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BOLUM 1

BIPHASIC AND TRIPHASIC BEHAVIORAL
CHARACTERISTICS OF CARTILAGE TISSUE

Saygin SAN?
Introduction

Articular cartilage is a thin connective tissue that covers the
bony ends in diarthrodial joints and enables load transfer together
with low-friction motion. Most of the weight of this tissue consists
of water, and its mechanical response arises from the coupled
motion of the solid extracellular matrix and the interstitial fluid that
fills the pores of this matrix (Mow et al., 1980). For this reason, the
behavior of cartilage cannot be explained by single-phase elastic
models. Time-dependent phenomena observed under load, such as
creep, stress relaxation, and rate-dependent stiffening, can be
understood only when the multiphasic nature of the tissue is taken
into account.

This chapter addresses two fundamental theoretical
frameworks that describe the mechanical behavior of cartilage. The
first is the biphasic theory, which divides the tissue into two
phases, namely the solid matrix and the interstitial fluid. The
second is the triphasic theory, which adds an ionic phase to this and
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thereby also encompasses electrochemical phenomena. The
composition and multiphasic structure of the tissue are introduced
first, after which the fundamental assumptions, governing
equations, and characteristic responses of both theories are
examined. Finally, the two frameworks are compared, and
experimental validation together with current areas of application
are addressed.

Composition and Multiphasic Structure of Articular Cartilage

The mechanical behavior of cartilage is directly related to
the amount and organization of its constituents. The principal
building blocks of the extracellular matrix are the type Il collagen
network, which resists tension, and the proteoglycans entrapped
within this network, which are negatively charged and possess a
high water-retention capacity (Muir, 1995). Water constitutes
approximately 65% to 80% of the tissue by weight, and most of
this water can move freely within the matrix. Collagen is the
dominant structural constituent of the solid matrix, and
proteoglycans make up approximately 30% of the dry weight
(Buschmann and Grodzinsky, 1995). The fixed negative charges
carried by the proteoglycans are termed the fixed-charge density
and, by drawing cations into the tissue, generate an osmotic
swelling pressure. This pressure is balanced by the tensile
resistance of the collagen network. The proportion of these
constituents directly determines both the composition and the
swelling behavior of the tissue (Maroudas and Venn, 1977).

The microstructure of the tissue also exhibits an
organization that varies with depth. In the superficial zone, the
collagen fibers are oriented parallel to the articular surface, whereas
in the deep zone an orientation perpendicular to the surface
predominates. Water content and fixed-charge density likewise
vary through the depth. Water content is higher in regions near the

surface, whereas the fixed-charge density is more pronounced in
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the deep zones. This zonal organization causes the tissue to
produce a mechanical response that varies not only in magnitude
but also with direction and depth, and it requires modeling
frameworks to account for heterogeneity and anisotropy.

From a modeling perspective, this composition is treated in
the form of interacting phases. In the simplest approach, the tissue
consists of two phases, the solid matrix and the interstitial fluid.
This water-rich, permeable, and low-friction structure exhibits a
time-dependent response as the fluid is displaced within the solid
matrix under load. In a more detailed approach, the dissolved ions
within the interstitial fluid are added as a third phase, and, together
with the fixed charges of the proteoglycans, the electrochemical
behavior of the tissue is also incorporated into the model. Figure 1
shows these two representations comparatively. In the biphasic
representation only the solid matrix and the interstitial fluid are
present, whereas in the triphasic representation the fixed negative
charges and mobile ions are also included, and the swelling
tendency arising from Donnan osmosis is emphasized.

Figure 1. Schematic representation of the biphasic (a) and
triphasic (b) phase structure of cartilage tissue.

(a) Biphasic model (b) Triphasic model
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Prepared based on the biphasic and triphasic model concepts (Mow et al., 1980;
Lai etal., 1991).

Biphasic Theory

The modern biphasic model of the time-dependent
mechanical behavior of cartilage was formulated by Mow et al.
(1980) by applying continuum mixture theory to articular cartilage.
Within this framework, the tissue is treated as a two-phase material
in which approximately 20% by mass is the solid matrix and
approximately 80% is the interstitial fluid. Both phases are
assumed to be intrinsically incompressible, the solid matrix is
assumed to behave as a non-dissipative linear elastic material, and
the only energy dissipation in the tissue is assumed to arise from
the frictional resistance associated with the relative motion between
the phases.

Under these assumptions, the governing equations are
derived from the conservation of mass and momentum for each
phase. The continuity condition for the mixture as a whole requires
the volumetric changes of the solid and fluid phases to balance one
another. In the momentum balance of each phase, in addition to the
phase stress, there is an interaction force exerted on the other
phase. This interaction force is expressed as a drag term
proportional to the velocity of the fluid relative to the solid matrix,
and the proportionality coefficient is inversely related to the
permeability. Fluid flow is thereby related to the pressure gradient
in a manner analogous to Darcy's law. These coupled equations
naturally produce the characteristic response of the tissue, which
behaves incompressibly under sudden loading and softens over
time as the fluid is exuded. The time scale of the response is
determined by a diffusion time that is proportional to the square of
the tissue thickness and inversely proportional to the product of the
permeability and the aggregate modulus.
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Permeability and Strain-Dependent Behavior

One of the most important parameters determining the
nature of the biphasic response is the permeability of the solid
matrix to the interstitial fluid. The permeability of cartilage is
extremely low, and values on the order of 107*~10"'* m*/(N-s) have
typically been reported in the literature (Holmes and Mow, 1990).
This low permeability causes the fluid to be exuded slowly from
the tissue and therefore allows a high internal pressure to be
sustained for a long time under load.

Permeability is not a constant quantity. Mansour and Mow
(1976) measured the permeability of bovine cartilage by varying
the fluid pressure gradient and the compressive strain
independently, and showed that permeability decreases with
increasing compressive strain. As the tissue is compressed, the
pores narrow and the resistance to fluid flow increases. This
nonlinear dependence has been represented in subsequent studies
by a permeability law that decreases exponentially with strain.
Holmes and Mow (1990) described the nonlinear behavior of the
tissue under ultrafiltration by presenting a framework that
incorporates strain-dependent permeability and finite deformation
for soft gels and hydrated connective tissues. Strain-dependent
permeability is the principal mechanism that limits excessive fluid
loss from the tissue under load and sustains fluid pressurization. By
virtue of this property, increasing compression slows fluid escape,
thereby allowing the load to be carried by the interstitial fluid for a
longer time and limiting excessive deformation of the tissue.

Creep, Stress Relaxation, and Interstitial Fluid Pressurization

The biphasic theory quantitatively explains the
characteristic time-dependent responses of cartilage. Armstrong et
al. (1984) derived analytical solutions for unconfined compression
under creep, stress relaxation, and constant strain-rate conditions,
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and distinguished the instantaneous incompressible elastic response
from the equilibrium response governed by fluid flow. At the
instant the load is first applied, most of the force transmitted to the
tissue is carried by the interstitial fluid. Soltz and Ateshian (1998)
verified both experimentally and theoretically that, in confined
compression at an impermeable interface, interstitial fluid
pressurization carries the greater part of the total load. It has been
shown that in the early stages of loading this pressurization can
carry a large fraction of the total load. As the fluid is exuded over
time, the load is gradually transferred to the solid matrix, and the
tissue reaches equilibrium.

The type of test configuration also determines the response.
In confined compression, because the lateral expansion of the
specimen is prevented, the fluid flows only along the axis, and the
equilibrium response is directly related to the aggregate modulus.
In unconfined compression, by contrast, the specimen is laterally
free, the fluid flows in the radial direction, and the response is
determined by both the Young's modulus of the solid matrix and
the tensile resistance of the collagen network. The combined use of
these two configurations allows different material parameters to be
determined separately. This fluid—solid load sharing forms the basis
of the superior load-bearing and shock-absorbing capacity of
cartilage under physiological loading, and explains why the tissue
behaves not like a static elastic material but like a time-dependent
material.

Extensions of the Biphasic Theory

The basic biphasic theory has been extended in various
directions to reflect more complex properties of the tissue. Ateshian
et al. (1997) tested the Holmes—Mow hyperelastic biphasic theory
against finite-deformation confined-compression data and drew
attention to the low identifiability of the permeability parameter. To

incorporate anisotropy into the model, Cohen et al. (1998)
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proposed a transversely isotropic biphasic solution for the growth
plate and chondroepiphysis. In the biphasic—poroviscoelastic
approach, which also accounts for the intrinsic viscoelasticity of the
solid matrix, Mak (1986) showed that interstitial fluid flow and
intrinsic matrix viscoelasticity contribute jointly to creep and
relaxation, while Setton et al. (1993) emphasized the role of the
low permeability of the surface zone in preserving fluid
pressurization. On the computational side, Suh and Bai (1998)
developed a formulation that solves this behavior efficiently by the
finite element method. For in situ parameter estimation, Mak et al.
(1987) presented an analytical biphasic solution for the indentation
response of a bone-attached cartilage layer, thereby enabling
intrinsic properties to be obtained from the indentation test.

Triphasic and Mechano-Electrochemical Theory

Although the biphasic theory successfully explains the load-
bearing behavior of cartilage, it does not directly include
electrochemical phenomena such as swelling, residual stress, and
the response dependent on the ionic environment. The
incorporation of these phenomena into the model has been
achieved by the triphasic theory, which explicitly treats the fixed
charge of the proteoglycans and the ions within the interstitial fluid.

Fixed-Charge Density and Donnan Osmosis

Lai et al. (1991) extended the biphasic theory to a triphasic
theory in which the negatively charged proteoglycans are fixed to
the solid matrix and the monovalent ions are treated as an
additional ionic phase. Within this framework, the fixed-charge
density draws additional cations into the tissue in order to maintain
electroneutrality, and thus the ion concentration in the interior rises
relative to the external bath. This condition, known as the Donnan
equilibrium, creates an osmotic pressure difference between the



internal and external environments. This pressure drives the tissue
to swell and is balanced by the pre-tension of the collagen network.

The fixed-charge density is a quantity dependent on the
composition of the tissue, and for articular cartilage values in the
range of approximately 0.04-0.18 mEqg/g (wet tissue) have
typically been reported in the literature (Lai et al., 1991). As this
density increases, the swelling pressure and therefore the
equilibrium resistance of the tissue to compression also increase.
An important advantage of the triphasic theory is its ability to
predict the change in the mechanical response of the tissue when
the salt concentration in the bath is altered. When the concentration
decreases, the swelling pressure increases and the tissue stiffens,
whereas the opposite is observed when the concentration increases.
This ionic sensitivity is a phenomenon that cannot be explained by
the biphasic theory and can be captured only when the fixed charge
is explicitly incorporated into the model.

Swelling Pressure and lonic Effects

The origin and magnitude of the swelling pressure have
been examined in detail. Buschmann and Grodzinsky (1995)
compared the macroscopic Donnan approach with a microstructural
Poisson—Boltzmann  cell model of  glycosaminoglycan
electrostatics. This cell model predicts the swelling pressure of
proteoglycan solutions without any adjustable parameter, while
capturing the ionic-strength dependence of the tissue equilibrium
modulus with a single adjustable parameter. Mow et al. (1998)
quantified how fixed charges shape the confined-compression
stress relaxation through a triphasic analysis. The mechanical
signatures of swelling have also been measured. Setton et al. (1998)
related fixed-charge swelling to matrix anisotropy by measuring the
elongation, curling, and residual strain in the tensile direction
caused by swelling, while Eisenberg and Grodzinsky (1985)

developed an electromechanochemical model that describes the
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dependence of the swelling stress on the chemical environment
through two concentration-dependent material properties.

Quadriphasic and Multi-Electrolyte Extensions

The triphasic theory has been extended further by
representing the ions in greater detail as separate phases. Huyghe
and Janssen (1997) derived a quadriphasic chemo-electro-
mechanical formulation that distinguishes four phases (solid, fluid,
anion, and cation) and showed that this theory is consistent with
Biot's theory in the limiting case of no ionic effect. Gu et al. (1998)
developed a mixture theory describing the passive transport and
swelling behaviors of charged-hydrated soft tissues containing
multiple electrolytes.

These extensions also allow electrokinetic phenomena to be
modeled directly. When cartilage is loaded, the interstitial fluid
moves together with the ions it contains, and this ionic flow
passing by the fixed negative charges produces a measurable
potential difference. This phenomenon, known as the streaming
potential, can be used as a marker reflecting the loading state and
integrity of the tissue. By treating such mechano-electrochemical
couplings within a single framework, the triphasic and quadriphasic
theories jointly predict both the mechanical and electrical responses
of the tissue. This capability is particularly valuable for studies
aiming to assess the biochemical state of the tissue through
electromechanical measurements.

Comparison of the Biphasic and Triphasic Theories

The choice between the two theoretical frameworks
depends on the problem to be solved. Ateshian et al. (2004)
expressed in closed form the correspondence between biphasic and
triphasic material properties under equilibrium conditions, thereby
showing under which conditions the simpler biphasic model is
equivalent to the triphasic model. If the ion flux itself is not of
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interest and only the equilibrium mechanics of the tissue is sought,
an appropriately determined biphasic model is generally sufficient.
In this case, the osmotic contribution in the triphasic model can be
implicitly incorporated into the aggregate modulus of the biphasic
model.

In contrast, when electrochemical phenomena such as
swelling, residual stress, streaming potential, or ionic loading must
be addressed explicitly, the triphasic theory is required. Because
the triphasic and quadriphasic models involve additional equations
and parameters, their computational cost is markedly higher. For
this reason, in practice it is a common approach to select the
simplest framework that the problem requires. Table 1 summarizes
the principal features of the two theories comparatively.

Table 1. Comparison of the biphasic and triphasic theories.

Feature

Biphasic theory

Triphasic theory

Phases

Solid matrix + interstitial
fluid

Solid matrix + interstitial
fluid + ions (anion/cation)

Fixed charge / Not included Included (fixed-charge

Donnan density)

Captured Creep, relaxation, fluid In addition to the above:

phenomena pressurization swelling, residual stress,
electrokinetic response

Fundamental Aggregate modulus, In addition to the above:

parameters permeability, Poisson's fixed-charge density, ion

ratio

diffusivity

Computational
cost

Low—moderate

High

Representative
studies

Mow et al. (1980);
Armstrong et al. (1984)

Lai etal. (1991); Huyghe
and Janssen (1997)

Experimental Validation and Parameter Determination

The predictive power of both theories depends on the
reliable determination of their parameters. The biphasic parameters
are generally obtained from three fundamental test configurations.
The aggregate modulus and permeability are estimated from the
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confined-compression test, the Young's modulus and Poisson's
ratio from the unconfined-compression test, and the in situ intrinsic
properties from the indentation test (Mak et al., 1987). The tensile
properties, which are dominated by the collagen network, are
measured by separate tensile tests, and these properties have been
shown to be strongly correlated with the collagen-to-proteoglycan
ratio (Akizuki et al., 1986). In the literature, the aggregate modulus
for cartilage has typically been reported in the range of
approximately 0.5-0.9 MPa (Mow et al., 1980; Eschweiler et al.,
2021), whereas the tensile modulus has been reported at much
higher levels. This marked difference is also the source of the
asymmetry between the tensile and compressive behaviors of the
tissue.

The triphasic parameters, in addition to these mechanical
quantities, require the determination of electrochemical quantities
such as the fixed-charge density and the ion diffusivity. The fixed-
charge density is estimated by biochemical analyses or by swelling
measurements performed at different salt concentrations. Reliable
determination of the parameters is achieved by fitting the model to
experimental data through inverse-problem methods. However, the
low sensitivity of some parameters, particularly the permeability, to
the experimental response can make it difficult to determine them
reliably on their own. The ranges of values and the determination
methods for these parameters in the literature have been compiled
in various review studies (Eschweiler et al., 2021; Klika et al.,
2016).

Applications and Current Directions

The biphasic and triphasic frameworks continue to form the
basis of current cartilage modeling studies. An important
development is the fibril-reinforced poroelastic models, which
explicitly separate the tensile contribution of the collagen network.

Korhonen et al. (2003) showed that such a model can predict
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separately the behavior of proteoglycan-depleted and collagen-
degraded cartilage. Wilson et al. (2005) proposed a fibril-reinforced
poroviscoelastic swelling model that combines proteoglycan
osmotic swelling with anisotropic viscoelastic collagen. By treating
the collagen network as a separate constituent, these models
represent the tension—compression asymmetry and the zonal
response of the tissue more realistically.

These frameworks have been carried over to finite element
simulations at the joint scale and have been used to predict the
distributions of internal stress, strain, and fluid pressure in the
tissue under physiological loading. In diseases such as
osteoarthritis, the decrease in fixed-charge density due to
proteoglycan loss and the increase in permeability due to collagen
network degradation have been treated as parameter changes in
these models, and the mechanical consequences of degeneration
have been examined. Thus, the biphasic and triphasic theories
allow the behavior not only of healthy tissue but also of diseased
tissue to be predicted. The general overview of the field and the
contribution of multiphasic models to the understanding of function
and pathology are addressed in detail in recent reviews (Klika et
al., 2016; Pierce, 2021; Petitjean et al., 2022).

Conclusion

The mechanical behavior of articular cartilage can be
explained by considering the solid matrix, interstitial fluid, and
ionic constituents of the tissue together. The biphasic theory, based
on the interaction between the solid matrix and the interstitial fluid,
explains the time-dependent load-bearing behavior of the tissue and
the central role of interstitial fluid pressurization. The triphasic and
mechano-electrochemical theories, by adding the fixed-charge
density and the ionic phase to this, also encompass swelling,
residual stress, and electrokinetic phenomena. The choice between

the two frameworks is made according to the problem to be solved
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and the level of detail required. This foundation provided by the
biphasic and triphasic theories continues to form the starting point
of contemporary cartilage biomechanics studies, including fibril-
reinforced and patient-specific models.
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BOLUM 2

EKLEM KIKIRDAK DOKUSUNDA CEKME
(TENSILE) TEST ANALIZININ ONEMi

Saygin SAN?
Giris

Eklem kikirdagi, sinoviyal eklemlerde kemik uglarini ince
bir tabaka halinde orten, mekanik ytikleri dagitarak eklem yiizeyleri
arasinda neredeyse siirtlinmesiz bir hareketi saglayan 6zellesmis bir
bag dokusudur (Fox ve ark., 2009; Eschweiler ve ark., 2021).
Dokunun kars1 karsiya kaldigr ylikleme ortami tek eksenli degildir.
Basma (compression), kayma (shear), surtiinme ve ¢ekme (tension)
kuvvetleri bir arada etki eder (Patel ve ark., 2019). Bu kuvvetlerin
her biri kikirdagin farkli yapisal bilesenlerini farkli bicimde
zorladigindan, dokunun mekanik davranigint tek bir teste

indirgemek olanakl degildir.

Kikirdak, homojen olmayan, anizotropik, dogrusal olmayan
ve ¢ok fazli (multifazik) bir malzemedir ve davranisi zamana da
baglidir (Chokhandre ve Erdemir, 2020). Bu karmasiklik, dokunun
basma, kayma ve c¢ekme gibi farkli modlarda ayr1 ayn
incelenmesini gerektirir. Cekme testi bu modlar arasinda 6zel bir
yere sahiptir, ¢linkil kollajen lifleri basing altinda burkulup yiik
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tasimazken asil giiglerini gerilme altinda gosterir (Eschweiler ve
ark., 2021). Dolayisiyla ¢ekme testi, dokunun gerilime direnen
kollajen agmi ve 6zellikle bu agin en yogun ve en diizenli oldugu
yiizeysel bolgeyi dogrudan sorgulayan bir yontemdir (Fox ve ark.,
2009).

Kollajen aginin biitlinliigii, osteoartrit (OA) gibi dejeneratif
stireglerin erken evrelerinde bozulmaya baslar ve bu bozulma
cekme Ozelliklerinde belirgin diisiislerle kendini gosterir (Setton ve
ark., 1999; Karpinski ve ark., 2025). Bu nedenle ¢ekme analizi
yalnizca bir malzeme karakterizasyonu araci degil, ayn1 zamanda
doku sagliginin duyarli bir gostergesidir. Bu bolimde, eklem
kikirdaginin - temel yapisal ve biyomekanik o6zelliklerinden
baslanarak ¢ekme testinin dokudaki yeri, uygulanisi ve elde edilen
gerilme—gerinim egrisinin bdlge bolge nasil yorumlanabilecegi ele
alinmakta, cekme analizinin kikirdak biyomekanigindeki 0zgiin
onemi vurgulanmaktadir.

Eklem Kikirdak Dokusunun Temel Ozellikleri ve Biyomekanik
Karakteri

Eklem kikirdagimin  mekanik davranigi, hiicre dist
matriksinin  (extracellular matrix, ECM) bilesiminden ayr1
diistiniilemez. Dokunun agirlikca en biiylik bileseni sudur ve su,
kikirdak agirliginin yaklasik %70-80’ini olusturur (Eschweiler ve
ark., 2021). Kati matriksin baslica yapr taglar1 ise kollajen ve
proteoglikanlardir. Kollajen kuru agirhigin yaklasik %6011
olusturur ve bunun %90-95’1 tip II kollajendir (Fox ve ark., 2009).
Bu iki bilesen mekanik acgidan bir is boliimii yapar. Ince ve narin
yapilar1 nedeniyle basinca cok az diren¢ gosteren kollajen lifleri
gerilmede oldukca giicliiyken, negatif yiiklii proteoglikanlar asil
olarak basmaya ve sismeye karst koyar (Cohen ve ark., 1998;
Akizuki ve ark., 1986). Nitekim kollajen, kikirdagin hem dis
bicimini hem de ¢ekme dayanimimni belirleyen bilesendir

(Eschweiler ve ark., 2021).
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Kikirdak homojen bir tabaka degil, kollajen liflerinin
yonelimine gore farklilasan katmanli (zonal) bir yapidir (Sekil 1).
Yiizeysel (tanjansiyel) zon, sinoviyal siviyla temas halindeki en tist
tabakadir ve kalinligin yaklasik %10-20’sini olusturur. Kollajen
lifleri burada eklem yiizeyine paralel, sik1 bicimde dizilmistir (Fox
ve ark., 2009; Karpinski ve ark., 2025). Orta (ge¢is) zonda lifler
daha gevsek ve rastgele yonelimlidir ve bu bolge dokunun yaklasik
%40-60’1n1 kaplar (Fox ve ark., 2009; Roth ve Mow, 1980). Derin
zonda ise lifler eklem yizeyine dik olacak bicimde radyal dizilir
(Cohen ve ark., 1998). Bu katmanli diizen dogrudan mekanik bir
sonu¢ dogurur. Ylizeysel zon, paralel dizilmis lif demetleri
sayesinde kayma ve ¢cekme gerilmelerine direnen, dokunun ¢ekme
ozelliklerinden baglica sorumlu tabakadir (Fox ve ark., 2009;
Belluzzi ve ark., 2023).
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Sekil 1. Eklem kikirdaginin katmanli (zonal) yapist ve kollajen
liflerinin derinlige bagh yonelimi. Yizeysel zonda lifler ylzeye
paralel, orta zonda rastgele, derin zonda ise ylzeye dik (radyal)
dizilir. Kondrositlerin bigimi ve dizilimi de zonlara gore degisir.

eklem ytzeyi (sinoviyal sivi)

__ Yizeysel (tanjansiyel) zon
O O O O O O O ~%10-20 - lifler ylzeye PARALEL

_ Orta (gegis) zon
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(
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v iz — Subkondral kemik

Bu sekil Fox ve ark. (2009), Cohen ve ark. (1998) ve Roth ve Mow (1980)’dan
derlenerek yazar tarafindan ¢izilmistir.

Kollajen liflerinin yone bagli dizilimi, kikirdagin ¢ekme
davranigin1 anizotropik kilar. Yarik ¢izgisi (split-line) yonine
paralel alinan 6rnekler, bu yone dik alinanlara gore gerilmede daha
serttir (Cohen ve ark., 1998; Roth ve Mow, 1980). Bu yon
bagimlilig1 Oylesine belirgindir ki ¢ekme modiilii, lif yonelimi
dogrultusunda, dik dogrultudakinin iki katindan fazla olabilir
(Karpinski ve ark., 2025). Kollajen liflerinin yalnizca gerilmede
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yiik tastyip basingta burkulmasi, dokuya ¢ekme—basma asimetrisi
(tension—compression nonlinearity) adi verilen ¢ift modlu bir
karakter kazandirir (Soltz ve Ateshian, 2000). Bu asimetri
niceliksel olarak carpicidir, ¢linkii kikirdagin ¢ekme ve basma
modiilleri yirmi kattan fazla farklilik gosterebilir (Soltz ve
Ateshian, 2000; Huang ve ark., 2005). Ayrica doku, kat1 matriks ile
hareketli sivi fazinin birlikte davrandigi bifazik bir malzeme
oldugundan viskoelastik, yani zamana ve yiikleme hizina bagl bir
yanit sergiler (Roth ve Mow, 1980; Robinson ve ark., 2016).

Eklem Kikirdagiin Biyomekanik incelenmesi ve Cekme
Testinin Yeri

Kikirdagin  malzeme  Ozelliklerini  belirlemek  i¢in
gelistirilmis baslica yontemler sinirli (confined) basma, smirsiz
(unconfined) basma ve indentasyondur. Yiizeysel tabakanin ¢ekme
Ozellikleri ise ayr1 bir ¢ekme testiyle elde edilir (Chokhandre ve
Erdemir, 2020). Son on yilin ¢aligmalarini tarayan sistematik bir
derleme, basmanin en sik uygulanan test modu oldugunu (%80,2),
cekmenin ise belirgin bicimde daha seyrek uygulandigim
gostermistir (Patel ve ark., 2019). Bu dengesizlik, kikirdak yiikleme
ortaminin aslinda ¢ekmeyi de icermesiyle gelisir (Patel ve ark.,
2019).

Cekme testini ayricalikli kilan, dokunun gerilime direnen
bilesenini yalitarak Olgmesidir. Kikirdagin ¢ekme davranigini
belirleyen asil unsur ECM’deki kollajen lif agidir ve dolayisiyla
agin yonelimi ¢ekme davranisin1 dogrudan yonetir (Cohen ve ark.,
1998). Basma testlerinde ise yanit biiyiik 6l¢iide proteoglikanlar, su
ve sivi basinci tarafindan belirlendiginden, elde edilen moduller
cekmedekinden cok daha diistiktiir (Petitjean ve ark., 2023). Bu iki
modun bir arada modellenebilmesi icin c¢ekme ve basma
ozelliklerinin ayr1 ayr1 Olciilmesi gerekir. Nitekim anizotropik, lif-
takviyeli bir malzeme modelini tam olarak parametrelendirmek

amaciyla basma ve gevseme testlerine ek olarak ¢ekme testleri de
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zorunludur (Chokhandre ve Erdemir, 2020). Izotropik hiperelastik
modeller kikirdagin anizotropi, homojen olmama ve ¢gekme—basma
dogrusalsizligi gibi O0zinde  var  olan  Ozelliklerini
yakalayamadigindan, bu modellerden elde edilen sabitler yalnizca
“gOriintir” malzeme 6zellikleridir (Robinson ve ark., 2016).

Cekme (Tensile) Testinin Tanitimi

Cekme testinde numune hazirlama, sonucu belirleyen ilk
kritik asamadir. Kikirdak genellikle orta boliimii daralan “dog-
bone” (halter) bi¢iminde ya da dikdortgen seritler halinde kesilir
(Patel ve ark., 2019; Chokhandre ve Erdemir, 2020). Daralan
geometri, gerilmenin numunenin orta (6lcim) bdlgesinde
homojenlesmesini ve kopmanin kiskaglar yerine bu bolgede
gerceklesmesini sagladigr i¢in tercih edilir (Lin ve ark., 2024).
Numuneler ¢ogunlukla belirli bir zondan (6rnegin ylizeysel ya da
orta zon) ve kollajen liflerinin baskin yonelimine gore hizalanarak
almir, c¢iinkii ¢ekme sertligi ve dayanimi bu yonelime giiclii
bicimde baghdir (Kempson, 1982; Chokhandre ve Erdemir, 2020).
Klasik caligmalarda numuneler yiizey, orta ve derin zonlardan,
istelik yarik ¢izgisine 0, 45 ve 90 derece agilarla alinarak hem zon
hem de yon etkisi birlikte incelenmistir (Woo ve ark., 1976).

Test protokolii de sonuglari etkiler. Numune, dokunun
fizyolojik ortamini korumak i¢in tuzlu bir ¢ozelti (6rnegin PBS ya
da NaCl) banyosunda tutulur ve iki ucundan kavranarak sabit bir
hizda c¢ekilir (Belluzzi ve ark., 2023; Elliott ve ark., 1999).
Kikirdak c¢ekme testleri genellikle yavas, yari-statik hizlarda
yiiriitiiliir ve 6zellikle kopmaya kadar siirdiiriilen testlerde yaklagik
0,1-1,2 %/s araliginda gerinim hizlar1 kullanilir (Ristaniemi ve
ark., 2024; Woo ve ark., 1976). Olciim 6ncesinde dokuyu gerilme—
gerinim egrisinin baglangicina getiren kiiciik bir 6n yiik (6rnegin
0,1 N) uygulanir (Chokhandre ve Erdemir, 2020; Boschetti ve
Peretti, 2008). Kiskag bolgesinde olusan karmagik gerilme alaninin

Olclimii bozmamasi igin, Saint-Venant ilkesi uyarinca numunenin
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orta bolgesinde neredeyse tek eksenli ve homojen bir gerilme
durumunun olusacag yeterli bir uzunlugun birakilmasi gerekir (Lin
ve ark., 2024). Dikkat cekici bicimde, kikirdagin ¢ekme dayanimi
uzatma hizina biiyiik 6l¢iide duyarsizdir ve 5 mm/dk ile 500 mm/dk
hizlarda test edilen Ornekler arasinda anlamli bir fark
bulunmamistir (Kempson ve ark., 1976). Buna karsin yiizeysel
zonun gegici (transient) ¢ekme modiilii diisiik hizlarda hiza belirgin
bicimde baghdir ve yaklasik %25/s dolayinda bir platoya ulasir
(Ahsanizadeh ve Li, 2015).

Testten elde edilen ham veri, uygulanan kuvvet ile
numunenin uzamasidir. Kuvvet, numunenin baslangigtaki kesit
alanina boliinerek nominal gerilmeye donistiiriiliir, uzama ise
baslangi¢ Ol¢ciim boyuna boliinerek gerinime doniistiiriiliir ve
boylece gerilme—gerinim egrisi elde edilir (Kempson ve ark.,
1976). Doku dogrusal olmayan big¢imde sertlestigi i¢in tek bir
Young modiilii ile tanimlanamaz ve sertlik, egrinin herhangi bir
noktasindaki tanjant (egim) olarak, cogunlukla belirli gerinim ya da
gerilme duzeylerinde okunur (Kempson ve ark., 1976; Petitjean ve
ark., 2023). Bununla birlikte alanin en 6nemli sorunlarindan biri
standardizasyon eksikligidir. Insan yumusak dokularinin ¢ekme
testlerini tarayan genis bir sistematik derleme, numune en—boy
oranlarinin ¢ok genis bir aralikta (daralan bigimler igin 0,84—13,65)
degistigini ve Olgiim bolgesi boyutlarinin ¢alismalarin yalnizca
yaklagik %40’1inda tam olarak raporlandigini gostermistir (Lin ve
ark., 2024). Bu tutarsizlik, farkli ¢aligmalarin sonuglarini dogrudan
karsilastirmay giiclestirir (Patel ve ark., 2019).

Kikirdakta Cekme Gerilme—Gerinim Egrisinin Bolgeleri ve
Yorumlanmasi

Eklem kikirdagimin tipik c¢ekme gerilme—gerinim egrisi
dogrusal degildir ve baglangigta yatik, sonra diklesen ve nihayet
kopmayla sonlanan bir “J” bicimi sergiler (Sekil 2). Bu egri
genellikle lic ana bolgeye ayrilir. Bunlar diisiik gerilimli toe
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bolgesi, onu izleyen linecer boélge ve akma ile kopmanin
gergeklestigi son bolgedir (Cohen ve ark., 1998; Petitjean ve ark.,
2023). Egrinin bu bi¢imi, kollajen liflerinin gerilme yoniinde
kademeli olarak yeniden yoOnlenmesi ve devreye girmesiyle
aciklanir (Petitjean ve ark., 2023; Roth ve Mow, 1980). Dokunun
stirekli sertlesmesi nedeniyle davranig tek bir Young modiilityle
tanimlanamaz ve modil, kuvvetin 0Ol¢iildiigii gerinim diizeyine
baghdir (Fox ve ark., 2009).

Sekil 2. Eklem kikirdaginin sematik ¢cekme gerilme—gerinim egrisi
ve bélgeleri. Toe bolgesinde kivrimli (crimp) kollajen agilir. Lineer
bolgede gerilmis kollajen agi yiikii tagir ve egrinin egimi tanjant
(Young) modiilii verir. Akmanin (yield) ardindan doku nihai ¢ekme
dayanimina (UTS) ulasarak kopar.

12 Nihai cekme dayanimi
(UTS) — kopma

10 A

gerilmis kollajen agi

T yaka tasir
3 \
£ 8- egim = tanjant Noung) Todul
@
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G 1
E kivrimli (crimp) kollajenin ‘
= aglimasi
o 4 \
O]
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0 T T T T T
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toe bdlgesi Lineer bdlge Kopma

Bu sekil Cohen ve ark. (1998), Kastelic ve ark. (1980) ve Elliott ve ark.
(1999)’dan derlenerek yazar tarafindan ¢izilmistir.
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Toe bolgesi, diisiik gerilim altinda gérece biiyiik uzamanin
gergeklestigi baslangic evresidir ve burada yiikii heniliz gergin
olmayan kollajen tasimaz. Kollajen lifleri yiiksiiz durumda dalgali,
kivrimli (crimp) bir diizendedir ve ¢ekme basladiginda bu kivrimlar
kademeli olarak agilarak lifler tek tek devreye girer (Ahsanizadeh
ve Li, 2015; Elliott ve ark., 1999). Kivrimin asamali agilmasi,
egrinin baslangigtaki dogrusal olmayan toe bdlgesini dogurur
(Kastelic ve ark., 1980). Kivrim olgusu tendon gibi bag
dokularinda ayrintili incelenmis ve kivrimin belirli bir gerinimde
tiimiiyle kayboldugu (crimp extinction) gosterilmistir (Hansen ve
ark., 2002). Kikirdakta toe bolgesinin bir bagka bileseni de kollajen
aginin proteoglikanlar arasindan siiriiklenmesi i¢in gereken direng
kuvvetidir. Nitekim proteoglikanlarin sindirilmesi toe bolgesinin
egimini azaltir ancak lineer bolgeyi etkilemez (Cohen ve ark.,
1998; Elliott ve ark., 1999). Bu nedenle toe bolgesi, saf kollajenden
cok proteoglikan—kollajen etkilesimini yansitir (Elliott ve ark.,
1999).

Kivrimlar tiimiiyle agilip lifler gerginlestiginde egri
dogrusallasir ve bu lineer bolgede yiikii artik tam olarak gerilmis
kollajen agi tagir (Cohen ve ark., 1998; Elliott ve ark., 1999). Bu
bolgenin egimi, dokunun asil gerilme sertligini veren tanjant
(Young) modiilidiir (Cohen ve ark., 1998). Denge kosullarinda
insan diz kikirdaginin igsel ¢ekme modiilii diisiik bir araliktadir.
Akizuki ve arkadaslar1 (1986) test edilen tiim 6rneklerde bu degerin
30 MPa’nin altinda kaldigini, cogunlukla 1-15 MPa araliginda yer
aldigin1 bildirmigtir. Saglikli insan kikirdag: icin literatiirde 5-25
MPa araligi, eklem konumuna ve numunenin derinlik ile
yonelimine bagli olarak sik¢a rapor edilir (Setton ve ark., 1999;
Karpinski ve ark., 2025). Dogrusal olmayan davranis nedeniyle
cekme modiilii gerinim arttikca yiikselir. Ornedin insan
glenohumeral kikirdaginda %16 gerinimdeki modiil, %0
gerinimdekinin dort ila sekiz kat1 olabilir (Huang ve ark., 2005).
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Gerinim yeterince arttiginda kollajen—kollajen ve kollajen—
proteoglikan etkilesimleri ¢oziilmeye baglar ve akma (yield)
noktasinin ardindan lifler kopar ve doku nihai ¢ekme dayanimina
(ultimate tensile strength, UTS) ulasarak kirilir (Fox ve ark., 2009;
Sasazaki ve ark., 2006). Kollajen ag1 ¢cekmeye direnen asil bilesen
oldugundan, ¢ekme dayanimi biiylik o6l¢iide kollajen liflerine
baghdir. Proteoglikanlarin uzaklastirilmast kopma dayanimin
anlaml bi¢imde diistirmezken, kollajenin par¢alanmasi hem sertligi
hem de kopma gerilmesini belirgin bigimde azaltir (Kempson ve
ark., 1976). Kopma, Once eklem yiizeyinde baslayip derinlige
dogru ilerleyen belirli bir sirayla gergeklesir (Sasazaki ve ark.,
2006). Cekme dayanimi ve kopma gerinimi zona gore degisir.
Klasik olcimlerde orta zon ornekleri en yiiksek nihai gerilmeye
(16-18 MPa) ulasirken, ylizey ornekleri daha diisiik gerinimlerde
kopmustur (Woo ve ark., 1976). Bir biitiin olarak kikirdak, yaklasik
9-40 MPa’lik dayanimi ve yiiksek kopma gerinimiyle tok (tough)
bir malzeme olarak nitelenir (Belluzzi ve ark., 2023).

Bu bolge yapisi, egrinin dokuyu adeta “okumamiza” olanak
tan1dig1 anlamina gelir. Toe bolgesinin uzunlugu ve egimi kollajen
kivrim1 ile proteoglikan—kollajen etkilesimi hakkinda bilgi
verirken, lineer bolgenin egimi kollajen agmin yogunlugu,
yonelimi ve capraz baglanmasit hakkinda bilgi verir ve kopma
bolgesi ise matriks biitlinliiglinii yansitir (Setton ve ark., 1999;
Kempson ve ark., 1976). Bu baglant1 ¢ekme testini dejenerasyonun
duyarl bir gostergesi héline getirir. Osteoartritte kollajen ag1 hasar
goriir ve ¢ekme dayanimim yitirir, dyle ki cekme modiilii %90’a
varan oranlarda diisebilir (Setton ve ark., 1999; Karpinski ve ark.,
2025). Ileri derecede dejenere olmus, total diz protezinden alman
kikirdakta cekme sertligi 2 MPa’nin altina inebilir (Akizuki ve ark.,
1986). Saglikli ve osteoartritli insan kikirdagin1 karsilagtiran
Olctimler, tiim mekanik Ozellikler kotiilesirken en bliyiik goreli
diisiisiin ~ statik ¢ekme modiilinde (%72-83) yasandigini
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gostermistir (Boschetti ve Peretti, 2008). Deneysel bir OA
modelinde de ylzey zonunun lineer bélge ¢cekme modull %40, toe
bolgesi modiilii ise %47 azalmistir (Elliott ve ark., 1999). Buna
karsin, agirlikli olarak saglikli (diisiik OARSI dereceli) dokularda
cekme Ozellikleriyle dejenerasyon derecesi arasinda anlamli bir
iligki bulunamamis olmasi1 (Ristaniemi ve ark., 2024), ¢cekmeye
dayali degisimlerin daha ¢ok ileri evrelerde belirginlestigine isaret
eder.

Bu degisimlerin altinda yatan mekanizma biiylik Olcilide
kollajen agmin organizasyonundaki ve capraz bag yapisindaki
bozulmadir (Kempson, 1982). Yaslanmayla birlikte ileri glikasyon
son tirilinlerinin (advanced glycation end products, AGE) yol agtig1
capraz baglanma kollajen agini sertlestirip kirilganlastirir ve bu da
dokunun mekanik hasara direncini azaltarak OA igin bir risk
olusturur (Verzijl ve ark., 2002). Yiizeysel tabakanin erken
osteoartritte fibrilasyonla incelmesi, altindaki biyomekanik agidan
daha zayif derin dokuyu biiylik ¢ekme gerilmelerine maruz birakir
ve eklem islevinin yitimine katkida bulunur (Roth ve Mow, 1980).
Butin bu nedenlerle c¢ekme analizi, fibrilasyonun, erken
dejenerasyonun ve doku mihendisligi iirlinlerinin kalitesinin
degerlendirilmesinde vazgecilmez bir aractir.

Sonug

Eklem kikirdaginin ¢ekme davranisi, dokunun gerilime
direnen kollajen agimin ve oOzellikle bu agin en diizenli oldugu
ylizeysel bolgenin dogrudan bir yansimasidir. Cekme testi, basma
agirhikli yaklasimlarin  gozden kagirdigi bu bileseni yalitarak
Olgebildigi i¢in kikirdak biyomekaniginde 6zgun bir yere sahiptir
(Patel ve ark., 2019; Chokhandre ve Erdemir, 2020). Gerilme—
gerinim egrisinin toe, lineer ve kopma bdlgeleri sirasiyla kollajen
kivrimi, agin gergek sertligi ve matriks biitiinliigli hakkinda ayri
ayr1 bilgi tasir ve bu da egriyi tamisal acidan giiclii bir okuma

aracina dontstiiriir (Elliott ve ark., 1999; Sasazaki ve ark., 2006).
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Osteoartritte ¢ekme oOzelliklerinin belirgin bigimde bozulmasi,
yontemin dejenerasyona duyarliligini ortaya koyar (Setton ve ark.,
1999; Boschetti ve Peretti, 2008).

Bununla birlikte, ¢ekme testinin sundugu bu bilgi ancak
yontem yeterince standardize edildiginde tam anlamiyla
degerlendirilebilir. Numune geometrisi, yonelimi ve
protokoliindeki tutarsizliklar ¢aligsmalar arasi karsilastirmayr hala
giiclestirmektedir (Lin ve ark., 2024; Patel ve ark., 2019). Numune
hazirlama ve raporlama Olgiitlerinin ortaklastirilmasi, hem
osteoartritin erken tanisinda hem de doku miihendisligi iiriinlerinin
islevsel kalite denetiminde ¢ekme analizinin potansiyelini
biitiiniiyle ag1ga ¢ikaracaktir.
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BOLUM 3

THE IMPACT OF PHYSICALACTIVITY ON
ARTICULAR CARTILAGE

EKREM CICEK!
Introduction

Articular cartilage consists of approximately 70-80% water.
Type Il collagen and aggrecan, a proteoglycan, are predominant in
the solid matrix. Chondrocytes account for only about 2% of the
tissue volume (Fox et al., 2009).

Superficial, intermediate, deep, and calcified zones are
distinguished; the collagen organization distributes mechanical load
across the joint surface (Fox et al., 2009). Nutrients are supplied
from the synovial fluid via diffusion (Fox et al., 2009), and once the
collagen network is disrupted, the resulting damage is largely
irreversible (Loeser et al., 2012).

Applying pressure increases the interstitial fluid pressure,
which bears a significant portion of the initial load. Subsequently,
the fluid exudes, and the post-loading recovery process is delayed
due to viscoelasticity (Sanchez-Adams et al., 2014). In humans,
cartilage undergoes minimal deformation during physiological
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activities and returns to its original state within approximately 90
minutes (Eckstein et al., 2006).

Cartilage cannot be strengthened in the same way as muscle
or bone. It has been observed that higher loads are not associated
with greater average cartilage thickness. Adaptation appears to be
limited primarily to changes in matrix composition, with only
limited changes in thickness or volume (Eckstein et al., 2006).

Mechanotransduction

Loading-induced fluid flow, hydrostatic pressure, and cell
deformation act on chondrocytes (Sanchez-Adams et al., 2014).
Intermittent hydrostatic pressure within the physiological range
increases aggrecan and type Il collagen expression (Smith et al.,
2004).

Strains below approximately 3% elicit only weak responses.
3-10% strain at 0.17-0.5 Hz for 2-12 hr is anabolic. Strains above
10%, frequencies above 0.5 Hz, or durations beyond 12 hr are
catabolic (Bleuel et al., 2015). Many protocols apply uninterrupted
cyclic loading which limits physiological relevance (Bleuel et al.,
2015).

Static compression inhibits proteoglycan and protein
synthesis, whereas dynamic compression stimulates it (Grodzinsky
et al., 2000). The strains used in many animal and in vitro models
exceed human physiological ranges. High-magnitude impact can
damage chondrocytes (Sanchez-Adams et al., 2014).

Prolonged unloading weakens cartilage and causes atrophy
(Vincent & Wann, 2019). Excessive loading shifts chondrocytes
toward catabolism (Bleuel et al., 2015; Sanchez-Adams et al., 2014).

Osteoarthritis (OA) is a multifactorial degenerative joint
disease affecting articular cartilage, subchondral bone, synovial
tissue, and the meniscus (Loeser et al., 2012). In OA, subchondral
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remodeling increases, producing a thickened but under mineralized
plate. Whether bone-directed exercise influences cartilage through
this route has not been demonstrated (Thudium et al., 2020).

Effects by Type of Physical Activity

The effects of each activity type are described below, with
study designs named in the text and summarized in Table 1.

Walking

Serum cartilage oligomeric matrix protein (COMP) levels
increase after walking and return to baseline within hours. The
reported increase ranged from approximately 4% to 29%. (Boxer,
2022; Roberts et al., 2018). Added load enhances the response
(Denning et al., 2015; Herger et al., 2019).

A review found that meeting the 150-minute/week activity
target improved or sustained function in knee OA. Above
approximately 10,000 steps per day, OA progression appeared to
increase. This effect was observed only in people with established
OA (Kraus et al., 2019).

Running

Serum COMP increased by approximately 31% immediately
after running in healthy young adults (Niehoff et al., 2011). Al-hr
run at maximal self-selected speed produced no change in another
study (Kersting et al., 2005). In a randomized trial in healthy men,
12 weeks of running training attenuated the COMP response to
walking. Swimming and cycling training did not (Celik et al., 2013).
Participation in long-distance running is associated with a higher risk
of knee OA, largely attributable to sporting injuries (Driban et al.,
2017; Poulsen et al., 2019).

Cycling
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In an exploratory crossover trial of people with radiographic
knee OA, a marker of type Il collagen degradation (C2M) rose more
after 15 min of cycling than after rest, with a similar non-significant
trend relative to running (Boxer, 2022).

In a cross-sectional community study, prolonged cycling,
was associated with clinical knee OA (Dahaghin et al., 2009).

Swimming and Aquatic Exercise

In a randomized trial of postmenopausal women with mild
knee OA, 4 months of progressive aquatic resistance training
reduced T2 relaxation time by 1.2 ms, indicating a favorable change
(Munukka et al., 2016).

Resistance and Strength Training

Lower-body resistance exercise raised serum COMP by
approximately 26% (Roberts et al., 2018). In young men, resistance
exercise did not change serum sclerostin (Boxer, 2022).

Astrengthening programme reduced COMP levels in patients
with medial knee OA. (Hunt et al., 2013). 18 months of walking plus
resistance exercise raised it (Chua et al., 2008). In a meta-analysis of
exercise therapy in people at risk for or with knee OA, 30% of
comparisons showed decreased molecular biomarkers, 7% showed
increases, and 63% showed no effect (Bricca et al., 2018).

A systematic review of randomized trials concluded that
exercise loading the knee does not appear to harm articular cartilage
in people at risk of or with knee OA (Bricca et al., 2018).

High-Impact and Plyometric Exercise

Serum COMP increased by approximately 32% after 100
drop landings (Niehoff et al., 2011). It elevated by approximately
4.6% relative to control after 120 drop landings (Boxer, 2022). 12
months of high-impact aerobics reduced patellar T2 by 3.8 ms (p =
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.018) in women with mild OA, a change generally read as favorable
(Koli et al., 2015).

Team and Pivoting Sports

Participation in football and wrestling is associated with a
higher risk of knee OA (Driban et al., 2017). Knee injury raises the
risk of knee OA four- to sixfold (Poulsen et al., 2019).

Weightlifting and Elite Athletics

Weightlifting and long-distance running are among the sports
associated with a higher risk of knee OA (Driban et al., 2017). Higher
loading has not been associated with greater average cartilage
thickness (Eckstein et al., 2006).

Occupational and Habitual Activity

Repetitive kneeling or squatting at work increased the odds
of knee OA by 1.7-fold, with a 26% increase per 5,000 hr of exposure
(Verbeek et al., 2017). Standing work was not a significant risk factor
(Boxer, 2022). Frequent knee bending was also associated with
higher T2 values and more severe cartilage lesions on MRI (Hovis
etal., 2011).

In 297 community adults aged 50-79 years without knee
injury, vigorous activity was associated with fewer cartilage defects
(Racunica et al., 2007). Among asymptomatic adults with OA risk
factors, light exercisers had lower T2 values than sedentary
exercisers and those who exercised moderately or strenuously.
Women exercising moderately or strenuously had higher T2 values
(Hovis et al., 2011).

In the Osteoarthritis Initiative (OAl), physical activity level
did not significantly affect medial cartilage thickness loss overall
(=0.20 mm over 4 years); in women, low activity was associated



with greater loss than moderate activity. High activity was no worse
than low (Bricca et al., 2019).

Any or low-to-moderate activity was associated with lower
odds of knee OA at 8 years. Strenuous activity conferred no greater
odds than none (Chang et al., 2020). Higher activity was positively
associated with clinical but negatively with structural knee OA
(Terpstra et al., 2021).

Outcome Measures

Cartilage thickness and volume are sensitive. But changes are
small, and early OA can involve pathological thickening (Cotofana
et al., 2012). Compositional MRI (T2, T1p) shows high reliability,
but T2 is sensitive to recent loading, so activity must be controlled
before scanning (Palmer et al., 2013).

In radiography, joint space width and positioning are
interdependent. Osteophytes often precede joint space narrowing
(Roemer et al., 2022).

Serum COMP is mechanosensitive. But assays cannot always
distinguish intact protein released from loaded tissue from
degradation fragments. Acute increases are ambiguous. Synovial
fluid markers are more joint-specific but invasive (Boxer, 2022).

Favorable and unfavorable structural measures can coexist in
the same trial (Munukka et al., 2016). Structural associations can
occur without symptomatic differences (Terpstra et al., 2021).
Outcomes should therefore be combined rather than interpreted in
isolation.

Table 1: Summary of Physical Activity Types, Effects on Articular
Cartilage, Evidence Level, and Populations Studied

Activity Net effect on Evidence level Main
cartilage populations
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Walking Neutral to Umbrella Healthy; knee
beneficial at review; cohort; OA
moderate dose acute studies
Recreational Neutral to RCT Healthy adults
running beneficial (biomarkers);
cross-sectional
Long-distance | Potentially SR; SRIMA Athletes
running; team harmful
sports (injury-
mediated)
Weightlifting; | Uncertain SR; Athletes

elite athletics

(paradoxical)

observational
MRI

Cycling Unclear; Cross- Healthy; knee
possible sectional; acute | OA
concern crossover
Aquatic exercise | Neutral; MRI RCT (small) Mild knee OA
findings
ambiguous
Resistance Neutral to SR of RCTs; At risk; knee OA
training beneficial RCTs
High-impact and | No harm in trials | RCTs (small) Postmenopausal
plyometric women,; older
adults
Mind-body Structural effect | Guidelines Knee and hip
exercise unknown (symptoms) OA
Multimodal Likely beneficial | Small trial Postmenopausal
programmes (biomarkers women
only)
Kneeling and Harmful SR/MA Workers
squatting
Sedentary Harmful Review; All
behavior; (atrophy) observational

immobilization

Note. OA = osteoarthritis; RCT = randomized controlled trial; SR = systematic

review; MA = meta-analysis.

Modifying Factors

Evidence points to U- or J-shaped relationships: moderate

loading appears protective. Very low and very high loads, especially
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in the presence of pre-existing OA, are associated with progression
(Kraus et al., 2019; Voinier et al., 2020).

Obesity is the strongest modifiable risk factor for knee OA.
Acting through joint loading and systemic inflammation (Mobasheri
etal., 2017).

Ageing reduces chondrocyte number, function, and cartilage
water content (O’Brien & McDougall, 2019). OA incidence is higher
in women and rises after menopause (Litwic et al., 2013). Most of
the trials reviewed enrolled women, and sex-specific responses
(Bricca et al., 2019) warrant further study.

Knee injury raises OA risk four- to six-fold (Poulsen et al.,
2019). Meniscal loss and malalignment concentrate load on focal
cartilage regions (Felson, 2013; Nickien et al., 2018).

More than 10,000 steps/day was associated with greater
progression in established OA but not with incident OA (Kraus et al.,
2019).

Cartilage morphology may develop during childhood sports
participation while the growth plates are open (Pettit et al., 2021). In
hamsters, running at a young age enhanced cartilage maturation and
altered collagen organization. But runners had more OA than
controls at 15 months of age (Julkunen et al., 2010). This animal
finding may not generalize to humans.

The knee, a complex bicondylar hinge, is more susceptible to
malalignment than the ball-and-socket hip (Hall et al., 2022). Hip
cartilage evidence is limited by the difficulty of hip MRI (Boxer,
2022).

Clinical and Public Health Implications

Exercise is recommended as a core OA treatment in the
guidelines of the Osteoarthritis Research Society International and

the European Society for Clinical and Economic Aspects of
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Osteoporosis, Osteoarthritis and Musculoskeletal Diseases. The
latter endorse aerobic, strengthening, and resistance exercises and
state that the evidence cannot differentiate among exercise types
(Arden et al., 2021). The European Alliance of Associations for
Rheumatology also recommends physical activity (Rausch Osthoff
etal., 2018).

Meeting 150 min/week of moderate-intensity activity (World
Health Organization [WHO], 2020) improved or sustained function
in knee OA (Kraus et al., 2019).

Regular, varied activity, including strength work, is
appropriate. Prolonged sitting should be interrupted. (Boxer, 2022).

Combine weight management with lower-joint-load options.
Avoid prolonged kneeling and squatting (Verbeek et al., 2017;
\oinier et al., 2020).

Progressive resistance and, where safe, impact exercise
improve bone without adverse effects on cartilage in trials (Hartley
et al., 2020; Multanen et al., 2014).

Controversies and Limitations

High loading is associated with positive compositional
adaptation yet higher OA incidence (Driban et al., 2017; Poulsen et
al., 2019).

Confounding and causality. Reverse causation, healthy-
participant bias, and attrition are pervasive in cohort data (Boxer,
2022).

Design limits. Small samples, short follow-up, and
heterogeneous protocols limit trials (Multanen et al., 2014; Munukka
etal., 2016).



Biomarkers are not validated surrogates for structural
change. MRI measures are sensitive to pre-scan activity (Boxer,
2022; Palmer et al., 2013).

Animal and in vitro strain protocols do not map directly onto
human loading (Bleuel et al., 2015; Julkunen et al., 2010). Moderate
activity improved lubricin expression and reduced degeneration in
aged rats (Musumeci et al., 2015).

Several nominally significant imaging findings lost
significance after correction for multiple comparisons (Boxer, 2022).

Conclusion

Cartilage requires moderate levels of dynamic loading; both
disuse and excessive loading are detrimental. Loading the knee
through exercise is not harmful for populations at risk or those with
osteoarthritis (OA). While structural benefits are minimal,
symptomatic benefits are substantial. It is joint injury and
occupational kneeling or squatting that increases risk. The dose-
response relationship likely follows a U- or J-shaped curve and is
modulated by BMI and baseline OA status. Acute elevations in
biomarkers reflect the response to loading and do not constitute
evidence of damage. Structural, biochemical, and symptomatic
outcomes are often discordant and should be considered together.
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BOLUM 4

IONIZING RADIATION EFFECTS ON BONE
MINERAL DENSITY

EKREM CICEK!
Introduction

lonizing radiation possesses sufficient energy to strip
electrons from atoms. It generates free radicals. Equivalent dose, to
which the radiation weighting factor is applied, is expressed in
sieverts (Sv), whereas absorbed dose is expressed in grays (Gy; 1
J/kg).

Linear energy transfer (LET) refers to the ionization density
(keV/um) along a particle track. Relative biological effectiveness
(RBE) is the ratio of the dose of a reference radiation (typically 250
kV X-rays) to the dose of a test radiation that produces the same
biological effect. High-LET radiation generally has a higher RBE
value (Hall, 2000).

Bone is continuously remodeled by osteoclastic resorption
followed by osteoblastic formation. About 15-20% of trabecular

Professor Dr., Burdur Mehmet Akif Esoy University, Department of Physics,

Orcid: 0000-0001-6724-9423
--55--



bone but only about 2% of cortical bone turns over annually.
Trabecular-rich sites respond first to perturbation (Willey, 2008).

Bone mineral density (BMD) is measured by dual-energy X-
ray absorptiometry (DXA,; areal), quantitative CT (volumetric) or,
preclinically, microCT. DXA explains only part of bone strength;
bone quality (connectivity, microarchitecture, tissue material)
accounts for the remainder (Emerzian et al., 2023; Willey, 2008).

BMD measurement relies on dual-energy X-ray
absorptiometry (DXA), which provides the actual BMD (g/cm?) but
cannot distinguish cortical from trabecular bone. Quantitative
computed tomography (QCT) and high-resolution peripheral QCT
(HR-pQCT) provide volumetric BMD and compartment-specific
data. Clinical practice uses the T-score (relative to the young-adult
mean) and the Z-score (relative to the age-matched mean).
Osteoporosis is defined as a T-score of -2.5 or lower.

BMD accounts for only about 60%-70% of bone strength
(Friedman, 2006; Turner, 2006, as cited in Willey, 2008). Quality
includes trabecular microarchitecture (bone volume fraction
[BV/TV], connectivity density [Conn.Dens.], trabecular number
[Th.N], thickness [Th.Th], and spacing [Th.Sp]), cortical porosity,
matrix composition, and microdamage. Loss of trabecular
connectivity lengthens unsupported vertical struts and reduces
buckling strength disproportionately compared with strut thinning
(Willey, 2008).

Radiotherapy (RT) is administered to approximately half of
all cancer patients (Bentzen, 2006). Late-onset skeletal effects, such
as insufficiency fractures, are becoming increasingly important
(Baxter et al., 2005).

This review investigates how different types of radiation and
exposure settings affect bone mineral density (BMD) and bone
microarchitecture.
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Types of lonizing Radiation and Their Effects on BMD

Low-LET Electromagnetic Radiation (X-Rays and Gamma
Rays)

Radiotherapy photons (human). Photon irradiation
administered to the pelvic, spinal, thoracic, and head-and-neck
regions reduces bone mineral density (BMD) and increases the risk
of fracture. Among more than 6,000 women over the age of 65,
pelvic radiotherapy increased the risk of pelvic fractures, with hip
fractures accounting for approximately 90% of the cases (Baxter et
al., 2005).

A reduction of ~30% in vertebral (L3) QCT BMD was
reported within 5 weeks of pelvic irradiation for cervical cancer (45
or 22.5 Gy; (Nishiyama et al., 1992). This is a small, older, single-
energy QCT study and should be interpreted cautiously.

Myeloablative conditioning before stem cell transplantation
is followed by BMD decline. Although chemotherapy, steroids, and
gonadal failure confound attribution to radiation (Schulte & Beelen,
2004).

Asingle 7 Gy whole-body y dose in mice reduced trabecular
BV/TV by ~54% and Conn.Dens. by ~69% within 2 weeks, with no
cortical change (Willey, 2008). A clinically modeled fractionated
regimen (4 X 4 Gy of 6 MV X-rays to the rat hind limb) lowered
BV/TV by ~14% and Conn.Dens. by ~34% at 2 weeks (Willey,
2008).

Whole-body exposure to 2 Gy reduced mouse trabecular
bone by ~29%-39% at 4 months across radiation types (Hamilton et
al., 2006). Clinically relevant doses can therefore affect bone, at least
in rodents.

High-LET (High Linear Energy Transfer) HZE (High-Z High-
Energy) Particles
--57--



Whole-body exposure to 2 Gy of 56Fe and carbon ions
reduced trabecular bone by ~34% and ~39%, comparable to y-rays
and protons (~29% and ~35%) at 4 months (Hamilton et al., 2006).
For this endpoint and dose, bone loss was therefore not markedly
more severe with high LET, which contrasts with the usual RBE
expectation.

Nine months after whole-body 56Fe exposure with the hind
limbs excluded from the beam, proximal tibial BV/TV was ~20% (2
Gy) and ~26% (4 Gy) lower than in controls, with reduced
connectivity. Body mass was lower in irradiated animals and
explained part of the variance (Willey, 2008).

Very high carbon-ion doses in weanling rats were reported to
increase tibial bone volume histologically (Sawajiri & Mizoe, 2003),
highlighting dependence on age, dose, and method.

Low-LET versus High-LET Radiation

High-LET radiation produces denser ionization and less
repairable damage, but BMD-specific RBE values are poorly
defined (Hall, 2000). Trabecular loss appears at low to moderate
doses in rodents (>2 Gy), whereas cortical changes usually require
very high doses (tens of Gy) and a longer latency (Sugimoto et al.,
1991; Willey, 2008). Low-LET effects are largely mediated by water
radiolysis and reactive oxygen species (ROS), with ~80% of energy
deposition occurring via water, whereas high-LET radiation adds
more direct, clustered DNA damage (Willey, 2008).

Mechanisms

Radiolysis generates hydroxyl radicals, superoxide, and
hydrogen peroxide. Oxidative stress persists for days after exposure
(Robbins & Zhao, 2004) and promotes osteoclast differentiation
while impairing osteoblast differentiation (Bai et al., 2004; Lean et
al., 2005).
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Direct and indirect strand breaks drive apoptosis, senescence,
and cell-cycle arrest. Bystander signaling can extend effects to
nonirradiated cells and may contribute to distant (shielded-bone)
effects (Little et al., 2002); this link to bone is hypothetical.

Irradiation reduces osteoblast proliferation and collagen
production and sensitizes bone cells to apoptosis (Gal et al., 2000;
Szymczyk et al., 2004). Osteoblasts are generally considered more
radiosensitive than osteocytes (Willey, 2008).

Endothelial swelling and reduced bone blood flow occur in a
dose-dependent manner, contributing to osteoradionecrosis at high
doses (Pitkdnen & Hopewell, 1983; Rohrer et al., 1979).

Cranial or craniospinal radiation causes growth hormone
(GH) deficiency in most patients at doses above 27 Gy and
sometimes at 18 Gy or higher. Irradiation of the ovaries or testes can
produce hypogonadism, accelerating bone loss (Gleeson et al., 2003;
Xu et al., 2004).

Acute effects (days) involve osteoclast and marrow
responses. Early effects (weeks) involve trabecular loss. Late effects
(months to years) involve persistent architectural deficits, vascular
fibrosis, and insufficiency fractures, which usually appear 1-5 years
after pelvic RT (Abe et al., 1992; Grigshy et al., 1995).

Clinical and Experimental Evidence

Human Studies

The risk of pelvic and hip fractures is increased (Baxter et al.,
2005). Symptomatic pelvic insufficiency fractures occur in ~3%—-6%
of patients. In up to ~34%, when imaging detects asymptomatic
cases (Abe et al., 1992). Pelvic bones absorb ~60%-70% of the
target dose (Konski & Sowers, 1996).
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Fractures were more frequent after 1.8-2 Gy fractions than
after twice-daily 1.2 Gy fractions in one series (Bolek et al., 1996).
Single-fraction palliative RT was associated with a higher risk of
pathological fracture than multifraction schedules (Sze et al., 2003).
The risk of rib fracture after breast RT depends on fraction size
(Overgaard, 1988).

Doses of 25-60 Gy retard bone growth. Fractions larger than
1.8 Gy damage epiphyseal cartilage, with reduced height and bone
length (Eifel et al., 1995; Mitchell & Logan, 1998). Pediatric
survivors show BMD deficits driven by chemotherapy, steroids, and
GH deficiency (Gleeson et al., 2003).

Animal and In Vitro Studies

Rodent trabecular loss after low- to moderate-dose exposures
is reproducible across photon and proton exposures (Hamilton et al.,
2006; Willey, 2008).

Cortical bone is affected at very high doses. Rabbit tibiae
showed increased endosteal resorption by 4 weeks and intracortical
porosity at 12-52 weeks after 50 Gy (Sugimoto et al., 1991).

Fractionation in rats modifies strength. Doses of 40-60 Gy
delivered in 1.25 Gy twice-daily fractions preserved maximal load.
Single or larger fractions reduced it (Nyaruba et al., 1998).

Irradiated preosteoblasts show reduced proliferation and
collagen synthesis (Gal et al., 2000; Szymczyk et al., 2004).
Irradiated marrow shows increased osteoclastogenesis and
resorption in culture (Willey, 2008), whereas osteoblast-irradiation
co-culture systems showed unchanged or decreased osteoclast
numbers (Sawajiri et al., 2003).

Dose Thresholds, Site Specificity, and Discrepancies
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No clear human BMD threshold is established. Rodent
trabecular loss appears from ~2 Gy, vascular changes from ~5 Gy
(Pitkdnen & Hopewell, 1983). Cortical strength changes at tens of
Gy.

Trabecular-rich sites (vertebrae, pelvis, proximal femur) are
more affected than cortical diaphyses. Consistent with higher
turnover (15%—-20% per year for trabecular bone vs. ~2% for cortical
bone (Willey, 2008). Bone within the field is most affected, but
distant effects have been suggested.

Studies differ in species, age (growing vs. mature), dose,
LET, dose rate, fractionation, timing of assessment, measurement
method (DXA vs. micro-CT vs. histology), body-mass changes, and
concomitant therapy. Rodent growth and body-mass effects can
confound BMD interpretation (Willey, 2008).

Confounding Factors

Chemotherapy and  glucocorticoids.  Methotrexate,
mercaptopurine, and steroids reduce BMD. In one study, 83% of
children with leukemia had lumbar osteopenia within 2 years of
therapy (Halton et al., 1996).

Hormone therapy. Aromatase inhibitors and androgen
deprivation accelerate bone loss. It can mask or amplify radiation
effects.

Age and menopause. Postmenopausal women have a higher
baseline fracture risk. They are the highest-risk group for post-RT
pelvic fractures (Baxter et al., 2005; Lean et al., 2005).

Lifestyle and comorbidities. Nutrition, vitamin D status,
physical inactivity, smoking, and alcohol use contribute to bone loss.

Prevention and Management
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DXA before or soon after RT is advisable in high-risk
patients (pelvic RT, older women, TBI, or concomitant hormone
therapy or steroids).

In rats, risedronate mitigated radiation-induced trabecular
loss at 2 and 4 weeks (Willey, 2008). In humans, bisphosphonates
are established for the treatment of osteoporosis and cancer-
treatment-induced bone loss.

These are standard supportive measures. Weight-bearing
exercise should be balanced against fracture risk in patients with
existing insufficiency fractures.

Intensity-modulated RT (IMRT) and proton therapy can
reduce the dose to pelvic bones and femoral heads. A benefit for
BMD and fracture risk is plausible. Avoiding large single fractions
in weight-bearing bones and respecting fraction-size limits for
growing bone (<1.8 Gy) are practical considerations (Eifel et al.,
1995; Sze et al., 2003).

Antioxidants reduced resorption in non-radiation models (Ha
et al., 2004; Kim et al., 2006). Radioprotectors for bone in patients
remain experimental.

Limitations

Human BMD studies are often small and retrospective and
are confounded by chemotherapy, hormones, and steroids.

DXA cannot isolate irradiated sites or assess trabecular
microarchitecture. Correlations between radiation-field dosimetry
and BMD are rarely reported.

Much of the mechanistic evidence on early osteoclast
activation originates from a limited number of rodent studies. Often
involving young animals and doses that do not directly translate to
clinically fractionated regimens (Willey, 2008).
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Data on neutrons, alpha- and beta-emitters, and chronic low-
dose occupational exposure are sparse.

Conclusion

Therapeutic photon RT increases fracture risk, particularly
pelvic and hip fractures in older women, and is associated with BMD
reduction in the irradiated skeleton (Baxter et al., 2005; Nishiyama
etal., 1992). Fraction size and dose influence risk (Bolek et al., 1996;
Sze et al., 2003).

Trabecular microarchitecture is affected earlier and more
strongly than cortical bone, with connectivity loss disproportionate
to BMD change (animal data)(Willey, 2008).

An early transient surge of osteoclasts, systemic cytokine
effects on shielded bone, and LET-specific differences remain to be
confirmed in humans. Radiation-induced bone loss is multifactorial
(osteoblast and vascular damage, probable early resorption, and
endocrine and inflammatory effects).

Across photons, particles, and heavy ions, radiation reduces
trabecular bone and impairs architecture by suppressing osteoblasts.
High-dose clinical exposure clearly raises fracture risk. BMD
changes in humans and low-dose occupational effects are
inconsistent. BMD alone underestimates mechanical damage.

Table 1: Radiation Types and Their Reported Effects on Bone
Mineral Density and Microarchitecture

Radiation | Source / Typical Main BMD or Key mechanism | Representative
type LET dose bone effect (proposed) evidence
range
X-rays Low LET; | 1.8-2 Gy BMD and ROS, osteoblast | Baxter et al.
and y-rays | RT, TBI, per trabecular loss, increased (2005; human);
(photons) | diagnostic | fraction; microarchitectur | osteoclast Willey (2008;
20-60 Gy | e decreased; activity, mouse, rat)
total; 27 fracture risk vascular
Gy acute increased damage
(animals)
Protons Low to 2Gy Trabecular loss Similar to Hamilton et al.
intermedi (mouse) of ~35% photons (2006; mouse)
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ate LET;

RT, space
Carbon High 2 Gy Trabecular loss Clustered DNA | Hamilton et al.
ions LET; (mouse); of ~39% damage; altered | (2006); Sawajiri
hadron >15 Gy (mouse); age- RANKL/OPG & Mizoe (2003)
therapy, (rat) and dose- expression
space dependent
discrepancies
Fe Very high | 1-4 Gy Reduced Possible Willey (2008;
(HZE) LET; BV/TV and systemic rat)
space connectivity in inflammation;
shielded bone at | body-mass and
9 months growth effects
Neutrons, | High LET | Variable Limited BMD Local dose to
o- (neutrons, data; necrosis endosteum and
emitters, a); low and malignancy | marrow
B-emitters | LET (B) better

documented
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BOLUM 5

AKCIGER KANSERINDE RADYOGENOMIK
YAKLASIMLAR

ELIF SOYA®
OZKAN DOGANAY?

Giris
Akciger kanserinde radyoterapinin tedavi icindeki yeri;
hastaligin evresine, rezektabilite durumuna, hastanin performansina
ve eslik eden hastaliklarina gére degismektedir. Ozellikle tibbi
nedenlerle cerrahi uygulanamayan erken evre kiiciik hiicreli disi
akciger kanserinde (KHDAK) stereotaktik beden radyoterapisi
onemli bir lokal tedavi secenegidir. Rezeke edilemeyen lokal ileri
evre KHDAK de ise uygun performans durumuna sahip hastalarda
es zamanli kemoradyoterapi standart tedavi yaklasiminin temel

bilesenlerinden birini olusturmaktadir (Videtic et al., 2017; Simone
etal., 2023).

Radyoterapi tekniklerindeki gelismeler, hedef hacme daha
yiiksek dogrulukla doz verilmesini saglamakla birlikte, ¢cevredeki
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normal akciger parankiminin 1ginlamadan biitiiniiyle korunmast her
zaman miimkiin degildir. Ozellikle diisiik ve orta doz alan genis
akciger hacimleri, tedaviye bagli pulmoner toksisite agisindan 6nem
tasimaktadir (Marks et al., 2010). Radyasyon kaynakli akciger
hasari, erken donemde radyasyon pnomonisiyle, ilerleyen donemde
ise fibrotik yeniden yapilanmayla seyreden dinamik bir siiregtir.
Hasarin ortaya ¢ikist ve klinik siddeti yalnizca toplam radyasyon
dozuyla agiklanamamakta; baslangictaki parankim yapisi, 1s1nlanan
akciger hacmi, uygulanan tedavi teknigi, es zamanli sistemik
tedaviler ve hastaya 6zgii biyolojik duyarlilik da bu siirece katkida
bulunmaktadir (Arroyo-Hernandez et al., 2021; Wang et al., 2025).

Radyasyon pnOomonisinin klinik Onemi, yalnizca agir
olgularda hipoksemiye, oksijen gereksinimine ve solunum
yetmezligine yol acgabilmesinden kaynaklanmamaktadir. Kuru
okstirtik, eforla artan dispne, gdgiiste rahatsizlik ve diisiik dereceli
ates gibi baglangi¢ bulgulari radyasyon pndmonisine 6zgii degildir
ve enfeksiy0z pnomoniler, immiin kontrol noktasi inhibitori iliskili
pndémoni, timor progresyonu, pulmoner ddem ve kalp yetersizligi
gibi farkli klintk durumlarda da goriilebilmektedir (Arroyo-
Hernandez et al., 2021; Hindocha et al., 2024; Wang et al., 2025).
Klinik ve radyolojik bulgular arasindaki bu ortiigme nedeniyle tani
yalnizca tek bir bilgisayarli tomografi (BT) bulgusuna
dayandirilmamalidir.  Semptomlarin  radyoterapiyle = zamansal
iliskisi, 1s1nlanan hacim, {i¢ boyutlu doz dagilimi, seri goriintiilerdeki
degisim, mikrobiyolojik incelemeler ve laboratuvar sonuglar
birlikte degerlendirilmelidir (Arroyo-Hernandez et al.,, 2021;
Hindocha et al., 2024).

Geleneksel radyasyon pnomonisi risk degerlendirmesi
cogunlukla ortalama akciger dozu ile V5, V10, V20 ve V30 gibi
belirli doz esiklerinin {izerinde kalan akciger hacimlerine
dayanmaktadir. Bu gostergeler klinik planlamanin 6nemli bilesenleri
olmakla birlikte doz-hacim histogramlari, radyasyon dozunun
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akciger icerisindeki ii¢ boyutlu yerlesimini ve bolgesel parankim
ozelliklerini tam olarak yansitmamaktadir (Marks et al., 2010; Jiang
et al., 2021). Benzer doz-hacim degerlerine sahip hastalarda farkli
toksisite sonuglarinin ortaya c¢ikabilmesi, yalnizca toplam doz ve
1sinlanan hacme dayanan modellerin bireysel riski agiklamakta
yetersiz kalabilecegini diisiindiirmektedir (Zhang et al., 2023; Reuter
et al., 2026). Bu siirlilik, klasik klinik ve dozimetrik degiskenlerin
goriintiileme fenotipleri, genomik 6zellikler, transkriptomik yanitlar
ve dolagimdaki biyobelirteglerle birlikte degerlendirilmesine yonelik
ilgiyi artirmigtir (Zhang et al., 2023; Reuter et al., 2026).

Radyomik, tibbi goriintiilerdeki yogunluk dagilimi, bigim ve
doku diizeni gibi 6zelliklerin matematiksel yontemlerle olgiilebilir
verilere  donlistlriilmesini  saglayan nicel bir goriintiileme
yaklagimidir. Bu yontem, geleneksel gorsel degerlendirmeyle
dogrudan  ayirt  edilemeyen  goriintiileme  Oriintiilerinin
tanimlanmasina olanak vermektedir (van Timmeren et al., 2020).
Benzer 6zellik ¢ikarim yontemlerinin ii¢ boyutlu radyasyon doz
haritalarina uygulanmasi doziomik olarak tanimlanmakta ve dozun
yalnizca miktarmin degil, akciger icerisindeki uzamsal dagiliminin
da incelenmesini saglamaktadir (Jiang et al., 2021; Zhang et al.,
2023). Radyogenomik ise bu bolim kapsaminda goriintiileme
fenotipleri ile genomik veya transkriptomik ozellikler arasindaki
iligkilerin arastirilmasini ifade etmektedir (Segal et al., 2007; Zhou
et al., 2018). Birbirinin yerine kullanilamayan bu veri katmanlarinin
klinik ve dozimetrik degiskenlerle biitlinlestirilmesi, radyasyon
pnomonisi riskinin hasta diizeyinde daha kapsamli bicimde
degerlendirilmesine katki saglayabilir (Zhang et al., 2023; Reuter et
al., 2026).

Bu bolimde oncelikle radyasyon pnomonisinin klinik
ozellikleri ile hiicresel ve molekiiler temelleri ele alinacaktir.
Ardindan BT fenotipleri ve ayiric1 tan1 yaklagimlart incelenecek;
radyomik, doziomik, genomik ve transkriptomik verilerin radyasyon

—72--



pnomonisinin erken Ongoriilmesindeki yeri degerlendirilecektir.
Literatiirde kiiciik ve ¢ogunlukla tek merkezli kohortlarda yiiksek
Ongorii performanslart bildirilmis olmakla birlikte, bagimsiz ve
prospektif dis dogrulama caligmalarinda ayni basarinin her zaman
korunmadig goriilmektedir (Jiang et al., 2021; Zhang et al., 2023;
Reuter et al., 2026). Bu nedenle yontemlerin yalnizca bildirilen ayirt
edicilik degerleri degil; tekrarlanabilirlikleri, kalibrasyonlari, farkl
merkezlere tasinabilirlikleri ve  klinik  karar  siireglerine
saglayabilecekleri gercek katki da tartisilacaktir.

Radyasyon Kaynakh Akciger Hasarinin Klinik Spektrumu

Radyasyon kaynakli akciger hasari, birbirinden kesin
siirlarla ayrilan iki bagimsiz donemden cok, erken inflamatuvar
yanittan ge¢ fibrotik yeniden yapilanmaya uzanan ve asamalari
zaman icinde Ortiisebilen bir klinik-biyolojik spektrum olarak
degerlendirilmelidir (Hanania et al., 2019; Arroyo-Hernandez et al.,
2021; Wang et al., 2025). Iyonizan radyasyonun etkisiyle olusan
reaktif oksijen tiirleri, dogrudan ve dolayli DNA hasari ile epitel ve
endotel hiicrelerindeki stres yaniti, doku hasarinin erken molekiiler
bilesenlerini olusturmaktadir (Arroyo-Hernandez et al., 2021; Wang
et al., 2025).

Izleyen haftalar ve aylarda alveoler-kapiller bariyer
biitiinliiglinlin ~ bozulmasi,  kapiller  gecirgenligin  artmasi,
inflamatuvar hiicrelerin akciger dokusuna gocii ve proinflamatuvar
sitokinlerin salinmasi belirginlesebilmektedir. Klinik ve radyolojik
olarak tanimlanabilen radyasyon pndmonisi genellikle bu donemde
ortaya ¢cikmaktadir (Hanania et al., 2019; Arroyo-Hernandez et al.,
2021). Bununla birlikte, radyasyon pndmonisinin baslangi¢c zamani
kullanilan fraksiyonasyon semasi, isinlanan akciger hacmi, es
zamanli sistemik tedaviler ve hastaya ait biyolojik 6zelliklere gore
degisebilmektedir (Hanania et al., 2019; Wang et al., 2025).
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Inflamatuvar yanitin ve doku onarim siirecinin yeterli
bicimde sonlanmamasi durumunda fibroblast aktivasyonu,
miyofibroblast farklilasmasi ve ekstraselliiler matriks birikimi 6n
plana c¢ikmaktadir. Bu siire¢ parankimal distorsiyon, akciger
hacminde azalma, septal kalinlagsma ve traksiyon bronsektazilerinin
eslik edebildigi ge¢ donem fibrotik yeniden yapilanmayla
sonuglanabilmektedir (Arroyo-Hernandez et al., 2021; Wang et al.,
2025). Erken inflamatuvar ve ge¢ fibrotik degisiklikler arasinda
biyolojik devamlilik bulunmakla birlikte, klinik olarak belirgin
radyasyon pnomonisi gelismeyen bazi hastalarda da ge¢ radyolojik
fibrozis goriilebilmektedir; bu nedenle iki donem arasinda zorunlu
ve dogrusal bir ilerleme bulundugu varsayilmamalidir (Hanania et
al., 2019; Arroyo-Hernandez et al., 2021).

Kuru oksiiriik, dispne, efor kapasitesinde azalma, gogiiste
rahatsizlik hissi ve hafif ates semptomatik radyasyon pndmonisinde
sik karsilasilan yakinmalardir. Bununla birlikte bu bulgularin higbiri
radyasyon pnomonisine 0Ozgii degildir ve benzer yakinmalar
enfeksiyonlarda, immiin kontrol noktast inhibitori iliskili
pnomonitte, kardiyak hastaliklarda ve timor progresyonunda da
gorlilebilmektedir (Hanania et al., 2019; Hindocha et al., 2024).

Klinik belirtilerin siddeti ile goriintiileme bulgularinin
yayginlig1 her zaman paralel seyretmemektedir. Belirgin bilgisayarli
tomografi degisiklikleri bulunan bazi hastalar asemptomatik
kalabilirken, solunumsal yakinmalar1 belirgin olan hastalarda
radyolojik degisiklikler baglangicta sinirlt olabilir (Hanania et al.,
2019; Arroyo-Herndndez et al., 2021). Bu nedenle yalniz
gorlintiilleme bulgularina dayanilarak klinik siddet derecelendirmesi
yapilmasi uygun degildir.

Solunum fonksiyon testleri, hastanin tedavi Oncesindeki
pulmoner rezervinin belirlenmesi ve tedavi sonrasindaki fonksiyonel
degisimin izlenmesi bakimindan yararlidir. Ozellikle akcigerin
karbonmonoksit diflizyon kapasitesindeki (DLCO) azalma, gaz
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degisim ylizeyindeki etkilenmeyi yansitabilir. Bununla birlikte
solunum  fonksiyon testlerindeki  degisiklikler — radyasyon
pndmonisine 6zgli olmadigindan, bu o&lgiimler tek basina tani
koydurucu kabul edilmemelidir (Arroyo-Hernandez et al., 2021).

Common Terminology Criteria for Adverse Events
(CTCAE), pnomoniti klinik siddetine gore derece 1 ile derece 5
arasinda  smiflandirmaktadi. CTCAE v6.0’da  derece 1
asemptomatik ve yalniz gézlem gerektiren durumu, derece 2 tibbi
girisim gerektiren semptomatik hastaligi, derece 3 oksijen tedavisi
gerektiren siddetli belirtileri, derece 4 yasami tehdit eden solunum
bozuklugunu ve derece 5 advers olaya bagli 6limii tanimlamaktadir
(National Cancer Institute [NCI], 2025).

Radyasyon pnomonisi 0ngorii c¢alismalarinda sonlanim
noktasi siklikla CTCAE derece 2 ve iizerindeki semptomatik olaylar
olarak tanimlanmaktadir (Zhang et al., 2023; Reuter et al., 2026).
Bununla birlikte ¢alismalar karsilastirilirken kullanilan CTCAE
siriimiiniin, degerlendirme zamaninin, izlem siiresinin, pndmoninin
radyoterapiyle iliskilendirilme yonteminin ve sonlanim esiginin
acikgca belirtilmesi gerekmektedir. Yalmz radyolojik degisiklik
bulunan derece 1 olgularin tedavi gerektiren derece 2 ve tizerindeki
olaylarla ayni1 grupta degerlendirilmesi, bildirilen olay sikligin1 ve
gelistirilen ongorti modelinin performans oOl¢iitlerini
etkileyebilmektedir (NCI, 2025; Zhang et al., 2023; Reuter et al.,
2026).

Tablo 1. CTCAE v6.0'a gore pnomoni siddeti

Derece Tanmim Pratik karsihk

| Asemptomatik; yalmz klinik veya tanisal Radyolojik degisiklik olabilir,
gozlem; girisim gerekmez. semptom yoktur.

5 Semptomatik; tibbi girisim gerekir; aragsal Klinik ¢alismalarda ¢gogunlukla
giinliik yasam aktiviteleri sinirlanir. 'semptomatik pnomoni' esigidir.

Siddetli semptomlar; oksijen gerekir; 6z bakim  Hastaneye yatis ve yakin izlem
aktiviteleri sinirlanir. giindeme gelir.
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Derece Tanim Pratik karsihk

4 Yasamu tehdit eden solunum bozuklugu; acil Yogun bakim ve ventilatuvar
girisim gerekir. destek gerekebilir.
5 Advers olaya bagli 6lim. Oliimciil toksisite.

Kaynak: National Cancer Institute, CTCAE v6.0 (2025).

Radyoterapi sonrasinda saptanan bir bilgisayarli tomografi
bulgusu, tedavinin zamani ve teknik 6zellikleri bilinmeden giivenilir
bicimde yorumlanamaz. Radyoterapinin baslangi¢ ve bitis tarihleri,
kullanilan fraksiyonasyon semasi, 1sinlanan akciger hacmi, doz
dagilimi, degisikliklerin yiiksek doz bolgesiyle anatomik iligkisi, es
zamanli veya ardigik sistemik tedaviler ve Onceki goriintiilerdeki
degisim birlikte degerlendirilmelidir (Hanania et al., 2019; Arroyo-
Hernandez et al., 2021).

Radyasyon pnomonisi 6zgiil bir klinik bulguya veya tek
bagina tant koydurabilecek bir goriintiileme o6zelligine sahip
olmadigindan, tam1 c¢ogunlukla uyumlu tedavi Oykiisii ve
gorlintiilleme bulgulart egliginde diger olasiliklarin dislanmasina
dayanmaktadir (Hanania et al., 2019; Arroyo-Hernandez et al.,
2021). Semptomatik bir hastada viral ve bakteriyel enfeksiyonlar,
immiin kontrol noktasi inhibitorii iligkili pndmonit, pulmoner
emboli, pulmoner d6dem, tiimoér progresyonu ve kronik akciger
hastalig1 alevlenmesi sistematik bigimde arastirilmalidir (Hanania et
al., 2019; Hindocha et al, 2024). Ozellikle radyoterapi ile
immiinoterapinin birlikte veya ardisik kullanildig1 hastalarda klinik
ve radyolojik Oriintiilerin 6nemli 6l¢iide oOrtiisebilmesi, nedensel
siiflandirmayi giiclestirmektedir (Hindocha et al., 2024).

Tanisal  degerlendirme; semptomlarin  radyoterapiyle
zamansal iligkisi, radyasyon alani ile goriintileme bulgularmin
dagilimi, oksijen  satlirasyonu, laboratuvar incelemeleri,
mikrobiyolojik testler ve gerektiginde pulmoner vaskiiler
goriintiileme sonuclar1 birlikte ele alinarak gerceklestirilmelidir
(Hanania et al., 2019; Arroyo-Hernandez et al., 2021).
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Klinik ve Dozimetrik Risk Belirleyicileri

Radyasyon pnomonisiyle en sik iligkilendirilen dozimetrik
gostergeler ortalama akciger dozu ile V5, V10, V20 ve V30
degerleridir. Konvansiyonel fraksiyonlama uygulanan hastalarda
V20’nin %35’in, ortalama akciger dozunun ise 23 Gy’nin altinda
tutulmast makul planlama hedefleri olarak kabul edilmektedir.
Bununla birlikte bu degerler kesin giivenlik smirlar1 degildir ve
pndmoni riskini tamamen ortadan kaldirmaz. Ayrica aynt doz—hacim
histogramindan elde edilen bu olgiitler birbiriyle yiiksek diizeyde
iliskili oldugundan, tek bir gostergenin bagimsiz etkisini belirlemek
her zaman kolay degildir (Marks et al., 2010; De Ruysscher et al.,
2025).

Dozimetrik gostergelerin klinik anlami tedavi teknigine ve
fraksiyonasyona gore degismektedir. SBRT de sinirli bir akciger
hacmi birkag fraksiyonda yiiksek doz alirken, lokal ileri hastalikta
daha genis parankim alanlar1 diisik ve orta dozlara maruz
kalmaktadir. Bu nedenle ayn1 V20 veya ortalama akciger dozu
degerinin SBRT ile konvansiyonel radyoterapide esdeger biyolojik
etki olusturdugu varsayilamaz (Moiseenko et al., 2020; Saha et al.,
2021). Hesaplamada kullanilan normal akciger tanimi da 6nemlidir.
Giincel ESTRO kilavuzu, iki akcigerin toplam hacminden briit
timor hacminin ¢ikarilmasimi Onermektedir. GTV, CTV veya
PTV’nin ¢ikarildig: farkli tanimlar hesaplanan V20 ve ortalama
akciger dozu degerlerini, baz1 ¢alismalarda ise model performansini
degistirebildiginden kullanilan yontem acik¢a belirtilmelidir (Wang
et al., 2013; Gadsby et al., 2025; De Ruysscher et al., 2025).

Tedavi Oncesinde interstisyel akciger hastalii veya
interstisyel akciger degisikligi bulunmasi, radyasyon pnémonisi i¢in
en giiclii klinik risk belirleyicilerinden biridir (Jiang et al., 2025).
Ileri yas, orta veya alt lob yerlesimi, biiyiik tiimor ya da hedef hacmi,
eslik eden hastaliklar ve es zamanli kemoterapi de bazi ¢caligmalarda

artmis riskle iliskilendirilmistir. Ozellikle karboplatin-paklitaksel ile
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es zamanlt kemoradyoterapi uygulanan hastalarda semptomatik
pnomoni riskinin yiikseldigi bildirilmistir (Vogelius & Bentzen,
2012; Palma et al., 2013). Buna karsilik solunum fonksiyonlari,
sigara kullanimi, KOAH ve cinsiyet i¢in bildirilen sonuglar kohortlar
arasinda  degismektedir. Bu farkliliklar hasta  gruplarinin
heterojenligi, az sayidaki toksisite olayi, degisen sonlanim tanimlari
ve karigtirict degiskenlerin yeterince denetlenmemesiyle iliskili
olabilmektedir (De Ruysscher et al., 2025).

Hiicresel ve Molekiiler Patoloji

Iyonlastirici radyasyon, suyun radyoliziyle reaktif oksijen ve
azot tiirlerinin olugmasina yol acar. Gelisen oksidatif stres; DNA
zincir kiriklari, lipid peroksidasyonu, protein hasar1 ve mitokondri
islev bozukluguyla sonuglanabilir. Tip I alveol epitel hiicrelerinin
kayb1 gaz degisim yiizeyini zedelerken, tip II hiicrelerin hasari
stirfaktan liretimini ve epitel yenilenmesini aksatir. Endotel hasari ise
damar gecirgenligini artirarak interstisyel ddemi ve inflamatuvar
hiicrelerin dokuya gecisini kolaylastirir (Giuranno et al., 2019; Yan
et al., 2022; Wang et al., 2025).

Hasarli  hiicrelerden aciga c¢ikan tehlike sinyalleri,
HMGBI1/NF-kB ve cGAS—STING gibi dogustan bagisiklik yollarin
devreye sokabilmektedir. (Wang et al., 2015; Zhang et al., 2023). IL-
1B, IL-6, TNF-a, CCL2 ve TGF-f’nin eslik ettigi bu yanit; notrofil
ve monosit gocilinii, makrofaj aktivasyonunu ve ilerleyen donemde
fibrotik yeniden yapilanmay1 yonlendirmektedir (Yan et al., 2022;
Wang et al., 2025). Bu nedenle radyasyon pndmonisi, yalnizca
isinlanan  hiicrelerin  kaybiyla degil, epitel, endotel, bagisiklik
hiicreleri ve stromanin karsilikli etkilesimiyle gelisen bir doku yaniti
olarak ele alinmalidir (Giuranno et al., 2019; Wang et al., 2025).
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Sekil 1. Radyasyon kaynakl akciger hasarinda hiicresel ve
molekiiler siireklilik

Radyasyon Kaynakh Akciger Hasarinda Biyolojik

Sureklilik
iyonlast A (
yonlastirici ’ I '
radyasyon Bariyer hasan inflamatuvar yanit Onarim veya fibrozis]
ROS/RNS m—e | Tip I-ll alveol hilcreler] | === |  NF-kB ve cGAS-STING | === TGF-B/SMAD
Miyofibroblast
DNA ve mitokondrl hasan Endotel gegirgenlld| IL-1, IL-6, TNF, CCL2 R e
DAMP salinimi Sirfaktan kaybi Makrofa] durum degisimi e
o J S/ \ vy

Aylar-yillar: fibrotik yeniden

Dakikalar-gunler Haftalar-aylar: pnémani
Dakikalar-g alar-aylar: pnémor e

Greg tek yonil degildir; hasarin cézdimesi, kalici inflamasyen veya fibrozis
gelisebilir

Kaynak: Arroyo-Hernandez et al. (2021), Yang et al. (2022), Thakur et al. (2021)
ve Wang et al. (2025) temel alinarak yazarlar tarafindan olusturulmugtur.

Tek hiicreli transkriptomik bulgular

Yang ve arkadaslari, farelerde tek doz 20 Gy akciger
1sinlamasindan sekiz hafta sonra akciger dokusu ve periferik kan
mononiikleer hiicrelerinden elde edilen 43.062 hiicreyi incelemis ve
15 ana hiicre tipi tanimlamistir. Radyasyon pndmonisi grubunda tip
II alveol hiicreleri ile bronkoalveoler kok hiicreler azalirken,
miyeloid hiicrelerin ve 0Ozellikle makrofajlarin orani artmustir.
Yiiksek Fabp4 ifadesi gosteren normal alveoler makrofajlar biiyiik
Olciide kaybolmus; diisiik Fabp4 ve yiiksek Sppl ifadesi tasiyan alt
gruplar belirginlesmistir (Yang et al., 2022). Tip II alveol
hiicrelerinde oksidatif stres, mitokondriyal depolarizasyon ve
cGAS-STING sinyali; fibroblastlarda ise ekstraselliiler matriks,
fokal adezyon ve Wnt yolaklar1 6ne ¢ikmistir (Yang et al., 2022).
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Tek hiicreli yaklasim, toplu (bulk) RNA dizilemede doku
ortalamasi i¢inde kaybolabilen hiicreye 0zgli yanitlar1 goriiniir
kilmaktadir. Isinlamadan sonraki ilk giinlii inceleyen g¢alismada
bagisiklik hiicrelerinin stromal hiicrelerden daha duyarli oldugu;
ikinci haftada miyeloid ve endotel hiicrelerinde inflamatuvar
programlarin belirginlestigi bildirilmistir (Ma et al., 2022; Shi et al.,
2024). Daha uzun izlemli baska bir calismada ise radyasyon ve
immiinoterapi kaynakli hasarda senesans benzeri fibroblast,
makrofaj ve alveol epitel hiicrelerinin biriktigi gosterilmistir (Wu et
al., 2023). Bununla birlikte, bu ¢alismalar ¢gogunlukla tek ve yiiksek
doz kullanilan hayvan modellerine dayanmaktadir.

Inflamasyondan fibrozise gecis

Inflamatuvar yamitin yeterince sonlanmamasi; makrofaj
fenotipindeki degisim, TGF-B/SMAD sinyali, miyofibroblast
farklilagsmas1 ve ekstraselliiler matriks birikimi tizerinden kalic1 doku
yeniden yapilanmasina zemin hazirlar. Tek doz 10 Gy tiim toraks
1sinlamast uygulanan rhesus makaklarinda erken Oliim; artmis
solunum sayisi, yiiksek BT yogunlugu ve makrofajdan zengin agir
pnomoniyle iliskili bulunmustur. Ge¢ donemde M2-benzeri
makrofajlar ve TGF-B sinyali artarken epitelde CDKNI1A/p2l,
stromada ise a-SMA belirginlesmistir. RNA dizilemede SERPINA3,
ATP12A, GJB2, CLDNI10, TOX3 ve LPA 0ne c¢ikmis;
bronkoalveoler lavaj s1visi ve plazmada SERPINA3, TGF-f1, CCL2
ve CCLI1 protein diizeylerinde artis saptanmistir (Thakur et al.,
2021).

Zamana bagli degisim diger transkriptomik ¢aligmalarda da
goriilmektedir. 12 Gy total veya parsiyel beden 1sinlamasi uygulanan
insan dis1 primatlarda p53, GADD45 ve PI3K/AKT ile iligkili
yanitlar her iki 1sinlama biciminde de etkilenmis; 1sinlanan beden
hacmi ve Ornekleme giinli ortaya ¢ikan gen ifadesi Oriintiisii bu
yanitlar1 degistirmistir. Ancak Orneklerin 4. ve 7. giinlerde alindig:
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bu c¢alisma, lokal ve fraksiyone toraks radyoterapisinden ¢ok akut
radyasyon sendromunu modellemektedir (Vellichirammal et al.,
2022). Sicanlarin sag akcigerine 18 Gy uygulanarak yapilan bagka
bir calismada ise 4, 8 ve 16. haftalarda sirasiyla 491, 1.291 ve 795
mRNA ile 606, 1.715 ve 1.043 uzun kodlamayan RNA’nin farkl
diizeyde ifade edildigi bildirilmistir. Hiicre dongiisii, Fc reseptor
sinyali, hiicresel stres ve hiicre gogiiyle iliskili siireclerin agirligi da
zaman i¢inde degismistir (Zhang et al., 2019). Bu sonuglar, tek bir
ornekleme zamaninda belirlenen biyobelirtecin hastaligin biitiin
evrelerini temsil etmeyebilecegini gostermektedir.

Preklinik c¢alismalar olasi miidahale alanlarina da isaret
etmektedir. Simvastatin, farelerde damar gecirgenligini, lokosit
infiltrasyonunu ve histolojik hasar1 azaltirken radyasyona bagli gen
ifadesi bozukluklarini kismen diizeltmistir (Mathew et al., 2011).
Bununla birlikte deneysel dozlar, uygulama zamanlar1 ve ilag
maruziyeti klinik kosullardan farklidir. Bu nedenle statinler, TGF-f3
hedefleri, antioksidanlar veya antifibrotik ajanlarla elde edilen
hayvan sonuglari, prospektif insan verileri bulunmadan koruyucu
tedavi Onerisi olarak yorumlanmamalidir.

Bilgisayarh Tomografi Fenotipleri

Buzlu cam opasitesinde akciger ateniiasyonu artmasina
karsin brons ve damar sinirlar secilebilir; konsolidasyonda ise bu
yapilarin sinirlart biliyiik 6lclide ayirt edilemez hale gelmektedir.
Standart terminoloji, radyolojik degerlendirme ile nicel goriintii
analizinde aynmi bulgunun tanimlanabilmesi a¢isindan O6nemlidir
(Bankier et al., 2024). Buzlu cam opasitesi tek basina bir tani
degildir; kismi alveoler dolum, interstisyel kalinlagsma, kismi
alveoler kollaps veya artmis kapiller kan hacmi benzer goriiniim
olusturabilmektedir. Bu nedenle adenokarsinom spektrumuyla
iliskili nodiiler bir lezyon, tedavi sonrasinda gelisen yaygin
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opasitelerden klinik baglami ve dagilimi dikkate alinarak ayrim
saglanmaktadir (Pedersen et al., 2016; Bankier et al., 2024).

Radyasyon hasarinin erken doneminde buzlu cam opasiteleri,
yamali konsolidasyon ve hava bronkogramlar1 goriilebilmektedir.
Bulgular genellikle anatomik lob sinirlarindan ¢ok 1sinlanan alanin
bi¢imini izler. Ge¢ donemde ise ¢izgisel opasiteler, hacim kayba,
traksiyon bronsektazisi ve fibrotik konsolidasyon
belirginlesmektedir (Arroyo-Hernandez et al., 2021; Rahi et al.,
2021). Bununla birlikte radyasyonla iliskili organize pnémoni, 151n
alan1 disinda gelisen ve zaman i¢inde yer degistirebilen opasitelerle
seyredebilmektedir (Rahi et al., 2021).

Mozaik ateniiasyon, farkli yogunluktaki akciger alanlarinin
yamali1 bigimde bir arada goriilmesi anlamina gelmektedir. Infiltratif
parankim hastaliklar1, kii¢iik hava yolu obstriiksiyonu ve vaskiiler
bozukluklar bu Oriintilye yol acgabilmektedir. Ekspirasyon
goriintiileri hava hapsini, bolgesel damar kalibrasyonu ise perfiizyon
farkliliklarin1 degerlendirmeye yardimci olmaktadir (Ridge et al.,
2011; Bankier et al., 2024). Tim akcigerden radyomik ozellik
cikarilirken bu fizyolojik heterojenligin  doku odlgiimlerine
yanstyabilecegi gz onilinde bulundurulmalidir.

Yenilik¢i Goriintilleme ve Hiperpolarize Ksenon 129 MRG

Konvansiyonel BT akcigerin yapisal ozelliklerini yiiksek
uzamsal ¢oziiniirliikkle gosterirken spirometri akciger islevini bir
biitiin olarak degerlendirmektedir. Hiperpolarize ksenon-129
manyetik rezonans goriintiilleme (HP-'*Xe MRG) ise iyonlastirici
radyasyon kullanmadan boélgesel ventilasyonun incelenmesine
olanak vermektedir. Doganay ve arkadaglari, GOLD evre -1V
arasindaki 12 KOAH hastasinda hizli spiral k-uzay1 6rneklemesine
dayanan zaman serili bir yontem kullanmistir. Yaklasik 20 saniyelik
tek nefes tutma sirasinda sekiz hacim goriintiisii elde edilmis;
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zamansal ¢oziiniirlik yaklasik 2,5 saniye, uzamsal ¢oziiniirliik ise 2—
3 mm olarak bildirilmistir (Doganay et al., 2019).

HP-Xe MRG ile olgiilen goreli lobar ventilasyon,
ventilasyon SPECT ile r = 0,644 ve perfiizyon SPECT ile r = 0,767
diizeyinde iliski gostermistir. Tiim akciger HP-'*Xe ventilasyon
Ol¢timiiniin FEV: ve FEV/FVC ile iligkisi sirastyla r = —0,886 ve r
= —0,861 olup BT’den hesaplanan amfizem ylizdesine gore daha
giicli bulunmugtur. Bu sonuglar, yapisal olarak benzer goriinen
akciger alanlarinin islevsel agidan farkli olabilecegini ve yontemin
BT’ ye tamamlayici bolgesel bilgi saglayabilecegini gostermektedir
(Doganay et al., 2019). Bu ¢alisma KOAH hastalarinda yapilmis olsa
da HP-'*Xe MRG’nin akciger kanserindeki kullanimi daha sonraki
aragtirmalarda dogrudan degerlendirilmistir. 11 kiiclik hiicreli dis1
akciger kanseri hastasinda ventilasyon ve eritrositlere gaz gecisi
haritalar1 kullanilarak fonksiyonel koruyucu radyoterapi planlar
olusturulmustur (Rankine et al., 2021). Bagka bir pilot ¢calismada ise
10 hastada i1yi ventile akciger bolgelerinin V5, V10 ve V20 degerleri,
hedef hacim kapsami bozulmadan azaltilabilmistir (Ding et al.,
2022). Tedavi dncesi ve sonrasi goriintiileme yapilan prospektif bir
caliygmada da ventilasyon, alveoler membran tutulumu ve
eritrositlere gaz gecisindeki degisikliklerin alinan radyasyon
dozuyla iliskili oldugu gosterilmistir (Rankine et al., 2024). Bununla
birlikte mevcut calismalar kiiciik ve cogunlukla tek merkezlidir.
Ozel polarizasyon sistemi ve radyo-frekans donanimi gereksinimi,
nefes tutma siiresi ve MRG haritalarinin planlama BT’siyle
eslestirilmesindeki belirsizlikler yontemin yaygm kullanimini
sinirlamaktadir. Bu nedenle HP-'*Xe MRG bugiin i¢cin BT’nin
yerini alan rutin bir inceleme degil; fonksiyonel koruyucu planlama,
radyasyona bagli bolgesel islev kaybinin izlenmesi ve doziomik-
radyogenomik modellerin gelistirilmesi acisindan arastirilmaya
deger tamamlayici bir goriintiileme yontemidir (Ding et al., 2022;
Rankine et al., 2024).
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Enfeksiyoz ve Tedaviye Baghh Pnomonilerle Ayirict Tam

COVID-19 pnomonisinde bilateral ve periferik buzlu cam
opasiteleri ile konsolidasyonlar sik goriilmekle birlikte bu bulgular
hastaliga 6zgii degildir. Ai ve arkadaslarinin 1.014 olguyu kapsayan
caligmasinda BT nin RT-PCR pozitifligine kars1 duyarliligr yiiksek,
ozgiilligii ise diisiik bulunmustur. Salgin doneminde ve hastalik
prevalansinin yiiksek oldugu bir ortamda elde edilen bu sonuglarin,
tedavi sonrast akciger degisiklikleri bulunan kanser hastalarina
dogrudan aktarilmasi uygun degildir (Ai et al., 2020).

Soya ve arkadaglarinin 50 COVID-19 hastas1 ile 50 negatif
kontrolii karsilagtirdigi calismada, —642,4 ile 143 HU arasindaki
ateniiasyon degerleri kullanilarak piksel diizeyinde pnomoni yiikii
hesaplanmigstir. Tim akciger pnémoni ytizdesi COVID-19 grubunda
%S8,1 + 4,4, kontrol grubunda ise %1,4 = 0,62 bulunmustur. Piksel
tabanli yaklagimin 6zellikle tist loblardaki degisiklikleri ticari yapay
zekd yazilimindan yaklasik dort kat daha duyarli gosterdigi
bildirilmistir (Soya et al., 2022). Bununla birlikte ¢aligmada akciger
kanseri ve amfizem bulunan hastalar dislanmistir. Bu nedenle nicel
opasite yiikii hastaligin yayginlhigini gosterebilse de radyasyon doz
dagilim1 ve tedavi Oykiisiiyle birlikte degerlendirilmeden etiyolojiyi
belirleyemez.

Radyoterapt  Oykiisii  bulunan hastalarda  dogrudan
karsilagtirma yapan ilk g¢aligsmalardan biri yalnizca dort ayrintili
olguya dayanmistir (Zeng et al., 2020). COVID-19 i¢in gelistirilmis
bir algoritmanin radyasyon pnémonisi olgularina uygulandig1 baska
bir calismada 6zgiilliikk %2’de kalmis ve radyasyon pnomonilerinin
cogu COVID-19 agisindan silipheli olarak simiflandirilmistir
(Giordano et al., 2021). Daha sonra 455 hastay1 kapsayan cok
merkezli bir caligmada radyasyon pnomonisi ile COVID-19 ayrimi
icin AUC 0,92’ye ulasirken immiin iligkili pndmonit ile COVID-19
ayriminda AUC 0,68’de kalmistir (Hindocha et al., 2024). Bu
nedenle ayirict tani; BT bulgularinin radyasyon doz dagilimiyla
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uzamsal uyumu, semptomlarin ortaya ¢ikis zamani, radyoterapi ve
immiinoterapi dykiisii, seri goriintiileme bulgulari ile mikrobiyolojik
ve laboratuvar  verilerinin  biitiincil  degerlendirilmesine
dayanmalidir. Nicel goriintii analizi ve yapay zeka tabanli yontemler
bu siirece katki saglayabilmekle birlikte, tek baslarina kesin tani
araci olarak kabul edilmemelidir.

Radyogenomik: Goriintiileme Fenotipinden Biyolojik
Duyarhhga

Radyogenomik, goriintiileme fenotipleri ile genomik veya
transkriptomik 6zellikler arasindaki iligkileri arastirir. Bu yaklagimin
erken Orneklerinden birinde Segal ve arkadaslari, karaciger
kanserinde 28  goriintiileme  Ozelliginin  gen  ekspresyon
profillerindeki  degisimin yaklagitk %78’ini  yansitabildigini
bildirmistir. Bu sonug, goriintiilemenin molekiiler incelemenin
yerini alabilecegini degil, baz1 gen ekspresyon programlarinin
gorilintiileme fenotipine yansiyabilecegini gostermektedir (Segal et
al., 2007).

Akciger kanserindeki ¢aligmalarin 6nemli bir boliimii tiimor
biyolojisine odaklanmistir. Zhou ve arkadaslari, 113 kiigiik hiicreli
dis1 akciger kanseri hastasinda BT 6zellikleri ile metagenler arasinda
coklu test diizeltmesi sonrasinda 32 anlamli iliski belirlemistir.
Buzlu cam bileseni ve diizensiz tiimdr sinirlari, epidermal biiylime
faktorii yoluyla iliskili bulunmustur (Zhou et al., 2018). Wang ve
arkadaglar1 da 89 hastada 187 radyomik Ozellik—metagen iliskisi
bildirmistir (Wang et al., 2019). FDG PET/BT ve genomik verileri
birlikte inceleyen Kirienko ve arkadaslarinin caligmasi ise elde
edilen iligkilerin kullanilan istatistiksel yonteme ve segilen klinik
sonlanima bagli olarak degisebilecegini gostermistir (Kirienko et al.,
2021). Bu caligmalar tiimor fenotipini agiklamakla birlikte, normal
akciger dokusunun radyasyona duyarliligin1 dogrudan gdstermez.
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Normal doku toksisitesine odaklanan Du ve arkadaslari, 118
hastada yaklasik 700.000 tek niikleotid polimorfizmini inceleyerek
39 varyanttan olusan bir Radyasyon Pndmonisi Indeksi
gelistirmistir. Model, derece 2 ve {izeri pndmoni i¢in %92 duyarlilik
ve %100 ozgiilliik gostermistir. Bununla birlikte, sinirli 6rneklemde
cok sayida degisken arasindan se¢im yapilmasi ve bagimsiz dis
dogrulamanin bulunmamasi nedeniyle bu sonuglarin asir1 uyum

olasilig1 gozetilerek degerlendirilmesi gerekmektedir (Du et al.,
2020).

Li ve arkadaslarimin 100 hastayr iceren c¢ok merkezli
caligmasinda ise tedavi oncesi tiim akciger BT radyomik skoru,
timor histolojisi ve XRCC1 rs25487 varyant1 derece 2 ve lizeri
radyasyon pnomonisinin bagimsiz belirleyicileri olarak saptanmustir.
Bu ii¢ bileseni birlestiren modelin AUC degeri 0,827 olup tek basina
klinik, radyomik veya genetik modellere gore daha yiiksektir (Li et
al., 2024). Bulgular radyogenomik yaklasimin hasta diizeyinde risk
degerlendirmesine katki saglayabilecegini diisiindiirmekle birlikte,
modelin farkli hasta gruplarinda ve tedavi protokollerinde prospektif
olarak dogrulanmas1 gerekmektedir.

Transkriptomik ve Dolasimdaki Biyobelirtecler

Bulk RNA dizilemede tiimor dokusu, normal akciger,
periferik  kan  mononiikleer hiicreleri veya tam kan
kullanilabilmektedir. Analiz siireci; RNA kalitesinin
degerlendirilmesi, kiitiiphane hazirligi, dizileme, kalite kontrolii,
referans genoma hizalama, gen diizeyinde sayim, normalizasyon ve
diferansiyel ekspresyon basamaklarimi icermektedir (Kukurba &
Montgomery, 2015; Conesa et al., 2016). Ekzon-ekzon birlesimlerini
tantyabilen STAR, RNA dizileme verilerinin hizalanmasinda yaygin
olarak kullanilan araglardan biridir (Dobin et al., 2013). Diferansiyel
genlerin GO ve KEGG analizleriyle yorumlanmasinda arka plan gen
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kiimesi, c¢oklu test diizeltmesi ve kullanilan veri tabani siirlimii
acikea belirtilmelidir (Van Bel et al., 2013).

Bununla birlikte, diferansiyel genlerden olusan bir liste tek
basma klinik biyobelirteg olarak kabul edilemez. Bulk RNA
dizileme hiicre karistminin ortalama sinyalini verdiginden, hiicre
dagilimindaki degisiklikler ger¢ek gen ekspresyon farkliligi izlenimi
olusturabilmektedir (Avila Cobos et al., 2018). Kan alma zamani,
steroid kullanimi, enfeksiyon ve tiimor yiikii de sonuglar
etkileyebilmektedir. Tedavi Oncesinde ve tedavi sirasinda ayni
hastadan alinan seri Ornekler, baglangic diizeyinin dikkate
alinmasina ve dinamik degisikliklerin izlenmesine yardimci
olmaktadir (Conesa et al., 2016). Tek hiicreli RNA dizileme hiicre
tiplerini ve hiicresel durumlar1 ayirabilse de daha yiiksek maliyet,
teknik is yiikii ve doku ayristirmasia bagli yanliliklar nedeniyle
genis klinik kohortlarda daha gii¢ uygulanmaktadir (Luecken &
Theis, 2019; Denisenko et al., 2020).

Biitiinlesik Coklu-Veri Modeli

Radyasyon pnémonisi gibi ¢cok etkenli bir sonugcta tek bir veri
katmaninin biitiin riski agiklamasi beklenmez. Klinik degiskenler
hastanin rezervini ve tedavi baglamini, doz-hacim 6l¢iitleri toplam
maruziyeti, doziomik dozun uzamsal diizenini, BT radyomigi
baslangic parankim fenotipini, genomik kalitsal yatkinligr ve
transkriptomik hiicresel yanitin o andaki durumunu yansitir. Basarili
bir biitiinlesik model, bu katmanlar1 yalniz yan yana eklemekle
kurulmaz. Verilerin aynmi1 hastada uyumlu zamanlarda toplanmasi,
ortak bir sonlanimla iligkilendirilmesi, bilgi sizintisi olmadan
secilmesi ve bagimsiz merkezde sinanmasi gerekir.
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Sekil 2. Klinik, dozimetrik, goriintiileme ve molekiiler verilerin

biitiinlestirilmesi
o i — e
Klinik Doz-hacim BT radyomigi
Yas, rezerv, komorbidite MLD, V5-V30 Parankim yogunlugu
tedavi ve semptomiar fraksiyonasyon L doku ve bélgesel 6runti
Doziomik Genomik-transkriptomi
38 doz heterojenlidi SNERRAMANA
Izodoz/BED bolgeleri durumlan
Uyumlastirma ve bitinlestirme
Onceden tanimli sonlamim + sizintisiz 6zellik segimi
Eksik veri yonetimi
ic ve dis dogrulama
Kalibrasyon + giiven aralig: + karar egrisi
Teknik ve merkez alt gruplari
Kalibre edilmis bireysel risk + klinik
eylem esigi

Kaynak: van Timmeren et al. (2020), Shi et al. (2019), Zhang et al. (2023) ve
Reuter et al. (2026) temel alinarak yazarlar tarafindan olusturulmustur.

Delasos ve arkadaslar1 iki merkezden 293 evre III hastay1
degerlendirerek yedi radyomik 6zellikten olusan bir model gelistirdi.
Herhangi bir pndmoninin 6ngoriisiinde i¢ testte AUC 0,76, dis testte
0,85 elde edildi. Ayr1 bir model, radyasyon pndmonisi ile immiin
kontrol noktasi inhibitérii pndmonisini dis veride AUC 0,81 ile
ayirdi. Gen seti zenginlestirmesinde ekstraselliiler matriks-reseptor
ve T-hiicresi sinyalleri; etiyolojiye gore ise MAPK ile JAK-STAT
yolaklar1 6ne ¢ikt1 (Delasos et al., 2024). Goriintii fenotipini olasi
biyolojik aciklamalarla bulusturmasi ¢alismanin gii¢lii yanidir. Buna
ragmen modelin gercek bir klinik karar esiginde yarar saglayip
saglamadig1 prospektif olarak gosterilmis degildir.
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Periferik Kan ve Metabolik Akis Modelleri

Yang ve arkadaslari, radyoterapi Oncesinde 48 hastadan
alman periferik kan RNA dizileme verilerini genom 0lgekli
metabolik akis analiziyle birlestirdi. Yirmi dort hastada radyasyon
pnomonisi gelisitken bunlarin 13’i derece 2 veya iizerindeydi.
Modelin AUC degeri 0,933, tahminlerle gézlenen klinik sonuglar
arasindaki uyum ise %81,25 olarak bildirildi; yalnizca klinik ve
dozimetrik degiskenlere dayanan yaklagimim AUC degeri 0,604’te
kaldi. Bununla birlikte, bagimsiz dogrulama grubunun bulunmamasi
nedeniyle sonuglar klinik kullanima hazir bir testten ¢ok kesif
niteliginde degerlendirilmelidir (Yang et al., 2021).

Hinton ve arkadaslari, lokal ileri kii¢iik hiicreli dis1 akciger
kanseri bulunan 39 hastada plazma mikroRNA ve sitokin diizeylerini
genellestirilmis esdeger liniform dozla birlikte degerlendirdi. miR-
532, miR-99b, miR-495, let-7c, miR-451 ve miR-139-3p akciger
toksisitesiyle iliskili bulunurken birlesik Bayes modelinin ¢apraz
dogrulanmis AUC degeri 0,87 idi. Pnomoni gelisen hastalarda
tedavinin ilk iki haftasinda sTNFR1 ve ADAMI17 diizeylerinde
gozlenen gecici azalma, TNF-o/NF-«xB ekseninin olasi roliinii
desteklemekle  birlikte  anti-TNF  tedavisinin  etkinligini
kanitlamamaktadir (Hinton et al., 2022).

Insan dis1 primatlarda 9,8-10,7 Gy toraks 1sinlamasindan
sonraki 3-270. giinler arasinda alinan kan Ornekleri, sagkalimla
iliskili RNA imzalarinin zamana gore degistigini gosterdi. Erken
donemdeki drneklerin birlikte degerlendirilmesiyle sagkalim tahmin
dogrulugu 0,76’ya ulasti. Ancak ¢alisma, fraksiyone kanser tedavisi
sonrasindaki pnomoniyi degil, yiiksek doz ismmlamadan sonraki
sagkalimi arastirmistir (Aryankalayil et al., 2024). Kan temelli
belirtegler tekrarli orneklemeye elverisli olmakla birlikte 6rnek
isleme siiresi, hemoliz ve analiz platformu standartlastiriimali;
l6kosit dagilimi, enfeksiyonlar ve es zamanli tedaviler analizlerde
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denetlenmelidir (Dvinge et al., 2014; Kirschner et al., 2013;
O’Connell et al., 2023).

Klinik Uygulamaya Geciste Temel Sorunlar

Radyomik 6zellikler yalnizca doku biyolojisini yansitmaz;
cihaz, ¢gekim protokolii, rekonstriiksiyon ¢ekirdegi, kesit kalinlig1 ve
segmentasyon yontemi de ol¢timleri etkiler. IBSI standartlar1 6zellik
hesaplamalarindaki farkliliklar1 azaltmayr amaglarken ComBat gibi
yontemler merkezler arasindaki teknik degiskenligi
sinirlayabilmektedir. Ancak merkez ile klinik sonlanim birbiriyle
iliskiliyse harmonizasyon biyolojik sinyalin bir bolimiinii de
ortadan kaldirabilir. Bu nedenle harmonizasyon parametreleri
yalnizca egitim verisinden Ogrenilmeli ve test verisine
degistirilmeden uygulanmalidir (Zwanenburg et al., 2020; Marzi et
al., 2024). Reuter ve arkadaglarinin 708 hastay1 kapsayan analizinde,
radyomik modelin dis dogrulama AUC’si 0,56’da kalmig; NTCP ve
doziomik modellerin performansi ise 3D-konformal radyoterapi ile
IMRT gruplarinda belirgin bi¢imde degismistir. Bu sonug, tedavi
tekniginin Onceden tanimlanmis alt grup analizlerinde dikkate
alinmasi gerektigini gostermektedir (Reuter et al., 2026).

Olay sayisinin az, aday ozellik sayisinin fazla oldugu
calismalarda asir1 uyum riski yiiksektir. Ozellik secimi, dlgekleme,
harmonizasyon ve sentetik ornekleme gibi islemler her egitim kati
icinde yiiriitiilmeli; i¢ i¢e capraz dogrulamanin ardindan bagimsiz
dis dogrulama yapilmalidir. Performans degerlendirmesi de yalniz
AUC’ye dayanmamali; kalibrasyon, giiven araliklari, klinik esikte
duyarlihik ve Ozgiillik ile karar egrisi ve net yarar birlikte
bildirilmelidir (Vickers & Elkin, 2006; Van Calster et al., 2019;
Collins et al., 2024).

Bir risk modelinin klinik degeri, sonucunun uygulanabilir bir
karar1 desteklemesine baghdir. Yiiksek risk; daha yakin izlem,
islevsel akcigeri koruyan planlama veya doz dagilimmin yeniden
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degerlendirilmesini gerektirebilir, ancak tiimor kontroliinii tehlikeye
atabilecek otomatik bir doz azaltimi anlamina gelmez. Modelin
riskle iliskili akciger bolgesini gostermesi, belirsiz sonuglari
bildirmesi ve uygulama verisi egitim dagilimindan uzaklastiginda
kullaniciyr uyarmasi gerekir. Genomik veriler ig¢in ise onamin
kapsami, saklama siiresi, erisim yetkisi, ikincil kullanim ve
beklenmedik bulgularin yonetimi 6nceden belirlenmelidir. Farkli
genetik kokenlerin yeterince temsil edilmedigi modeller klinik
esitsizlikleri artirabileceginden ¢ok merkezli dogrulama yalniz hasta
sayisini degil, kohort ¢esitliligini de gozetmelidir (Knoppers, 2014).

Gelecek Perspektifi

Gelecekte amag, tek bir veri setinde en yiiksek AUC’yi elde
etmekten cok, tedavi siiresince giincellenebilen modeller gelistirmek
olmalidir. Planlama BT’si ve doz haritast baslangi¢ riskini; tedavi
sirasinda alman konik 1smmli veya yeniden planlama BT’leri
parankimdeki zamansal degisimi; seri kan RNA, mikroRNA ve
protein Olgiimleri ise biyolojik yanit1 gosterebilir. Ayni zaman
cizelgesinde toplanan bu veriler, bir kez hesaplanan sabit bir risk
skorundan daha anlamli bir erken uyar1 sistemi olusturabilmektedir
(Cunliffe et al., 2015).

Hiperpolarize ksenon-129 MRG ile elde edilen bolgesel
ventilasyon haritalarinin radyogenomik modellere eklenmesi,
akciger dokusunun yalniz yapisal Ozelliklerinin degil, islevsel
durumunun da degerlendirilmesini saglayabilir. Bu haritalarin BT
radyomik 6zellikleri, iic boyutlu doz dagilimi ve genomik ya da
transkriptomik belirteclerle birlestirilmesi; iyi ventile akciger
bolgelerinin belirlenmesine, bu alanlarin tedavi planlamasinda
korunmasma ve radyasyona bagh islev kaybmin yapisal
degisikliklerden Once saptanmasina katki sunabilir. Tedavi
oncesinde ve tedavi siirecinde yinelenen Olc¢limler, hasta riskinin
zaman i¢inde gilincellenmesine de imkan verebilir KOAH
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hastalarinda elde edilen bulgular yontemin bdlgesel ventilasyonu
nicel olarak gosterebildigini desteklemekle birlikte, radyogenomik
kullaniminin klinik degeri prospektif akciger kanseri ¢aligmalarinda
arastirtlmalidir. Bu y0niiyle hiperpolarize ksenon-129 MRG,
gelecekte cok katmanli radyogenomik modelleri tamamlayabilecek
umut verici  bir islevsel goriintileme yOntemi olarak
degerlendirilebilir (Doganay et al., 2019).

Federatif 6grenme, hasta verilerini kurum disina ¢ikarmadan
cok merkezli model gelistirilmesine yardimci olabilir; ancak
merkezler arasindaki goriintiileme, tedavi ve hasta farkliliklarini tek
basina ortadan kaldirmaz (Sheller et al., 2020). Prospektif
caligmalarda basar1 yalniz model performansiyla degil; gereksiz
goriintiileme ve steroid kullaniminin, hastaneye yatisin, yasam
kalitesinin ~ ve  timoér  kontroliinlin  nasil  etkilendigiyle
degerlendirilmelidir. Kisa vadede gergek¢i hedef, hekimin yerini
alan otonom bir sistem degil; doz haritasini, onceki ve giincel
gortintiileri, islevsel verileri ve biyobelirtegleri birlikte sunan, iyi
kalibre edilmis bir klinik karar destegidir.

Sonug¢

Radyasyon pnOmonisinin  gelisiminde birden fazla
mekanizma rol oynar. Akciger parankimindeki dogrudan radyasyon
hasari; epitel, endotel, bagisiklik ve stromal hiicrelerin yanitt; dozun
miktar1 ve dagilimu ile kisisel biyolojik duyarlilik ayni klinik tabloya
katkida bulunur. BT'de goriilen buzlu cam opasiteleri ve
konsolidasyonlar 6nemli ipuclaridir, ancak 6zgiil degildir. Dogru
ayirict tani icin bulgunun tedaviyle zaman iligkisi, doz alanma
uzamsal uyumu, seri goriintiilerdeki seyri, mikrobiyolojik sonuclar
ve genel klinik baglam birlikte okunmalidir.

Radyomik, doziomik, genomik ve transkriptomik veriler,
kisisellestirilmis risk ongoriisii i¢in giiclii ve birbirini tamamlayan
olanaklar sunmaktadir. Buna karsilik, kii¢iik kohortlarda bildirilen

--92--



yiiksek AUC degerlerinin genis prospektif dis dogrulamalarda her
zaman yinelenmemesi onemli bir uyaridir. Standardizasyon, bilgi
sizintisint - Onleyen modelleme, kalibrasyon ve klinik yarar
degerlendirmesi tamamlanmadan bu yaklagimlarin rutin kullanima
tasinmasi1 erken olacaktir. Mevcut kanitlar, tek bir biyobelirtece
odaklanmak yerine klinik bilgilerin, gériintiileme bulgularinin, doz
parametrelerinin  ve biyolojik verilerin agik¢a tanimlanmus,
dogrulanabilir ve yeni verilerle gilincellenebilir bir modelde birlikte
degerlendirilmesini desteklemektedir.
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