesinde BAG, Alzheimer arastirmalarinda da
giiclii bir tahmin edici olarak tanimlanmaktadir. BAG degerindeki her bir yillik
artisin Alzheimer gelisme riskini %10 oraninda artirdigi bildirilmekte (Liu ve
ark., 2025); ayn1 zamanda BAG'm hafif biligsel bozuklugun klinik demansa
donigiim  siresini  6ngdérmede anlamli  bir biyobelirteg islevi gordigi
gosterilmektedir (Vakli ve ark., 2025; Lee ve ark., 2022). Hastalik ilerledikge
BAG degerinin de dogrusal bir artis izledigi gézlemlenmekte olup bu oriintd,
beyin yas1 farkinin nérodejenerasyonun kiimiilatif yiikiinii yansittig1 goriisiinii
desteklemektedir.

3.3. Yasam Tarz1 ve Kronik Hastahklarla iliskisi

BAG"m yalnizca nérodejeneratif hastaliklarla degil, yasam tarzi faktorleri ve
sistemik kronik hastaliklarla da anlamli iligkiler sergiledigi gosterilmektedir.
Sigara, alkol ve madde kullanimindan kaginma ile diizenli fiziksel aktivite gibi
saglikli yasam tarzi bilesenlerinin BAG" azaltabilecegi bildirilmektedir. Buna
karsin diyabet ve prediyabet gibi kronik metabolik durumlarm beyin
yaslanmasini belirgin bi¢imde hizlandirdig1 saptanmistir (Dove ve ark., 2024).

12



Diyabet hastalarinda beyin yasimin kronolojik yastan ortalama 2,29 yil daha
yiiksek oldugu, HbAlc seviyeleri arttikga bu farkin ve buna bagli bilissel riskin
de yiikseldigi gosterilmektedir (Dove ve ark., 2024). Yapay zeka modelleri, bu
bireylerde yillik beyin yas1 artis hizimm —ornegin yillik 0,27 yillik ek sapma
olarak— takip ederek uzun vadeli biligsel riskleri Ongdrmekte ve diyabet
yonetiminin beyin saglig1 lizerindeki etkisinin izlenmesine olanak tanimaktadir.

3.4. Kisisellestirilmis Tipta Kullamim Potansiyeli

BAG, bireyin beyin sagligi profilini zaman i¢inde izleyerek uygulanan
tedavilerin etkinligini degerlendirme ve kisiye 6zel risk analizi yapma imkan
sunmaktadir. Longitudinal BAG 6lglimleri, bir tedavinin beyin yaslanma hizini
yavaglatip yavaslatmadigini nicel olarak ortaya koyabilmekte; bu da klinik karar
alma siireglerini hem bireysel hem de toplum diizeyinde desteklemektedir. Beyin
yasimin nesnel ve tekrarlanabilir bigimde oOlgiilebilmesi, BAG" standart
noropsikometrik testlerin 6tesinde, beyin sagligini biitlinciil olarak yansitan bir
izlem biyobelirteci olarak konumlandirmaktadir.

4. Klinik Degerlendirmede BAG

BAG, norodejeneratif ve demiyelinizan patolojilerin takibinde rutin
radyolojik degerlendirmelerin Gtesine gegen objektif bir Ol¢iit olarak one
cikmaktadir. Ozellikle NMOSD hastalarinda engellilik ilerlemesini éngérmede
bagimsiz bir biyobelirteg islevi goren BAG (HR: 1,07), derin 6grenme temelli
modellerle elde edilen Predicted SD belirsizlik analizi sayesinde klinik rutinlerde
giivenli hasta tabakalandirmasi ve erken miidahale stratejileri i¢in non-invaziv bir
standart olusturma potansiyeli tasimaktadir. Nitekim MCI ve demans gruplarinda
artmis BAG degerlerinin gosterilmesi, yas tahminine katki saglayan anatomik
bolgelerin hastalik durumuna gore farklilastiginin ortaya konmasi ve igitme kaybi
gibi risk faktorlerinin biligsel gerileme {izerindeki etkisinin kismen BAG
aracihigiyla medyatorliik gostermesi, bu oOlgiitiin ndrodejeneratif siireclerde
duyarli bir biyolojik yaslanma gostergesi oldugunu desteklemektedir (Nemati ve
ark., 2024; Lee ve ark., 2022).

4.1. Alzheimer Hastalig1 ve Hafif Bilissel Bozukluk

Alzheimer spektrumunda BAG, hastaligin klinik siddetiyle hiyerarsik bir
korelasyon sergilemektedir. Birden fazla bagimsiz calismadan elde edilen
bulgular, BAG degerlerinin tutarli bicimde AD > MCI > saglikli kontrol (NC)
siralamasini izledigini dogrulamaktadir. Chai ve ark. (2025), saglikli kontrollerde
ortalama 0,28 + 3,6 yil olan BAG"'m Alzheimer hastalarinda 6,50 + 6,6 yila
yiikseldigini bildirirken; Besson ve ark. (2022) bu degerleri sirasiyla 0,00, 3,48
ve 7,97 yil olarak saptamistir. Wang ve ark. (2024) ise MCI grubunda 2,93 yil,
AD grubunda 4,15 y1l olarak raporlamis; Yoshinaga ve ark. (2025) da MCI i¢in
4,3+ 5,4 yil, AD igin 6,3 + 6,2 yillik sapma degerleri bildirmistir.
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Tablo 1. Klinik Calismalara Gére BAG Dagilimi1 (+ Standart Sapma)

Calisma (Y1l) NC BAG (Y11) | MCIBAG (Y1l) | AD BAG (Y1l)
(02%2345- ve k| 028436 - 6.50+6.6
é15624§,. ve ark. | 293 4.15

](32605253;1 P. ve ark. 0.00 348 7.97

(82051265)[). ve ark. | 43+54 63+6.2

Not. NC = Normal Kontrol; MCI = Hafif Biligsel Bozukluk; AD = Alzheimer Hastaligi.

MCI asamasindaki hastalarda BAG, AD'ye doniisiim riskini ngérmede kritik
bir esik biyobelirteci olarak islev goriir. AD hastalarinda saptanan yaklasik 8 yila
varan sapmalar, beynin kronolojik yasin ¢ok 6tesinde bir yikim siirecine girdigini
belgelemektedir. Her bir yillik BAG artisinin Alzheimer gelisme riskini yaklasik
%10 oraninda artirdig1 bildirilmektedir (Liu ve ark., 2025).

Patofizyolojik mekanizmalar diizeyinde ise amiloid bilgisiyle desteklenen
multimodal modeller gelistirilmis; yiikksek BAG"m 6zellikle hipokampus—default
mode network baglant1 zayifligi ve molekiiler biyobelirteglerle iliskili oldugu
gosterilmistir (Cui ve ark., 2026). Bu bulgu, BAG'n ag diizeyinde ndronal
kirilganlik ile molekiiler patoloji arasinda entegratif bir gosterge olarak
konumlanabilecegini diisiindiirmektedir.

4.2. Demiyelinizan Hastahklar: MS ve NMOSD

Merkezi sinir sisteminin inflamatuar hastaliklar1 olan MS ve NMOSD, beyin
yas1 iizerinde birbirinden farkli patofizyolojik etkiler birakmaktadir. RRMS
hastalarinda ortalama BAG degeri 13,0 & 14,7 yil olarak saptanmis olup bu deger,
NMOSD hastalarinda bildirilen 5,4 £+ 8,2 yillik ortalama sapmadan istatistiksel
olarak anlamli bi¢cimde yiiksektir (Romme ve ark., 2024). Bu fark, iki hastaligin
farkli patoanatomik 6zelliklerini yansitmaktadir: RRMS'de gri ve beyaz maddeyi
birlikte etkileyen yaygm bir global atrofi tablosu gozlemlenirken, NMOSD'de
beyin hasarinin daha sinirl kaldig1 ve patolojinin agirlikli olarak spinal diizeyde
yerlestigi goriilmektedir.

NMOSD grubunda beyin lezyonu bulunan hastalarda BAG 7,1 + 8,5 yil iken
lezyonsuz hastalarda bu deger 3,4 + 7,2 yila gerilmekte; buna karsin AQP4
serostatusunun (pozitif 5,8 yil vs. negatif 4,2 yil) BAG iizerinde istatistiksel
olarak anlamli bir etkisi saptanmamaktadir (p = 0,256). RRMS grubunda ise
yiiksek lezyon yiikii ve uzun hastalik siiresi ile BAG arasinda dogrudan bir
korelasyon izlenmekte, bu da beyin yasglanmasimin MS'te global ve hizlanmis bir
seyir izledigini ortaya koymaktadir (Wei ve ark., 2023; Romme ve ark., 2024).
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Tablo 2. Multipl Skleroz ve Noromiyelitis Optika'da BAG Degerlerinin Karsilastirmasi

Multiple Skleroz (RRMS)

Noromiyelitis Optika (NMOSD)

Ortalama BAG: 13.0 + 14.7 y1l.

Ortalama BAG: 5.4 + 8.2 yil.

Patoanatomi: Yaygin gri ve beyaz
madde hasari, global atrofi.

Patoanatomi: Daha ziyade spinal
odakli, sinirli beyin atrofisi.

Klinik Iliski: Hastalik siiresi ve
yiiksek lezyon yiikii ile dogrudan

Klinik iliski: Beyin lezyonu varhg
BAG" artirirken, AQP4 durumu

korelasyon. etkisizdir.

Lezyon Etkisi: Beyin lezyonlu
hastalarda 7.1 + 8.5 yil;
lezyonsuzlarda 3.4 + 7.2 yil.

Lezyon Etkisi: Beyin yaslanmasi
global ve hizlanmis bir seyir izler.

Not. RRMS = Relapsing-Remitting Multipl Skleroz; NMOSD = Noéromiyelitis Optika
Spektrum Bozuklugu; AQP4 = Akvaporin-4.

Analizler, RRMS hastalarinda beynin NMOSD'ye kiyasla anlamli derecede
daha yash goriindiigiinii ortaya koymaktadir. NMOSD grubunda AQP4
serostatusunun (pozitif 5,8 vs. negatif 4,2 y1l) BAG iizerinde istatistiksel olarak
anlaml1 bir etkisi saptanmamistir (Wei ve ark., 2023).

Bolgesel analiz diizeyinde, CNN tabanli modellerde saliency haritalari
kullanilarak yas tahminine en fazla katki sunan alanlarin ventrikiiler genigleme
ve temporal bolgeler oldugu gorsellestirilmistir (Romme ve ark., 2024). Voksel
diizeyinde gelistirilen regional-PAD haritalar1 aracilifiyla temporal lob,
hipokampus ve frontotemporal kortekste lokal yas sapmalart nicel olarak
gosterilmis (Vakli ve ark., 2025); medial temporal yapilar ve subkortikal
¢ekirdeklerin de yas tahminine belirgin katki sundugu bildirilmistir (Rajabli ve
ark., 2025).

4.3. Noropsikiyatrik Durumlar, Genetik ve Cevresel Belirleyiciler

BAG"'m klinik kullanim alan1 ndrodejeneratif ve demiyelinizan hastaliklarla
stmirli kalmamaktadir. insomnia gibi noropsikiyatrik durumlarda da yas
diizeltmeli BAG artiginin gdsterilmesi ve multimodal fiizyon modellerinin tek
modlu yaklagimlara kiyasla daha yiiksek tahmin dogrulugu saglamasi, BAG'n
klinik spektrumunun genis olduguna isaret etmektedir (Zeng ve ark., 2026).

Genetik belirleyiciler agisindan ise genis Orneklemli analizler, BAG'in
norogelisimsel ve inflamatuar yolaklarla iligkili genetik varyantlarla baglantil
oldugunu ortaya koymaktadir. Bu bulgular, ¢evresel risk faktorleri ve yasam tarzi
degiskenlerinin hizlanmis beyin yaslanmasma olan katkisiyla birlikte ele
alindiginda, BAG'n hem biyolojik hem de ¢evresel yaglanma ytiikiinii biitiinlesik
bigimde yansitan ¢ok boyutlu bir gosterge oldugunu diisiindiirmektedir (Ardila
Lopez, 2026).

5. Simirlamalar ve Gelecek Perspektifleri
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Beyin yas1 tahmin modellerinin klinik uygulamaya taginmasi siirecinde bir
dizi metodolojik ve teknik engel dikkat ¢ekmektedir. Bu sinirlamalarin dogru
anlagilmasi, hem mevcut ¢alismalarin bulgularinin daha saglikli yorumlanmasi
hem de gelecekteki arastirmalarin daha saglam bir zemine oturtulmasi agisindan
kritik 6nem tagimaktadir.

5.1. Ortalamaya Regresyon Yanlihgi (Bias): Modeller, genc bireylerde yasi
oldugundan biiylik, yasli bireylerde ise kiiciik tahmin etme egilimi
gostermektedir. Bu sistematik sapma, lineer yanlilik diizeltme algoritmalari
araciligryla minimize edilmeye ¢alisilmakla birlikte, 6zellikle u¢ yas gruplarinda
tahmin giivenilirligini olumsuz etkilemeye devam etmektedir.

5. 2. Merkez Etkileri (Site Effects): Farkli goriintiileme merkezlerinden
kaynaklanan tarayici ve protokol varyasyonlari, model ¢iktilarinda sistematik
farkliliklara yol agmaktadir. Bu etkilerin giderilmesi i¢in harmonizasyon
teknikleri ve transfer learning yaklagimlari zorunlu hale gelmekte; model
performansinin yalnizca dogrulukla degil, farkli veri setlerinde genelleme
kapasitesiyle de degerlendirilmesi gerektigi vurgulanmaktadir. Nitekim uygun
veri artirma, normalizasyon ve regularizasyon stratejilerinin dis drneklemlerde
hata oranini anlamli bi¢imde azalttig1 gosterilmistir (Rajabli ve ark., 2025).

5. 3. Tahmin Belirsizligi (Predicted SD): Modelin ¢ikti olarak sundugu
Predicted SD degeri, bir kalite kontrol ve giiven metrigi islevi gérmektedir.
Diusiik goriintii kalitesi veya alisilmadik atrofi paternleri igeren taramalarda bu
belirsizlik artmakta ve klinisyene yorumlamada bir giiven araligi sunmaktadir.
Bu degiskenlik, klinik karar alma siireclerinde g6z ardi edilmemesi gereken bir
belirsizlik kaynagi olarak degerlendirilmelidir.

5. 4. Yorumlanabilirlik (Kara Kutu Sorunu): Derin 6grenme modellerinin
kara kutu niteligi, klinik benimseme oOniindeki 6nemli engellerden birini
olusturmaktadir. Bu sorunu agmak i¢in SHAP ve Grad-CAM gibi aciklanabilirlik
araglarinin kullanimi giderek 6nem kazanmakta; bu yontemler sayesinde modelin
temporal atrofi gibi hangi anatomik bdlgelere dayanarak karar verdigi
gorsellestirilebilmektedir.

5. 5. Global Skorun Mekénsal Sinirhihgi: BAG ¢ogunlukla tek bir global
fark degeri olarak raporlanmakta; bu yaklasim bolgesel morfolojik heterojenligi
yeterince temsil edememektedir. Oysa hastaliga 6zgii atrofi paternlerinin bolgesel
diizeyde incelenmesi, klinik yorumlama agisindan ¢ok daha bilgilendirici olabilir
(Vakli ve ark., 2025; Cole ve Franke, 2017; Romme ve ark., 2024).

5. 6. Zamansal Dinamiklerin Yetersiz Modellenmesi: Mevcut ¢alismalarin
biiyiik boliimii kesitsel tasarima dayandigindan, bireysel yaslanma hizinin uzun
donem yoriingesi ve bolgesel degisim paternleri yeterince modellenememektedir.
Longitudinal verilerin yetersizligi, BAG"'n hastalik seyrini izlemedeki gergek
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prediktif giicliniin tam olarak ortaya konmasinmi sinirlandirmaktadir (Nemati ve
ark., 2024; Cui ve ark., 2026).

5. 7. Entegratif Prospektif Tasarim Eksikligi: Klinik, genetik ve
davranigsal degiskenlerin es zamanli ve ileriye doniik bicimde entegre edildigi,
bolgesel morfolojik BAG o6lgiimleriyle desteklenen kapsamli prospektif
calismalar hala smirli kalmaktadir (Rajabli ve ark., 2025; Ardila Lopez, 2026).
Bu eksiklik, BAG'1in ¢ok boyutlu belirleyicilerinin biitlinciil olarak anlagilmasin
giiclestirmektedir.

Tim bu sinirlamalar bir arada degerlendirildiginde, alanin Ontimiizdeki
donemde bdlgesel BAG haritalamasini 6n plana ¢ikaran, longitudinal tasarimlara
dayanan ve multimodal veriyi biitiinlesik bigimde isleyebilen modellere ihtiyag
duydugu aciktir. Bu gelismelerin hayata gegirilmesi, BAG'n aragtirma araci
olmanin otesine gegerek klinik karar destek sistemlerinin ayrilmaz bir bileseni
haline gelmesini saglayacaktir.
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Sex Estimation from Long Bones in
the Turkish Population:
Morphometric, Radiological, and
Forensic Anthropological
Approaches

Beyza Celik! & Seda Sertel Meyvaci’

1. Introduction

Forensic anthropology is an interdisciplinary field that aims to establish a
biological profile from unidentified human remains and has developed in close
association with forensic medicine, anatomy, osteology, radiology, and statistical
modeling. The main components of the biological profile include sex, age,
stature, population affinity, and individual identifying features. The combined
evaluation of these parameters increases the accuracy of the identification process
[1,2] (Krishan et al., 2016; Spradley, 2016). Sex estimation is considered one of
the first and most critical steps in biological profile construction, because
classifying an individual as female or male substantially narrows the pool of
possible identities (Krishan et al., 2016; Garcia-Donas et al., 2021). Therefore,
accurate determination of sex from skeletal remains also contributes to more
reliable subsequent anthropological assessments, such as age and stature
estimation (Krishan et al., 2016; Spradley, 2016).

In forensic cases, these bones may not always be recovered in a complete,
intact, or assessable condition. Trauma, burning, fragmentation, decomposition,
animal activity, environmental conditions, and post-burial taphonomic processes
may compromise the integrity of skeletal material and limit classical
morphological evaluations (Ubelaker, 2009; Kendall et al., 2018). In such cases,
long bones serve as important alternative or complementary sources for
biological profiling and sex estimation due to their durable structure, measurable
anatomical features, and frequent better preservation compared with other
skeletal elements (Mahakkanukrauh et al., 2011; Mall et al., 2001). Long bones
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such as the femur, tibia, fibula, humerus, radius, and ulna may exhibit sexual
dimorphism in terms of maximum length, epiphyseal breadths, head diameters,
diaphyseal diameters, and circumference measurements (Giilhan et al., 2015).

Sexual dimorphism refers to biological differences between female and male
individuals within the same population in terms of bone size, shape, mass, and
muscle attachment areas. In male individuals, greater body mass, more
pronounced muscle attachment sites, and larger bone dimensions are generally
observed; this creates measurable differences that can be evaluated for metric sex
estimation, particularly in long bones (Krishan et al., 2016; Brickley &
McKinley, 2004; Frayer & Wolpoff, 1985). However, the degree of these
differences is not the same in every population and may be influenced by genetic
background, nutrition, physical activity, socioeconomic conditions,
environmental factors, and secular change. Therefore, measurement thresholds or
discriminant function formulas developed for one population may not provide the
same level of accuracy when directly applied to another population (Shehri &
Soliman, 2015; Kranioti & Michalodimitrakis, 2009; Nogueira et al., 2023;
Curate et al., 2021; Chatterjee et al., 2019; Kiskira et al., 2022).

In terms of the Turkish population, studies on sex estimation from long bones
demonstrate the necessity of establishing population-specific databases for
forensic anthropological applications (Giinay et al., 2001; Giilhan et al., 2015).
These studies indicate that morphometric differences observed in long bones such
as the femur, tibia, humerus, radius, and ulna can be evaluated for sex estimation.
In this chapter, the existing literature on sex estimation from long bones in the
Turkish population will be reviewed, and the forensic anthropological importance
of population-specific standards will be discussed.

2. The Importance of Long Bones in Sex Estimation

Long bones are among the important skeletal elements that contribute to the
construction of the biological profile in forensic anthropological examinations
(Krishan et al., 2016; Spradley, 2016). Due to their durable structure, measurable
morphometric characteristics, and the preservation of certain anatomical regions
even in fragmented remains, they can be used as alternative or complementary
sources in sex estimation (Mall et al., 2001; Curate et al., 2016). Sex-related
differences in these bones generally appear in metric parameters such as
maximum length, epiphyseal breadth, head diameter, diaphyseal diameter, and
circumference measurements (Kriiger et al., 2017; Kiskira et al., 2022). In male
individuals, long bones are generally larger, wider, and more robust, which
enables measurements obtained from these bones to be used in sex estimation
(Frayer & Wolpoft, 1985; Krishan et al., 2016).
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Among the long bones of the lower extremity, particularly the femur and tibia
may exhibit marked sexual dimorphism because they are strong weight-bearing
bones (Steyn & Iscan, 1997; Kiskira et al., 2022). The femur has a special place
among long bones because it is one of the largest and most durable bones of the
skeleton, contains measurable anatomical reference points at its proximal and
distal ends, and contributes to sex estimation through parameters such as head
diameter, neck measurements, and epicondylar breadth (Asala, 2001; Curate et
al., 2016). Proximal femoral measurements provide valuable measurement areas
that can be used for sex estimation in cases where the pelvis is absent or the
complete femur is not recovered (Curate et al., 2016; Attia et al., 2022). The tibia
is also an important lower extremity bone that can be used in sex estimation
through parameters such as maximum length, proximal and distal epiphyseal
breadth, shaft diameters, and circumference measurements (Duangchit et al.,
2025; Chatterjee et al., 2019). Although the fibula has not been studied as
frequently as the femur and tibia, it can be considered a complementary lower
extremity bone, particularly in cases where these bones are absent or incomplete
(Marques et al., 2025). Recent studies on the fibula and tibia show that lower
extremity long bones can contribute to sex estimation not only when they are
complete but also through fragmented remains when appropriate anatomical parts
are preserved (Duangchit et al., 2025; Marques et al., 2025).

Although the upper extremity long bones, namely the humerus, radius, and
ulna, bear less load than the lower extremity bones, they can provide important
morphometric information in sex estimation (Blanc et al., 2025; Charisi et al.,
2011; Bidmos & Mazengenya, 2021; Mokoena et al., 2019; Mazurani¢ et al.,
2025). The humerus is one of the upper extremity bones in which sexual
dimorphism can be most clearly evaluated, and particularly head diameter,
maximum length, epicondylar breadth, and diaphyseal measurements can be used
in sex estimation (Kranioti & Michalodimitrakis, 2009; Rios Frutos, 2005). The
radius may show sexual dimorphism in terms of length and distal and proximal
measurements, and it can be evaluated as an auxiliary bone, especially in cases
where other large long bones are absent (Curate et al., 2021; Nogueira et al.,
2023). The ulna, on the other hand, is an upper extremity bone that can be used
in sex estimation through maximum length, olecranon breadth, radial notch
measurements, and proximal end parameters (Srivastava et al., 2013; Monum et
al., 2021). These findings indicate that upper extremity long bones may provide
complementary biological profile data, particularly in incomplete and fragmented
skeletal remains in which lower extremity bones are absent.

In general, long bones should not be considered absolute determinants for sex
estimation in forensic anthropology on their own, but rather important
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morphometric sources that should be evaluated together with the other
components of the biological profile according to the condition of the available
skeletal material (Krishan et al., 2016; Spradley, 2016). However, since the direct
transfer of sex estimation formulas developed from long bones to different
populations may increase the margin of error, population-specific morphometric
standards should be established for each population (Spradley, 2016; Kriiger et
al., 2017).

3. Sex Estimation from Lower Extremity Long Bones in the Turkish
Population
3.1. Femur

The femur is one of the most extensively studied lower extremity long bones
for sex estimation in the Turkish population. The fact that the femur is a strong
weight-bearing bone, has distinct proximal and distal anatomical reference
points, and reflects sexual dimorphism through parameters such as head diameter,
neck measurements, epicondylar breadth, and maximum length makes this bone
important in forensic anthropological evaluations. Studies on the femur in the
Turkish population include both dry bone morphometric methods and
radiological approaches such as direct radiography, computed tomography (CT),
and three-dimensional reconstruction. Therefore, the femur constitutes a strong
component of the literature on sex estimation from long bones in the Turkish
population.

Gilnay et al. evaluated the upper and lower extremity long bones on skeletal
remains in order to contribute to the establishment of skeletal data specific to the
Turkish population. In the study, measurements were taken from the femur, tibia,
fibula, humerus, radius, and ulna in accordance with international standards.
Significant differences between sexes were found in all measurements obtained
from the upper extremity bones; in the lower extremity, significant differences
were observed in terms of maximum femur length, bicondylar femur length,
distal epicondylar breadth of the femur, tibial length, proximal epiphyseal breadth
of the tibia, anteroposterior breadth of the tibial shaft, tibial circumference at the
level of the nutrient foramen, and fibular length. This study is important because
it demonstrated that long bones in the Turkish population show sex-related
morphometric differences and contributed to efforts to establish a population-
specific database (Giinay et al., 2001).

Otag and Cimen conducted one of the morphometric studies on sex estimation
from the femur in the Turkish population. In their study, various morphometric
measurements were evaluated on femora dating to the Republican period, and the
usability of these measurements in sex discrimination was investigated. The

researchers reported that femoral measurements may differ between female and
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male individuals and may contribute to sex estimation through a discriminant
analysis approach. This study is important because it provided osteometric data
for sex estimation from the femur in the Turkish population before the widespread
use of modern imaging methods (Otag & Cimen, 2003).

Ozer and Katayama conducted a sex estimation study on femora belonging to
the Dilkaya Medieval Anatolian population. In the study, sexual dimorphism was
evaluated in an archaeological Anatolian sample using femoral measurements.
The findings indicate that the femur carries morphometric information that can
be used for sex estimation in Anatolian populations (Ozer & Katayama, 2006).

Harma and Karakas evaluated sex estimation from the femur in an Anatolian
Caucasian sample using a digital radiological method. In the study, measurements
such as maximum femur length, femoral head diameter, mid-shaft transverse
diameter, and anterior curvature were examined. Maximum femur length and
vertical head diameter were reported to be significantly higher in males than in
females. This study is important because it showed that sex estimation can be
performed using both proximal and diaphyseal characteristics of the femur
through radiological images obtained from living individuals (Harma & Karakas,
2007).

Germen and Iscan conducted a mass grave study using long bones. In this
study, long bones such as the humerus, radius, ulna, femur, tibia, and fibula
obtained from the Van-Yoncatepe Early Iron Age mass grave material were
evaluated together. The importance of the study lies in showing that complete and
fragmented long bones can be used for sex estimation in mass grave material. Sex
was determined with very high accuracy using measurements such as humerus
length and head diameter, maximum femur length and head diameter, maximum
fibula length, and anteroposterior distal diameter. However, because the sample
represents an archaeological community rather than the modern Turkish
population, the results of the study are mainly evaluated in terms of
demonstrating the potential of long bones for sex estimation in Anatolian
archaeological samples (Germen & Iscan, 2007).

Giilhan et al. studied three-dimensional femur models generated from CT
images in the modern Turkish population. In the study, numerous measurements
from the proximal, diaphyseal, and distal regions of the femur were used,
including maximum femur length, bicondylar length, trochanteric length, vertical
head diameter, femoral neck measurements, proximal breadth, subtrochanteric
diameters, mid-shaft diameters, epicondylar breadth, bicondylar breadth, and
condylar diameters. In stepwise analysis, epicondylar breadth, vertical diameter
of the femoral neck, and mediolateral subtrochanteric diameter were among the

most discriminating variables. This study is one of the most important sources in
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the femur literature because it developed femur-based sex estimation standards
specific to the Turkish population (Giilhan et al., 2015).

Garcia-Donas et al. evaluated sex estimation from the proximal femur in the
Turkish population using Purkait’s triangle method and three-dimensional CT
data. In the study, measurements of the proximal femur were used to distinguish
female and male individuals, and the applicability of the method in the Turkish
population was tested. The study demonstrates that the femur, particularly when
the proximal region is preserved, may be valuable for sex estimation in
fragmented skeletal remains. This study is also important because it reflects the
development of femoral studies based on virtual anthropology and three-
dimensional imaging in the Turkish population (Garcia-Donas et al., 2021).

Attia et al. comparatively evaluated sex estimation from the proximal femur
in contemporary Egyptian and Turkish samples. In the study, the performance of
proximal femoral measurements in sex discrimination was examined, and the
Turkish sample was included in the analysis. The findings supported that the
proximal femur is an anatomical region that may contribute to sex estimation in
contemporary Turkish samples. In addition, the study is important because it
emphasizes that sex estimation standards should be population-specific (Attia et
al., 2022).

Aslan et al. evaluated sex estimation using radiological measurements
obtained from the proximal and distal ends of the femur. In the study, femoral
head breadth, femoral neck breadth, transverse head diameter, and femur length
were used from the proximal femur, while epicondylar breadth and measurements
related to the condylar region were used from the distal femur. According to the
findings, transverse head diameter, femur length, femoral head breadth, and
femoral neck breadth were among the proximal measurements providing high
accuracy. In the analysis performed to determine a threshold for the
discriminatory ability of measurements obtained from the distal and proximal
ends of the femur in sex estimation, the variable providing the best results was
identified as the interepicondylar distance. This study shows that both proximal
and distal femoral fragments may be valuable for sex estimation when the
complete femur is not recovered (Aslan et al., 2024).

Bakicr et al. is one of the recent studies evaluating sex estimation from the
femur in the Turkish population using radiological imaging methods. The study
aimed to investigate the effectiveness of logistic regression and discriminant
function analysis in developing sex estimation models from femoral images
obtained by CT angiography and to address femoral differences showing sexual
dimorphism across populations. The study supports that the femur exhibits

marked sexual dimorphism in the Turkish population. A database specific to the
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Turkish population was established for the femur, enabling comparisons between
populations (Bakici et al., 2024).

Sertel Meyvaci et al. evaluated angular parameters of the proximal femur in
terms of sex estimation. In the study, angular characteristics of the proximal
femur, particularly the inclination angle and Alsberg angle, were examined. This
approach shows that not only linear measurements but also angular parameters
can be investigated in sex estimation from the femur (Sertel Meyvaci et al., 2025).
Overall, the literature on sex estimation from the femur in the Turkish population
constitutes a strong research area that includes both morphometric and
radiological methods.

3.2. Tibia

After the femur, the tibia is one of the important lower extremity long bones
that can be evaluated in terms of sex estimation. Its role as a weight-bearing bone,
the presence of distinct proximal and distal articular surfaces, and the possibility
of obtaining diaphyseal measurements allow the tibia to be used in morphometric
studies.

One of the classical studies on sex estimation from the tibia was conducted by
Iscan and Miller-Shaivitz. In this study, 159 individuals from the Terry Collection
were evaluated, and tibial length, circumference, anteroposterior diameter, and
transverse diameter were examined. The study reported that tibial circumference
alone could provide sex estimation with approximately 80% accuracy, and that
the addition of other measurements to the function increased the accuracy by
approximately 4%. This study can be considered one of the fundamental sources
demonstrating that the tibia can be used in sex estimation, particularly through
shaft circumference and diaphyseal measurements (Iscan & Miller-Shaivitz,
1984).

Ozer et al. evaluated sex estimation using tibiae belonging to the Medieval
Dilkaya population in an Anatolian sample. In the study, tibial measurements
from 123 adult individuals were used, and sex discrimination was performed by
discriminant analysis. The findings indicate that the tibia carries morphometric
information that can be used for sex estimation in archaeological Anatolian
populations. In particular, the discriminatory value of diaphyseal measurements
such as mid-shaft circumference was emphasized. However, since this study
represents a Medieval Anatolian community rather than the modern Turkish
population, it should be considered a comparative source supporting sexual
dimorphism of the tibia in Anatolian populations in the context of contemporary
forensic cases (Ozer et al., 2014).
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One of the important studies on the tibia in the modern Turkish population
was conducted by Ekizoglu et al. In this study, CT images of 203 individuals
from the contemporary Turkish population were used, and seven morphometric
parameters were evaluated on the left tibia. The study reported that upper
epiphyseal breadth and lower epiphyseal breadth were among the most valuable
measurements for sex discrimination. These findings demonstrate that the tibia is
a long bone that can be used for sex estimation in the modern Turkish population
and that epiphyseal breadths, in particular, have discriminatory value (Ekizoglu
etal., 2016).

Another supportive study in terms of tibial morphometry was conducted by
Giilhan. In this study, metric measurements were performed on three-dimensional
tibia models obtained from CT images of 32 adult individuals without bone
pathology, and bilateral asymmetry was evaluated. Although the direct aim of the
study was not to develop a sex estimation formula, it is important because it
demonstrates that right-left side differences and intersex variability should be
taken into account in tibial measurements. When these studies are evaluated
together, it can be stated that, although the tibia has not been studied as
extensively as the femur in the Turkish population, it is an important lower
extremity bone that may contribute to sex estimation, particularly through
epiphyseal breadths, diaphyseal diameters, and shaft circumference
measurements (Giinay et al., 2001; Giilhan, 2020).

3.3. Fibula

Compared with the femur and tibia, the fibula is a lower extremity long bone
with a more limited literature in terms of sex estimation. In the Turkish
population, the number of independent and modern studies developing sex
estimation models specifically for the fibula is very limited. Therefore, in the
existing literature, the fibula is generally considered a complementary structure
among the lower extremity long bones.

Glinay et al. also examined fibular length in their study evaluating the lengths
of upper and lower extremity long bones specific to the Turkish population, and
they reported a statistically significant difference between sexes in terms of
fibular length (Giinay et al., 2001). Another source regarding the fibula is the
mass grave study conducted by Germen and Iscan using long bones. In this study,
long bones such as the humerus, radius, ulna, femur, tibia, and fibula obtained
from the Van-Yoncatepe Early Iron Age mass grave material were evaluated
together (Germen & Iscan, 2007). Although the fibula does not stand out in the
current literature as a sex estimation tool as strong as the femur and tibia, it may
provide auxiliary morphometric data in cases where other lower extremity bones

are absent, fragmented, or not suitable for evaluation. The limited number of
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large-sample studies directly focused on sex estimation from the fibula in the
Turkish population indicates that this bone is an area that requires more detailed
investigation in future research.

4. Sex Estimation from Upper Extremity Long Bones in the Turkish
Population

Although the upper extremity long bones, namely the humerus, radius, and
ulna, have not been studied as frequently as the lower extremity bones in sex
estimation, they can provide important complementary data in forensic
anthropological evaluations. The humerus stands out in sex estimation studies
because it shows more distinct morphometric characteristics among the upper
extremity bones, whereas the radius and ulna are evaluated particularly in terms
of forearm length, maximum bone length, and proximal and distal end
measurements. Although studies on upper extremity long bones in the Turkish
population are more limited compared with the lower extremity literature, the
available data indicate that the humerus, radius, and ulna are bones that can be
used in sex estimation and anthropometric evaluation.

4.1. Humerus

The humerus is one of the most frequently evaluated upper extremity long
bones in terms of sex estimation. Although it bears less load than lower extremity
bones such as the femur and tibia, the humeral head, maximum humerus length,
epicondylar breadth, diaphyseal diameters, and proximal-distal segment
measurements may show morphometric differences between sexes. Therefore,
the humerus is important as a complementary bone, particularly in forensic cases
in which the pelvis, skull, or lower extremity long bones are absent or fragmented.

Although Iris and Celbis investigated stature estimation from humerus length
in the Turkish population, sex estimation based on humerus length was also
evaluated in their study. The study was conducted on a forensic case/cadaver
sample consisting of individuals born in Tiirkiye, and maximum humerus length
was used as the main measurement. Although the primary aim of the study was
stature estimation, it was reported that sex estimation could be performed with an
accuracy of over 90% using discriminant function analysis. This finding indicates
that maximum humerus length may be a strong morphometric variable not only
for stature estimation but also for sex discrimination in the Turkish population
(iris & Celbis, 2003).

Atamtiirk et al. conducted one of the important radiological studies on sex
estimation from the humerus in the modern Turkish population. In the study, a
total of 84 anteroposterior humerus radiographs belonging to 46 female and 38
male individuals were evaluated. Radiographic parameters such as maximum

30



humerus length, measurements of the humeral head, mid-shaft diameters, and
epicondylar breadth were used. The researchers reported that proximal humeral
measurements had higher discriminatory value than distal and mid-shaft
measurements. This study is one of the fundamental sources demonstrating that
the humerus can be used for sex estimation from radiological images in the
Turkish population (Atamtiirk et al., 2010).

Metin and Karakas conducted an important dry bone study evaluating sex
estimation from the humerus using morphometric methods. The study was carried
out on a total of 104 left adult dry humeri belonging to 52 females and 52 males.
A total of 22 measurements were taken, including 8 from the proximal end, 3
from the shaft, and 11 from the distal end. These measurements included
parameters related to the humeral head, tubercular regions, diaphyseal diameters,
distal humeral breadths, and epicondylar region. The researchers reported
significant differences in many measurements between female and male humeri
and stated that metric values providing the best discrimination between sexes
could be determined by ROC analysis. This study shows that, in the Turkish
population, the humerus can be used for sex estimation not only through length
measurement but also through numerous morphometric parameters of the
proximal, diaphyseal, and distal regions (Metin & Karakas, 2013).

Ozer evaluated sex estimation using discriminant function analysis in ancient
Anatolian and Japanese skeletons. In the Anatolian sample, upper extremity
bones belonging to the Dilkaya Medieval population were examined, and
measurements were taken from the humerus, radius, and ulna. The study is
important because it demonstrates that sex estimation can be performed from
upper extremity bones in an archaeological Anatolian sample. This study should
mainly be considered in terms of showing the potential of the humerus and other
arm bones for sex estimation in Anatolian archaeological material (Ozer, 2014).

Germen and Iscan evaluated sex estimation from long bones found in the Van-
Yoncatepe Early Iron Age mass grave material. In the study, long bones such as
the humerus, radius, ulna, femur, tibia, and fibula were examined together, and
the value of complete and fragmented bones in sex estimation was investigated.
In this study, the humerus was not presented as an independent standard for the
modern Turkish population, but rather as one of the long bones evaluated within
mass grave and archaeological material. The importance of the study lies in
demonstrating that, in fragmented or commingled skeletal materials, the humerus
can contribute to sex estimation together with other long bones (Germen & Iscan,
2007).

In Ulkir’s study, parameters such as humerus volume, humerus length,

epicondylar breadth, mid-shaft mediolateral and anteroposterior measurements,
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and the length, width, and depth of the intertubercular sulcus were evaluated
using CT images. This study shows that the humerus can be examined not only
with classical linear measurements but also with volumetric and three-
dimensional CT-based measurements (Ulkir, 2025).

Overall, although the literature on sex estimation from the humerus in the
Turkish population is more limited compared with lower extremity bones, the
available studies indicate that the humerus is an important complementary bone.

4.2. Radius and Ulna

The radius and ulna are the forearm bones of the upper extremity and are
mostly evaluated together in sex estimation studies. Although these two bones
are smaller and more gracile than the humerus, they may show sex-related
morphometric differences, particularly through measurements such as maximum
length, mid-shaft diameters, and proximal and distal end breadths. In forensic
anthropological cases in which bones showing stronger sexual dimorphism, such
as the pelvis, skull, femur, tibia, or humerus, are absent, the radius and ulna may
gain importance as complementary data sources. Although studies on the radius
and ulna in the Turkish population are limited, the existing literature indicates
that these bones may contribute to sex estimation, particularly through forearm
length and epiphyseal/shaft measurements.

Gilinay et al. also included the radius and ulna in their anthropometric
evaluation of upper and lower extremity long bones specific to the Turkish
population. In the study, statistically significant differences between sexes were
reported in all measurements obtained from upper extremity bones (Giinay et al.,
2001).

Celbis and Agritmis conducted an important study evaluating stature
estimation and sex estimation from radius and ulna lengths in a Turkish cadaver
sample. The researchers demonstrated that length measurements of the forearm
bones could be used not only for stature estimation but also for sex estimation.
The differences in radius and ulna lengths between sexes indicate that these bones
may contribute to the forensic identification process in the modern Turkish
population. This study has an important place among the early modern forensic
sample studies in which the radius and ulna were evaluated together in the
Turkish population (Celbis & Agritmig, 2006).

Uziin et al. evaluated sex-related morphometric differences in the forearm
bones of the Turkish population in greater detail. In the study, radius and ulna
bones belonging to 42 male and 38 female individuals from forensic cases were
examined, and numerous measurements such as bone lengths, mid-shaft
diameters, and epiphyseal breadths were taken. In stepwise discriminant analysis,
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length and mid-shaft transverse diameter were identified as the strongest
discriminating variables for the radius, whereas length was the strongest
discriminating variable for the ulna. When length measurements were excluded
from the analysis, radial head diameter and distal breadth for the radius, and
minimum distal head measurement and mid-shaft anteroposterior diameter for
the ulna, provided the best estimation functions. Correct classification rates were
reported as 92% for the radius and 91% for the ulna; for incomplete bones, the
accuracy rates were approximately 92% for the radius and approximately 83%
for the ulna. These findings show that the radius and ulna can be used for sex
estimation in both complete and partially preserved specimens. The authors also
emphasized that dimorphism in the forearm bones is evident in the Turkish
population and that osteometric standards should not be directly transferred to
different populations (Uziin et al., 2011).

Overall, although the literature on the radius and ulna in the Turkish
population is more limited compared with the humerus and femur, the available
studies show that these bones have auxiliary value in sex estimation.
Nevertheless, there remains a need for larger-sample radiological and osteometric
comparative studies on the radius and ulna in the modern Turkish population.

5. Sex Estimation from Long Bones of the Hand and Foot

Metacarpals, metatarsals, and phalanges, which are anatomically classified as
long bones, are addressed more limitedly in forensic anthropological applications
compared with major long bones such as the femur, tibia, humerus, radius, and
ulna. Nevertheless, hand and foot bones may provide complementary data,
particularly in cases where other long bones are absent, fragmented, or unsuitable
for evaluation. Since length, breadth, circumference, and radiological bone
measurements of the fingers and toes may show sex-related morphometric
differences, these structures can be considered auxiliary anatomical sources in
the identification process. However, a substantial proportion of studies in this
field are based on anthropometric measurements or radiographic imaging in
living individuals rather than direct dry bone measurements.

In thesis evaluating stature and sex estimation through anthropometric
measurements of the fingers, a total of 150 right-hand-dominant individuals,
including 75 males and 75 females aged 18-30 years, were examined. Finger
length, proximal phalanx length, finger breadth, and finger circumference of the
second, third, fourth, and fifth fingers of the left hand were measured, and
significant differences between sexes were found in all measurements. In logistic
regression analysis for sex estimation, it was reported that sex could be estimated
with an accuracy of 94.7% using the circumference of the index finger (Sezer,

2015).
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Keles et al. evaluated sex and stature estimation from hand and handprint
measurements in the Turkish population. In the study, morphometric
measurements of the hand and handprint were obtained from 600 individuals
aged 18-58 years. The study reported that hand and handprint measurements
were generally higher in males than in females, and that stature, hand length, and
handprint length were among the prominent variables in sex estimation. Although
this study was not conducted directly on hand bones, it is valuable because it
demonstrates that hand morphometry shows sexual dimorphism in the Turkish
population and may provide supportive data in forensic anthropological
evaluation (Keles et al., 2023).

Uzun et al. evaluated sex estimation from index and ring finger lengths in
Turkish adults. In the study, index finger length, ring finger length, and the ratios
of these fingers were examined in both the right and left hands. The findings
showed that index and ring finger lengths were significantly higher in males than
in females in both hands (Uzun et al., 2019). Sertel Meyvaci et al. (2025)
evaluated palmaris longus muscle agenesis and the 2D:4D digit ratio according
to sex using wrist MRI and hand radiographs in 264 individuals. The study
reported that the 2D:4D ratio showed significant differences according to sex.
The pattern in which the fourth finger was longer than the second finger was more
common in males, whereas the pattern in which the second finger was longer than
the fourth finger was more common in females (Sertel Meyvaci et al., 2025).
Although these studies are based on finger length and ratios rather than direct
radiological or osteometric measurements of the phalanges, they demonstrate that
the fingers may provide supportive information for sex estimation in the Turkish
population.

Altuntas conducted a study evaluating sex estimation from radiographs of the
foot bones. In the study, right and left posteroanterior foot, lateral foot, and lateral
ankle radiographs of a total of 180 individuals aged 20-64 years were
retrospectively examined. Using Image] software, foot length and breadth
measurements, calcaneal and foot angles, and ossa metatarsi measurements were
performed; a total of 38 measurements were evaluated for each foot. As a result
of logistic regression analysis, it was reported that the model created using
measurements obtained from the right and left feet could estimate sex with high
accuracy (Altuntag, 2021). Overall, studies on the long bones of the hand and foot
in the Turkish population are more limited compared with those on major long
bones. Therefore, metacarpals, metatarsals, and phalanges should not be
considered primary structures replacing the main long bones, but rather small
long bones that may contribute to supporting the biological profile in incomplete
and fragmented cases.
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6. Conclusion

In conclusion, sex estimation from long bones in the Turkish population is an
important complementary approach for forensic anthropological identification. In
the existing literature, the strongest data are concentrated on the femur, while the
tibia and humerus also stand out as important bones that may contribute to sex
estimation. Although studies on the radius, ulna, fibula, metatarsals, metacarpals,
and phalanges are more limited, these bones may provide auxiliary data in
incomplete or fragmented cases. In particular, radiological and morphometric
studies demonstrate that long bones show sexual dimorphism in the Turkish
population.
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