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ONSOZ

Doganin biyofizik yasalar1 ile bilincin 6znel deneyimleri arasinda en karmasik baglanti
beyindir. Noronal aglarda, atomik diizeyde iyon hareketleriyle baslayan siirecler, diisiinceye,
duyguya ve davranisa doniisiir. From Biophysics to Clinic: The Brain, yasamin fiziksel
temellerinden zihnin klinik yansimalarima uzanan bu ¢ok katmanli siirekliligi anlamay1
amagliyor. Epigenetik diizenlemelerden elektromanyetik etkilesimlere, sinaptik plastisiteden
norodejeneratif hastaliklara kadar uzanan bu yolculuk, beynin yalnizca bir organ olmadigini,
ayn1 zamanda siirekli olarak degisen ve gelisen bir sistem oldugunu gostermektedir.
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CHAPTER 1

EMOTIONAL CIRCUITS: MRI ANALYSIS OF THE
LIMBIC SYSTEM AND THE BRAIN'S HIDDEN
NETWORKS

1. Cemile AVCI AKAN!

Introduction

The limbic system plays a significant role in organizing
emotions, memory, motivation, and internal states in the human
brain; it is an evolutionarily ancient and highly complex network of
interconnected structures (LeDoux, 2000). While classical models
focused on the hippocampus, amygdala, cingulate cortex, and
parahippocampal structures, modern neuroscience describes the
limbic system as a broader functional whole encompassing
emotional processing, stress response, reward-value coding, and
cognitive control. (Pessoa, 2017). For this reason, the limbic system
is considered not just an anatomical structure, but a dynamic network
system that reflects the brain's internal states (Barrett & Satpute,
2013).

1 Ogr.Gor.Cemile AVCI AKAN, Ondokuz Mayis University, Alacam Vocational
School, Office Services and Secretarial Department, Samsun, Turkiye Orcid:
0000-0002-8436-438X
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Advances in magnetic resonance imaging (MRI) have
marked the beginning of a new era in the study of the limbic system.
While high-resolution structural MRI enables macrostructural
assessments such as hippocampal subfield segmentation and
amygdala core differentiation (Wisse et al., 2021), diffusion-based
methods (DTI, HARDI, NODDI, DSI) reveal the microstructural
integrity of limbic pathways (Jeurissen et al., 2013; Zhang et al.,
2012). In particular, the detailed mapping of limbic connection
pathways such as the cingulum, uncinated fasciculus, and fornix
using diffusion MRI has deepened our understanding of the
underlying biophysical mechanisms of emotional and cognitive
processes (Beaulieu, 2002).

Functional MRI (fMRI), on the other hand, enables the
assessment of the functional integrity of core circuits such as the
amygdala, hippocampus, and prefrontal axis by analyzing the
dynamic activity patterns of limbic circuits and their intra-network
and inter-network interactions (Etkin et al., 2011). Thus, from this
point on, the limbic system is evaluated not only in terms of “what
is each structure doing?” but also in terms of “how do these
structures communicate with each other?” using a network-based
approach (Buckner et al., 2008).

These neuroimaging advances have further reinforced the
clinical significance of the limbic system. Limbic structures and
connections are affected early and significantly in many neurological
and psychiatric disorders such as temporal lobe epilepsy, focal
cortical dysplasia, depression, post-traumatic stress disorder
(PTSD), anxiety, and dementia (McEwen & Morrison, 2013; Small
et al., 2011). In this regard, modern MRI techniques are of critical
importance in understanding the pathophysiology of the limbic
system, early diagnosis, and disease monitoring.

This study will address the neuroanatomical organization of

the limbic system, its functional roles, and current methods used to
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evaluate limbic circuits using MRI; it will also discuss
microstructural and connective indicators in clinical neuroimaging.
The aim is to comprehensively understand the core circuits of
emotion and memory using a multimodal MRI approach.

LIMBIC SYSTEM NEUROANATOMY

The limbic system is a complex structure at the center of the
brain's complex functions such as emotion, memory, homeostasis,
motivation, and social behavior. Today, the limbic system is studied
not only as an anatomical structure but also as a component of a
large-scale network established between the amygdala,
hippocampus, cingulate cortex, orbitofrontal-prefrontal regions, and
limbic white matter tracts. Figure 1 visually presents the basic
neuroanatomical components of the limbic system. In this section,
we will examine the core structures of the limbic circuit both

neuroanatomically and functionally, as well as their assessability by
MRI.

Figure 1. Neuroanatomical structures of the limbic system.
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The hippocampus is one of the most extensively studied
structures of the limbic system and is highly specific in terms of both
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its anatomical and microstructural organization. The hippocampal
formation consists of functionally interconnected subregions: the
CAI1-CAA4 areas, the dentate gyrus (DG), and the subiculum. As is
well known, the CAl area is the most susceptible to ischemic
damage due to its thin-layered structure and metabolic sensitivity
(Small et al., 2011). The CA3 area plays an important role in pattern
completion and rapid content completion processes thanks to its
strong recurrent connections (Rolls, 2013). The dentate gyrus is one
of the rare cortical areas where adult neurogenesis occurs and is
central to the pattern separation mechanism that enables the
discrimination of new information from similar patterns (Yassa &
Stark, 2011). The subiculum is the main pathway carrying the
majority of hippocampal outputs and transmits to broad target areas
such as the prefrontal cortex, retrosplenial cortex, and thalamus
(Witter et al., 2017).

Functionally, the hippocampus plays a central role in
episodic memory formation, spatial mapping, contextual state
coding, reality monitoring, and emotional-cognitive integration
(Eichenbaum, 2017). This structure plays a critical role as a
transition node in both the formation of internal representations and
the contextually appropriate retrieval of memory. Hippocampal
circuits also organize the encoding of emotional experiences into
memory by establishing bidirectional communication with the
amygdala and prefrontal cortex.

Magnetic resonance imaging is one of the most powerful
imaging techniques that allows for the macrostructural and
microstructural assessment of the hippocampus. High-resolution T1-
and T2-weighted structural MRI enables separate segmentation of
the CA1-CA4, DG, and subiculum subregions (Wisse et al., 2021).
Diffusion MRI techniques (DTI, HARDI, NODDI) can reveal
microstructural properties of hippocampal tissue, showing distinct
FA/MD maps between the CA1 and CA3 areas (Jeurissen et al.,
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2013). NODDI, in particular, provides sensitive findings about
dendritic integrity in the dentate gyrus and CA areas using
biophysical parameters such as neurite density index (NDI) and
orientation dispersion index (ODI) (Zhang et al, 2012).
Furthermore, functional MRI (fMRI) allows for the assessment of
the functional integrity of this structure by showing how
hippocampal activity changes during episodic memory tasks.

Clinically, the hippocampus is associated with many
neurological and psychiatric conditions, such as temporal lobe
epilepsy, hippocampal sclerosis, focal cortical dysplasia, depression,
and post-traumatic stress disorder. Therefore, both macro-structural
volume measurements and micro-structural diffusion indicators are
critically important in the early diagnosis of hippocampal
pathologies.

Amygdala: Emotional Evaluation, Threat Processing, and
Limbic Integration

The amygdala is one of the most studied structures of the
limbic system and is central to emotional learning, threat perception,
fear response, and social and emotional evaluation functions.
Anatomically located in the medial temporal lobe, anterior and
superior to the hippocampus, the amygdala consists of functionally
distinct subregions: the basolateral complex (BLA), the central
nucleus (CeA), and the cortical nucleus (LeDoux, 2000). The BLA,
in particular, plays a critical role in learning and making sense of
emotional stimuli through its rich afferent connections from cortical
regions. In contrast, the central nucleus (CeA) of the amygdala
serves as an output region for the generation of autonomic and
behavioral responses and is strongly connected to the hypothalamus,
brainstem, and autonomic centers (Pessoa, 2017).

The amygdala is not solely involved in fear processing and
threat perception; it also encompasses a broad response system
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including social interaction, evaluation of facial expressions, reward
and motivation, and even modulation of memory processes. The
bidirectional connections the amygdala establishes with the
hippocampus enable emotionally charged memories to become more
enduring. This interaction causes changes in hippocampal memory
encoding, particularly in situations where stress hormones are
activated (McGaugh, 2015).

Advances in MRI technology have enabled high-resolution
imaging of the amygdala's subnuclei. Current T1-weighted structural
MRI protocols can provide core-based differentiation of the
amygdala at a resolution of approximately 0.7-0.8 mm (Saygin et
al., 2017). In addition, diffusion MRI studies have revealed that the
uncinate fasciculus connections between the amygdala and the
prefrontal cortex are significantly associated with emotional
regulation disorders (Kim & Whalen, 2009). fMRI is also the most
important technique for revealing the rapid and strong activation of
the amygdala in response to stimuli involving fear, facial
expressions, and social threats (Phelps & LeDoux, 2005).

Clinically, the amygdala is central to many neuropsychiatric
conditions such as anxiety disorders, depression, post-traumatic
stress disorder (PTSD), bipolar disorder, and temporal lobe epilepsy.
In PTSD, amygdala hyperactivity and decreased prefrontal cortical
inhibition lead to a pathological persistence of threat perception,
while depression is frequently associated with a reduction in
amygdala volume and increased functional reactivity (Hamilton et
al., 2012). For this reason, the amygdala is described as one of the
most critical nodes of the limbic system in terms of neuroimaging
and clinical research.

Singulate Cortex

The cingulate cortex is a broad cortical area on the medial
surface of the brain that connects the prefrontal and parietal lobes
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and is one of the fundamental components of the limbic system.
Structurally, it is divided into two main subregions: the anterior
cingulate cortex (ACC) and the posterior cingulate cortex (PCC).
The ACC is considered the cognitive and emotional command
center, while the PCC is the brain's internal state and awareness
center and is the core area of the Default Mode Network (DMN)
(Vogt, 2005).

The ACC is particularly involved in functions such as
emotional regulation, conflict monitoring, error detection,
motivation, and control of autonomous responses. The ACC's
extensive prefrontal connections are key to coordinating emotional
arousal with cognitive control processes, placing the ACC at the
intersection of both emotional and executive functions (Etkin et al.,
2011). Clinically, the ACC exhibits hypofunction, hyperactivity, or
connective disorganization in many psychiatric disorders such as
anxiety disorders, depression, obsessive-compulsive disorder
(OCD), and post-traumatic stress disorder (PTSD) (Pizzagalli,
2011).

The PCC is associated with functions such as episodic
memory recall, internal thought, self-awareness, and processing of
environmental context. In functional MRI studies, the PCC is
described as the central region of the Default Mode Network, which
shows high activity during rest, and is therefore closely linked to
cognitive introspection, mental wandering, and self-representations
(Buckner et al., 2008). PCC structural integrity shows dysfunction,
particularly in the early stages of Alzheimer's disease; in this context,
the PCC is an important indicator for both structural and functional
neuroimaging (Leech & Sharp, 2014).

MRI techniques reveal powerful insights into the evaluation
of the cingulate cortex. Structural MRI determines cortical thickness
and volume changes in the ACC and PCC, while diffusion MRI

reveals the integrity of cingulum fibers. The cingulum is the most
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important limbic white matter tract facilitating information flow
between the hippocampus, PCC, and ACC, and can be observed as a
decrease in FA or changes in NODDI parameters in depression,
anxiety, and post-traumatic conditions (Bubb et al, 2018).
Functional MRI, on the other hand, provides a detailed picture of the
dynamic roles of the ACC and PCC within the network, particularly
in the context of the Salience Network (ACC) and Default Mode
Network (PCC).

The cingulate cortex is one of the most critical components
of the limbic system in terms of regulating emotional processes,
maintaining internal states, memory processes, and integrating
cognitive control. For this reason, evaluating the cingulate cortex
with multimodal MRI provides powerful neural analysis for both
basic neuroscience and clinical diagnosis.

Limbic White Matter Pathways

The limbic system is not limited to its core structures; the
interaction between these structures occurs largely through white
matter tracts. These tracts form the structural backbone that
organizes the flow of information within the limbic network and
enables the systematic functioning of both emotional and cognitive
processes. Specifically, the cingulate fasciculus, uncinate fasciculus,
fornix, and stria terminalis are the most critical connection systems
of the limbic circuit, each forming specialized communication
channels between different limbic centers (Catani et al., 2012).

The cingulum bundle is a large association white matter tract
that extends throughout the limbic system just below the cingulate
cortex and manages large-scale information flow between the
anterior cingulate cortex, posterior cingulate cortex, retrosplenial
cortex, and hippocampal formation. This pathway plays a central
role in memory recall, emotion regulation, and the integration of
internal cognitive states. Diffusion MRI studies have suggested that
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a marked decrease in FA and a NODDI-based neurite density
reduction in the cingulum may be considered early biomarkers in
conditions such as depression, anxiety, and Alzheimer's disease
(Bubb et al., 2018; Metzler-Baddeley et al., 2012).

The uncinate fasciculus is an important association white
matter tract connecting the frontal lobe and temporal lobe of the
brain. It is a critical connection tract extending between the
amygdala, parahippocampal, and semantic memory areas in the
temporal lobe region and the orbitofrontal cortex (OFC) and
ventromedial prefrontal cortex in the frontal lobe region. It plays a
critical role in emotional regulation, threat perception, and higher-
level social cognition processes. Impairments in the structural
integrity of this tract have been associated with anxiety disorders,
PTSD, and emotional regulation difficulties. DTI and HARDI
studies indicate that the uncinate fasciculus has a structure
containing a high degree of “crossing fibers” and may not be
adequately explained by classical DTI models (Von Der Heide et al.,
2013; Olson et al., 2015).

The fornix is a bundle of convoluted white matter that serves
as the main exit pathway of the brain's hippocampus. It is one of the
oldest connection pathways of the limbic circuit, linking deep
structures such as the hippocampus, thalamus, hypothalamus, and
retrosplenial cortex. The fornix, which plays an important role in
memory consolidation, spatial navigation, limbic system integration,
and contextual learning, is one of the structures that degenerate in
the early stages of Alzheimer's disease. In NODDI studies, the
decrease in fornix neurite density values has emerged as an
important microstructural finding that can be detected before
hippocampal volume loss (Zhuang et al., 2012; Metzler-Baddeley et
al., 2019).

The stria terminalis is a long, C-shaped bundle of white
matter formed by axons originating primarily from the corticomedial



nuclei of the amygdala. It organizes the amygdala's connections with
the hypothalamus and subcortical autonomic centers. It plays a
significant role in the stress response, hormonal regulation, and
threat processing. Due to its role in mediating the amygdala's
influence on stress modulation, microstructural alterations along this
pathway have been reported in individuals with a history of chronic
stress and trauma (Avery et al., 2014).

In general, limbic white matter tracts can be analyzed using
advanced diffusion MRI techniques in terms of both structural
integrity and microstructural complexity. Methods such as DTI,
HARDI, and NODDI provide important biophysical information
about the directionality, intensity, and degree of organization of these
tracts. Clinically, limbic pathways are also important biomarkers that
show early changes in many disorders, such as depression, anxiety,
FCD, temporal lobe epilepsy, and Alzheimer's disease.

Evaluation of the Limbic System with MRI

The complex structural and functional organization of the
limbic system can be interpreted in a multidimensional manner
thanks to modern magnetic resonance imaging techniques. When
structural MRI, diffusion-based microstructural analyses, and
functional MRI are used together, both the anatomical integrity and
dynamic communication patterns of limbic circuits can be explained
in detail. This section discusses the basic methods used in the MRI
examination of the limbic system, its biophysical indicators, and its
clinical contributions.

Structural MRI (T1/T2-Weighted Imaging)

Structural MRI is the fundamental technique for imaging and
evaluating the macrostructural features of the limbic system. High-
resolution T1-weighted images are the primary anatomical imaging
method that allows for detailed evaluation of gray matter structures

such as the hippocampus, amygdala, and cingulate cortex, as well as
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the connections between these regions (fornix, cingulum, uncinate).
(Wisse et al., 2021). Advanced atlas-based approaches (ASHS,
FreeSurfer, volBrain) are used for the separate segmentation of
amygdala and hippocampal subfields (CA1-CA4, DG, subiculum).
Hippocampal subfield measurements, in particular, are sensitive in
detecting early volume changes in epilepsy, FCD, and
neurodegenerative processes. (Small et al., 2011).

Diffusion MRI (DTI, HARDI, NODDI)

Diffusion imaging is one of the most powerful advanced
imaging methods for examining the microstructural integrity of the
limbic system, particularly white matter connections. The limbic
system consists of structures associated with emotional and episodic
memory, such as the hippocampus, amygdala, cingulate cortex,
parahippocampal region, and hypothalamus. Therefore, the quantity
and quality of communication between these regions largely depend
on the integrity of white matter pathways. DTI metrics that calculate
the overall integrity of white matter tracts, such as fractional
anisotropy (FA), mean diffusion (MD), axial diffusion (AD), and
radial diffusion (RD), provide direct information about the
microstructural properties of limbic connections. However, it is
limited due to the abundance of fiber crossings in limbic regions
(Beaulieu, 2002). For this reason, methods such as high angular
resolution (HARDI) can map the orientation distribution of complex
pathways such as the cingulum and uncinate fasciculus more
accurately (Tournier et al., 2008).

NODDI is an advanced diffusion MRI method that
quantitatively measures the density of axons and dendrites (Neurite
Density Index; NDI) and orientation dispersion (Orientation
Dispersion Index; ODI) (Jelescu & Budde, 2017). This model is the
most advanced model for assessing microstructural complexity
around the hippocampus and amygdala. The limbic system is a
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complex structure consisting of the hippocampus, amygdala,
parahippocampal area, cingulate cortex, and white matter tracts
connecting these regions, such as the cingulum and uncinate
fasciculus (Amaral & Lavenex, 2007; Catani & Thiebaut de
Schotten, 2008). NODDI is a powerful tool for evaluating the
microstructural properties of the limbic structure, particularly in
terms of neuronal density, dendritic complexity, and axonal integrity.
NDI, representing neural density, and ODI, representing orientation
distribution, are particularly useful as sensitive biomarkers in
hippocampal neurodegeneration, epilepsy, and psychiatric disorders
(Zhang et al., 2012; Montal et al., 2021).

Functional MRI (fMRI)

Functional magnetic resonance imaging (fMRI) is one of the
most commonly used neuroimaging methods for examining the
functional organization of the limbic system and its role in
emotional-cognitive processes. fMRI enables the identification of
changes in neural activity over time in limbic structures such as the
hippocampus, amygdala, parahippocampal cortex, cingulate cortex,
and orbitofrontal regions by measuring the blood oxygen level-
dependent (BOLD) signal (Ogawa et al., 1990). In particular, the
BOLD increase in the amygdala during fear and threat processing,
the activation of the hippocampus during episodic memory and
contextual processing tasks (Phelps & LeDoux, 2005), and the
activity patterns in the anterior cingulate cortex during attention-
conflict resolution have been consistently reported in fMRI studies
(Bush et al., 2000). Furthermore, fMRI enables a comprehensive
assessment of emotional regulation, stress response, social
cognition, and memory processes by evaluating the functional
connectivity between the limbic network and prefrontal and parietal
regions (Pessoa, 2017). Therefore, fMRI is a fundamental
neuroimaging technique for understanding both the regional
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activation of the limbic system and its integrated functional
architecture at the network level.

Resting-state fMRI is widely used to assess the connective
organization of limbic networks. Connectivity alterations in the
amygdala—hippocampus—prefrontal axis show important biomarkers
in depression, anxiety, PTSD, and epilepsy (McEwen & Mortrison,
2013).

The Importance of a Multimodal Approach

The combined analysis of structural, diffusion, and
functional MRI data allows for a more comprehensive understanding
of the limbic system. Multimodality offers a significant advantage,
particularly in understanding complex, multi-component networks
such as the limbic system, which require high consolidation in terms
of both structure and function. Structural MRI shows the
macroscopic integrity of gray and white matter architecture (Fischl,
2012), while diffusion MRI (DTI, HARDI, NODDI) addresses the
microstructural properties of limbic system pathways, such as axonal
integrity, myelin status, and neuronal density (Zhang et al., 2012;
Assaf & Pasternak, 2008). In contrast, fMRI determines the time-
varying functional interactions between the hippocampus,
amygdala, cingulate cortex, and prefrontal regions within the limbic
system; it also determines resting-state and task-based network
dynamics (Fox & Raichle, 2007).

The integration of these different modalities allows the
limbic network to be evaluated not only within an anatomical or
functional framework, but also at the biophysical, microstructural,
and molecular levels. This enables more accurate modeling of both
the structural organization of the healthy brain and the pathologies
of functional circuits in neuropsychiatric disorders. In recent years,
multimodal research has been shown to have a distinct advantage in
identifying biomarkers for limbic system-focused diseases such as

--13--



depression, anxiety, post-traumatic stress disorder, early
Alzheimer's, and temporal lobe epilepsy (Sheline et al., 2019;
McTeague et al., 2020). Therefore, the multimodal approach has
become an indispensable strategy in modern neuroscience, both
increasing diagnostic accuracy and enabling the explanation of
disease mechanisms at a multi-layered level.

Clinical Applications

The evaluation of the limbic system using MRI reveals
important biomarkers for both diagnosis and prognosis in many
neurological and psychiatric disorders. This section examines the
changes in limbic structures specific to clinical conditions in light of
modern MRI techniques.

Temporal Lobe Epilepsy and Hippocampal Pathology

Temporal lobe epilepsy (TLE) is one of the clinical
conditions most commonly associated with the limbic system.
Volume loss, cortical thinning, and signal changes in hippocampal
sclerosis visible on T1-weighted MRI are classic findings of the
disease (Wisse et al.,, 2021). Diffusion MRI can detect early
microstructural damage, particularly in the CAl region, with
decreased FA and increased MD (Beaulieu, 2002). The NODDI
advanced imaging technique has been identified as an important
biomarker for sensitively demonstrating loss of neurite density and
dendritic orientation disorganization (ODI) in TLE (Zhang et al.,
2012). However, connective impairments observed in limbic tracts
such as the fornix and cingulum are an important factor contributing
to the expansion of the epileptic network.

Focal Cortical Dysplasia (FCD) and the Limbic System

FCD does not only affect cortical layering; it can also cause
changes in limbic structures and connection tracts. In particular,
asymmetries in hippocampal subfield volumes and NDI/ODI
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changes in the DG and CA1 regions are among the secondary effects
seen in the vicinity of FCD (McEwen & Morrison, 2013). Diffusion-
based tractography provides important information for surgical
planning by revealing limbic connection abnormalities
accompanying FCD.

Depression and Mood Disorders

Major depression is characterized by distinct structural and
functional changes in the limbic and prefrontal networks. Structural
MRI studies have reported findings such as increased or decreased
amygdala volume and decreased subgenual ACC thickness (Small et
al., 2011). fMRI reveals functional impairments such as amygdala
hyperactivity and decreased regulatory activity in prefrontal regions
(Etkin et al., 2011). Diffusion MRI shows that decreased cingulum
bundle integrity is an important indicator of depression (Jeurissen et
al., 2013).

Post-Traumatic Stress Disorder (PTSD)

In PTSD, the limbic system exhibits marked hyperactivity
and structural sensitivity. Amygdala hyperactivity, hippocampal
volume loss, and functional decline in the mPFC are among the key
neurobiological findings of the disorder (LeDoux, 2000). fMRI
studies show excessive amygdala response during threat processing
and weakened regulatory prefrontal control. NODDI and DTI
studies have revealed microstructural abnormalities, particularly in
the cingulum and uncinate fasciculus.

Alzheimer's Disease and Neurodegeneration

In Alzheimer's disease, hippocampal subfield volume loss is
particularly pronounced in the CA1l and subiculum regions and is
one of the earliest structural findings of Alzheimer's disease (Small
et al., 2011). At the functional network level, decreased connectivity
in the default mode network (DMN) and impaired PCC and
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hippocampal connectivity are important indicators of the disease
(Buckner et al., 2008). Diffusion MRI studies sensitively reveal
impairments in the microstructural integrity of limbic tracts,
particularly fornix degeneration.

CONCLUSION

The limbic system is a complex structure at the center of
multi-layered processes in the human brain, such as emotion,
memory, motivation, and stress response. Contemporary
neuroscience examines this system not merely as a collection of
anatomical structures, but as a dynamic functional entity operating
through extensive connections (Pessoa, 2017). Therefore,
understanding the structural, microstructural, and functional
characteristics of the limbic system is critically important for both
basic neuroscience and clinical applications.

Modern imaging technologies have added a new dimension
to microstructural analysis, particularly in understanding the limbic
system. High-resolution structural MRI reveals numerous
anatomical details, ranging from hippocampal subfield segmentation
to the differentiation of amygdala nuclei (Wisse et al., 2021).
Diffusion MRI (DTI, HARDI, NODDI) allows for the assessment of
the health of critical connections such as the cingulum, fornix, and
uncinate fasciculus by examining the microstructural integrity of
limbic tracts (Jeurissen et al., 2013; Zhang et al., 2012). These
techniques allow the limbic system to be approached from a
multidimensional perspective, addressing not only “which structure
is impaired?” but also “how has connective integrity been affected?”

Functional MRI enables us to understand the dynamic
aspects of limbic circuits. Processes such as emotion-cognition
integration occurring in the amygdala, hippocampus, and prefrontal
axis, the organization of resting-state networks, and stress response
can be analyzed in detail using fMRI (Etkin et al., 2011; Buckner et
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al., 2008). In this context, the limbic system is no longer considered
a structural module, but rather a network that is constantly reshaped.

Clinically, limbic system disorders are examined as the basis
of'various neurological and psychiatric conditions. Limbic structures
show early and pronounced changes in temporal lobe epilepsy,
hippocampal sclerosis, focal cortical dysplasia, depression, post-
traumatic stress disorder, and anxiety disorders (McEwen &
Morrison, 2013; Small et al., 2011). The rapid development of MRI-
based biomarkers provides clinicians with powerful tools for the
diagnosis and monitoring of the course of these diseases.

Recent studies have shown that microstructural parameters
of the limbic system (e.g., NDI, ODI, FA/MD profiles) can exhibit
significant changes even in the early stages of diseases. This suggests
that advanced diffusion MRI models will play an important role in
the early diagnosis of neuropsychiatric diseases in the future.
Similarly, the clinical use of functional connectivity analyses is also
increasing, clearly demonstrating that network architecture in limbic
structures is disrupted, particularly in emotional regulation
disorders.

In conclusion, understanding the limbic system as a whole
necessitates multimodal MRI approaches. The combined use of
structural, microstructural, and functional imaging methods provides
a robust framework for understanding how limbic circuits behave in
both healthy and diseased states. The findings presented in this
section demonstrate that the integrated study of limbic system
neurobiology using MRI is an indispensable approach for the
diagnosis, treatment, and monitoring of neurological and psychiatric
disorders.

Thanks to new MRI techniques that will offer higher spatial
resolution, biophysical accuracy, and connective detail in the future,
the complex architecture of the limbic system will be understood
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much more comprehensively, and clinical applications will become
more precise.
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CHAPTER 2

KRONIK BOBREK HASTALIKLARINDA
BiYOFiZIKSEL YAKLASIMLAR VE YAPAY ZEKA
UYGULAMALARI

1. Nevra ALKANLI!
2. Siilleyman Serdar ALKANLI?
3. Arzu AY?

Giris

Kronik bobrek hastaligi (KBH) progresif ve geri doniislimsiiz
bir halk saglig1 sorunu olarak kabul edilmektedir. Diinya genelinde
yetiskin popiilasyonun énemli bir boliimiinii etkilemektedir (Hill ve
ark., 2016). Kardiyovaskiiler komplikasyon riskini arttirarak son
donem bobrek yetmezligi ile sonuglanabilen KBH, zamanla bobrek
fonksiyonlarindaki bozulma ile karakterize edilmektedir (Jha ve
ark., 2013). KBH erken evrede belirti veren bir hastalik
olmadigindan, bu hastaligin tan1 ve takip siireclerinde ileri diizey
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teknolojilere gereksinim duyulmaktadir. Dolayisiyla 6zellikle son
yillarda hastaliga biyofiziksel yaklasimlar ile birlikte yapay zeka
destekli uygulamalar KBH’ nin erken tanisinda, evrelendirilmesinde
ve prognoz tahmininde umut veren yaklasimlar olarak
degerlendirilmektedir (van der Bel ve ark., 2016).

KBH’de biyofiziksel yaklagimlar kullanilarak serum
kreatinin, tahmini glomeriiler filtrasyon hizi gibi biyokimyasal
parametrelerin yanisira, doku diizeyindeki degisimler non-invaziv
bicimde saptanabilmektedir. Bobrek dokusundaki mikroyapisal
bozulmalarin erken donemde saptanabilmesi i¢in manyetik rezonans
goriintiileme, doku-perfiizyon analizleri, ultrason elastografisi gibi
yontemler uygulanmaktadir (van der Bel ve ark., 2016). Ayrica
bobrek fonksiyonlari lizerinde etkisi gosterilen elektromanyetik alan
uygulamalar1  gibi  biyofiziksel = yontemler  kullanilarak
gerceklestirilen miidahaleler KBH’de artmis glomeriiler filtrasyon
hizi ile iliskilendirilmistir (Foletti ve ark., 2019).

KBH kompleks ve ¢ok degiskenli bir hastalik oldugundan,
hastaliga biyofiziksel yaklagimlar ile miidahalenin yanisira, yapay
zeka uygulamalar1 da hastaliin  patolojisinin daha iyi
anlasilabilmesi ve yonetilebilmesi bakimindan olduk¢a Snemlidir.
Bu yapay zeka uygulamalar1 arasinda makine 6grenmesi, derin
ogrenme, aciklanabilir yapay zeka teknikleri yer almaktadir. Bu
uygulamalar kullanilarak klinik veriler, laboratuvar verileri,
goriintilleme analizleri ve genetik veriler islenmekte, hastaligin
erken tanisi, evrelendirilmesi ve bireysellestirilmis tedavi planlarinin
olusturulmas: saglanmaktadir (Krittanawong ve ark., 2017).
Rastgele orman, destek vektdr makineleri, sinir aglar1 kullanilarak
yiikksek dogrulama oranlariyla KBH progresyonunun tahmini
yapilabilmektedir (Zhu ve ark., 2023). Yapay zeka uygulamalarindan
derin 0grenme tabanli gorlintii analiz yontemleri yoluyla bobrek
ultrason goriintiilerinden patolojik degisikliklerin saptanmasi
miimkiin olabilmektedir (Tian ve ark., 2024).
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Biyofiziksel 6l¢iim tekniklerinin sundugu veri zenginligi ve
yapay zeka uygulamalarinin yiiksek Ongorii kapasitesi birlikte
degerlendirildiginde, KBH’ye biyofiziksel yaklasim ve yapay zeka
uygulamalarinin  entegrasyonunun KBH’nin etkili yOnetimi
bakimindan son derece Onemli olabilecegi diisliniilmektedir. Bu
boliimde KBH’de kullanilan biyofiziksel yaklagimlarin ve yapay
zeka uygulamalarinin birlikte ele alinmasi yoluyla, hastaligin erken
tanisinda, progresyonunda ve hastalik i¢in bireysel tedavi yontemleri
gibi tedavi stratejilerinin gelistirilmesinde ©nemli olabilecek
bilgilerin sunulmas1 amag¢lanmistir.

Kronik Bobrek Hastahi@ina Biyofiziksel Yaklasimlar

Hiicrelerin, dokularin normal yapilarinin ve fonksiyonlarinin
belirlenmesinde elastikiyet, rijidite gibi farkli olarak tanimlanan
mekanik Ozellikler 6nemlidir. Mekanik faktdrler biyokimyasal
sinyallerle entegre edilerek dokularin fenotipinin belirlenmesinde ve
hastaliklarin ~ gelisimlerinde ~ onemli  belirleyiciler — olarak
kullanilmaktadir. Bu duruma Ornek verilecek olursa, deforme
olabilen 0.2kPa meme dokusundan deforme olmayan 4.0kPa sert
veya yogun meme dokusuna gecis, meme kanseri gelisimi i¢in
onemli bir risk faktorii olarak kabul edilmektedir. Boylece daha
yiiksek meme yogunluguna sahip kadinlarda meme kanseri gelisme
riski anlamli derecede daha yiiksek belirlenmistir. Bu durumun,
normal meme hiicrelerinin kolajen agisindan zengin sert bir
ekstraseliiler ~ortama maruz kalmasi sonucunda epitel
morfolojilerinin degismesiyle invaziv kotli huylu bir fenotip
kazanma egilimlerinden kaynaklandig1 diisiiniilmektedir. Meme
dokusunun disinda karaciger dokusu ele alinacak olursa, normal
karacigerin elastik modiiliiniin 0.5kPa oldugu bilinmektedir.
Karacigerde herhangi bir hasar ya da fibrozis sonucunda elastik
modiil 15kPa degerine kadar yiikselebilmektedir. Matris sertligi
sonucunda hepatositler, portal fibroblastlar, yildiz hiicreleri daha
hizl1 boliinebilmekte ve bu durum hastaligin gelisimine katkida
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bulunabilmektedir. Beyin hiicrelerini ele aldigimizda ise, beyin
korteks hiicreleri 0.15-0.3kPa degerleri arasinda yer alan yumugak
ylizeylere yerlestirildiginde ndronlarin segici olarak biiytidiikleri
belirlenmistir. Bunun yanisira, ayni hiicreler 2kPa degerinde daha
sert bir alt tabakaya ekildiginde secici olarak glia hiicrelerinde
bliylime saptanmisti. Bu nedenle hiicre dis1 ortamin mekanik
ozelliklerinin hiicre soyunun yanisira, hiicre proliferasyonuna, hiicre
migrasyonuna ya da invazyonuna ve dolayisiyla hiicre fenotipine
onemli katki sagladig diistiniilmektedir. Bu 6rneklerde ifade edilen
hiicre dis1 elastikiyetin yaninda hiicre i¢i elastikiyet 6zellikleri de
hiicre fonksiyonlarinin belirlenmesinde 6nemli rol oynamaktadir.
Hiicre i¢i elastikiyet 6zellikleri arasinda polimerize aktin miktar1 ve
bicimi, matris reseptdrlerinin tiirli ve odaksal yapisma gibi substrata
yapisma, hiicrenin i¢ gerilim gelistirebilme yetenegi gibi faktorler
yer almaktadir. Bu faktdrlerdeki degisiklikler sonucunda hiicre ici
elastik ozelliklerde, hiicre davramisinda ve dolayisiyla doku
hasarinda degisiklikler ortaya ¢ikabilmektedir. Hiicresel ve doku
mekanik anormalliklerinin KBH gibi bdbrek hastaliklarinda
bobrekte  glomeriiler hasarda ©6nemli rol oynayabilecegi
diistiniilmektedir. Glomeriiler mekanik 6zelliklerinin degismesinin
hastaliga katkida bulunabilecegi varsayildiginda, glomeriillerin
filtreleme iinitelerinin fonksiyonlarini diizgiin olarak siirdiirmelerine
ve glomeriiler hiicrelerin farklilagmis durumlarinin korunmasina
olanak saglanmasi bakimindan elastik modiillerin sabit tutularak
spesifik mekanik ozelliklerin korunmasi gerekmektedir. Bu
biyofiziksel ozellikler bakimindan hastalik siiresinde degisiklik
gozlenip gozlenmedigi, hastalikli glomeriillerin elastik modiillerinin
saglikli glomeriillerin elastik modiillerine gore nasil bir degisim
gosterdigi arastirilmast gereken konulardir. Hiicrelerin ve dokularin
mekanik ozellikleri hastalik ile birlikte degisiklik gosterse de, bu
degisikliklerin hastaligin nedeni olmaktan ziyade sonucu olabilecegi
ongoriilmektedir. Glomeriillerin mekanik deformabilitesindeki artis,

bobrek hastaliklarinin erken evrelerinde gozlenebilecek dnemli bir
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ozellik olarak kabul edilmektedir. Bu degisiklik sonucunda
glomeriiller artmis gerilme ile birlikte hemodinamik hasara karsi
daha duyarli hale gelebilmekte ve dolayisiyla glomeriiler hiicre
apoptozu, glomeriiler skleroz gibi durumlar ortaya ¢ikabilmektedir.
Glomeriiler morfolojideki biyofiziksel degisiklikler ve klinik
parametrelerdeki degisiklikler birlikte degerlendirildiginde, bobrek
hastaliklarinin ~ teshis  edilmesi, prognozunun belirlenmesi,
hastaliklar i¢in uygun tedavilerin belirlenmesi daha da
kolaylasmaktadir (Pozzi, 2011).

Biyofiziksel tedavi yontemleri gesitli hastaliklarin klinik
uygulamalarinda biitlinlestirici olarak ortaya ¢ikan uygulamalardir.
Ozellikle genel agr1  yonetiminde, depresif bozukluklarin
yonetiminde potansiyel kullanim alanlar1 bildirilmistir. Biyofiziksel
tedavilerin  klinik etkilerini bir rezonans etkisi yoluyla
gosterebilecegi ongoriilmektedir. Rezonans terapotik olarak iletilen
elektromanyetik sinyaller ile hedef dokular, organlar ya da tiim
organizma arasinda meydana geldiginden, lokal ve sistemik etkiler
ayni anda elde edilebilmektedir (Foletti, 2016). Rezonans verici ve
alici arasinda sinyallerin iletimi yoluyla ger¢eklesmektedir.
Rezonansin olusabilmesi i¢in verici ve alict ayni frekansta ¢aligmali,
secici ve etkili bir sinyal iletimi saglanmalidir. Biyolojik
fonksiyonlar1  tetikleyebilecek  bilginin  kimyasal ya da
elektromanyetik olarak iletilebilmesi i¢in verici ve alici rezonans
halinde olmalidir. Ozellikle erken evre KBH hastaligi olan yash
hastalarda elektromanyetik bilgi aktarimi araciligiyla sulu sistemle
tedavi uygulanmaktadir. Oncelikle hastalarin bébrek blgelerindeki
endojen giris sinyalleri kaydedilmekte, sonrasinda terapotik
elektromanyetik ¢ikis sinyalleri iletilmektedir. Temel drenaj tedavi
programi seg¢ilmesi yoluyla bobrek bolgelerindeki giris sinyalleri
kaydedilerek, terapdtik ¢ikis sinyalleri bobrek bolgelerine
iletilmektedir. Sulu bir sistem iizerinde ¢ikis terapotik sinyalleri
kaydedilmektedir. Bdylece lokal ve sistemik tedavi ayni anda
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saglanabilmektedir. Endojen olarak iiretilen terapdtik sinyallerin
elektromanyetik bilgi aktarimmin kullanimi, klinik uygulamalarda
onemli bir biyofiziksel terapotik yaklasim olarak dngoriilmektedir.
Ayrica diisiik frekansh elektromanyetik alanlarin immiin diizenleyici
etkileri  gosterilmigtir.  Diigiik elektromanyetik  dalgalardan
kaynaklanan biyofiziksel etkinin antiproteiniirik etkiler gibi
koruyucu etkileri belirlenmistir. Bobrek fonksiyonlarindaki dogal
diistise karsilik biyofiziksel entegre stratejisi, potansiyel bir katki
saglamaktadir (Hill ve ark., 2016; Jha ve ark., 2013). KBH
hastalarinda biyofiziksel entegre stratejilerin, diger hastaliklarda
oldugu gibi KBH’de tahmini glomeriiler filtrasyon hizi prognozu
tizerindeki  klinik etkinliinin degerlendirilmesi bakimindan
kapsamli ¢alismalara ihtiya¢ duyulmaktadir. Biyofiziksel biitiinlesik
yaklasimlar ile KBH hastalarinin bobrek fonksiyonlarinda énemli
diizeyde iyilesmeler saglandigi belirlenmistir. Biyofiziksel entegre
bir yaklasim yoluyla otoimmiin nefritik sendromlu hastada bobrek
fonksiyonlarinda uzun siireli bir iyilesme saptanmistir. Ayrica
hastalarda bu biyofiziksel entegre yaklasim sayesinde glomeriiler
filtrasyon hizinda anlamli derecede diisiisler belirlenmistir (Hill ve
ark., 2016).

Kronik Bobrek Hastahiginda Yapay Zeka Uygulamalar

Kronik bobrek hastaligi (KBH) bobrek fonksiyonlarinda iig
aydan daha uzun siiren progresif hasar ile karakterize edilmektedir.
Diinya ¢aginda 6nemli bir 6liim nedeni olarak bilinen KBH, oldukc¢a
fazla sayida insan1 etkileyen dnemli bir saglik yiikii haline gelmistir.
KBH’de son asama bobrek yetmezligi olarak bilinmektedir ve
kronik bobrek yetmezligi gelismesi durumunda diyaliz ve bobrek
nakli gibi bobrek replasman tedavileri uygulanmaktadir. KBH’de
yas arttikca Oliim riski de artmaktadir. Bobrek yetmezligine ilerleme
riski yiiksek olan, bobrek replasman tedavisine ihtiya¢ duyan kisiler
ile bobrek yetmezligine ilerleme riski daha diisiik olan ve
destekleyici  bakimlar ile fayda  gorebilecek  kisilerin

--20--



siniflandirilabilmesi olduk¢a o©nemlidir. KBH hastalarinin  bu
hastaligin ilerleme durumuna goére nefroloji hizmetlerine sevk
edilebilmesi onem tagimaktadir. Bu hastalarin erken sevki s6z
konusu oldugunda kronik bobrek yetmezligine ilerleme durumu
gecikmektedir. Buna ragmen KBH progresyonu heterojen oldugu
icin sevkin dogru zamanlamasi onemli bir klinik karar olarak
karsimiza ¢ikmaktadir (Miller ve Dwyer, 2025).

KBH uygun maliyetli tarama yontemlerinin
bulunmamasindan dolayr yeterince bilinmemektedir. Tahmini
glomeriiler filtrasyon hizi degerlerine bakilarak nefrolojiye sevk
karar1 verilebilmektedir. KBH’nin erken ve dogru teshisinin
belirlenebilmesi yoniinde yeterince uygulama bulunmamaktadir. Bu
yiizden Ozellikle birinci basamak saglik hizmeti ortamlarinda
makine 6grenimi gibi yapay zeka tabanli algoritmalarin, elektronik
saglik kayitlartyla entegre edilmesi Onemlidir. Boylece erken
nefroloji sevki tetiklenebilmekte ve KBH’den muzdarip hastalarda
sonuglar iyilesebilmektedir. Diyabetik bobrek hastaligi gibi
hastaliklarin ~ progresyonunun tahmin edilebilmesinde lojistik
regresyon analizine dayali yapay zeka modelleri gelistirilmistir
(Singh ve ark., 2024). Daha once gergeklestirilmis bir ¢alismada,
albliminiiri ve idrar L tipi yag asidi baglayici protein ve serum timor
nekroz faktorii-alfa gibi biyobelirteclere dayali tahmin modeli
gelistirilebilmesi i¢in elektronik tibbi kayitlardan diyabet hastalarina
ait veriler kullanilmistir. Bu c¢alismada bdbrek hastaliginin
progresyonu %71 dogrulukla belirlenmistir (Makino ve ark., 2019).
Cinsiyet, tan1 konmasina bagl siire, glikoz, viicut kitle indeksi,
hemoglobin, hipertansiyon, sigara gibi parametreler kullanilarak
diyabetes mellitus komplikasyonlarinin belirlenmesinde makine
ogrenimi kullanilmaktadir. Ayrica Fabry hastalik riskinin yiiksek
oldugu hastalarin belirlenmesi i¢in tahmin modellerine dayali yapay
zeka yaklagimi kullanilmistir (Dagliati ve ark., 2018). Fabry
hastalig1r riski yiiksek olan hastalarin taranmasinda fenotipik

--30--



sinyallerin yaninda, bunlara diger klinik ozellikler de entegre
edilerek KBH tedavisinde yapay zeka modelleri kullanilmistir
(Jefferies ve ark., 2021). KBH progresyon riskinin belirlenebilmesi
icin makine 6grenimi kullanan nabiz verileri bu modeller arasinda
yer almaktadir. Ayrica laboratuvar verileri, hasta semptomlari,
genetik testler entegre sekilde kullanilmaktadir (Cha ve ark., 2021).
KidneyIntelX Renalytix yapay zaka tarafindan gelistirilmis bir
model olarak diyabetik bobrek hastaliginin yonetiminde yardimer bir
modeldir. Bu model ile plazma biyobelirtecleri, laboratuvar
degerleri, hastalik siniflandirma tani kodlart, ilaglar, hayati belirtiler
kullanilarak KBH progresyonu yiiksek bir dogruluk orantyla tespit
edilebilmektedir (Chan ve ark., 2021). KidneylntelX ile ilgili
onleyici tedbirlerin maliyetinin, diyaliz ihtiyac¢larinin azalmasi,
diyabetik bobrek hastalig1 progresyonunun yavaslamasi sonucunda
ortaya ¢ikan  maliyet tasarruflar1  ile  karsilanabilecegi
diisiiniilmektedir (Datar ve ark., 2021) (Tablo 1).

Tablo 1. Yapay Zeka Uygulamalart

Algoritma Bilgisayarlar i¢in bir dizi islemin tanimlanmasini saglayan kurallar
kiimesi olarak tanimlanmaktadir.

Makine Algoritmanin 6rneklerden olusan bir veri tabanindaki istatistiksel

Ogrenimi diizenlilikleri tahminler i¢in parametre agirliklarina kodlama siireci
olarak tanimlanmaktadir.

Derin Birden fazla hesaplama katmani kullanan bir makine dgrenmesi

Ogrenme ¢esidi olarak bilinmektedir ve biiyiik veri kiimelerinden 6grenmeyi,

insan miidahalesine ya da ozel egitim veri kiimelerine ihtiyag
duyulmadan bilgi ¢ikarilmasini amaglamaktadir. Bu modelde tiim
katmanlarm birbirine bagli olmadigi, daha derin katmanlara sahip
olan evrigimsel sinir aglar1 kullanilmaktadir. Boylece az islenmis
veri ve kaynak ile karmagsik gorevler verimli bir sekilde
yiiriitilmektedir.

Yapay Sinir
Agl

Sinir hiicrelerinin beyin hiicrelerine benzer bigimde birbirine bagh
katmanlar halinde diizenlenmesi olarak tanmlanmaktadir.

Evrigimsel
Sinir Ag1

Yapay sinir agindan farkli olarak evrisimsel sinir agmda tiim
katmanlar birbirine tamamen bagli bulunmamaktadir. Evrisimsel
sinir aginda ¢ok daha derin katmanlar yer almaktadir ve her
katmandaki néron sayis1 derinlik ile birlikte azalmaktadir.
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Karar Agact | Denetimli bir 6grenme yontemidir ve bu ydntemde segimler,
sonuglar bir aga¢ olarak temsil edilmekte, her agac¢ diigiimler ve
dallar icermektedir.

Hiyerarsik Benzer ve farkli elemanlardan olusan gruplarin, noktalarin ikili

Kiimeleme mesafelere gore yinelemeli olarak birlestirilmesine dayanan bir
algoritma olarak tanimlanmaktadir.

Rastgele Karar agacindan gelen ¢iktilarin bir araya getirildigi, nihai

Orman tahminin tiretilmesi i¢in bireysel agaclarin ¢ogunluk oylamasinin
kullanildig1 yapay zeka modeli olarak bilinmektedir.

Egim Tahmin performansini yinelemeli olarak iyilestirmeye yonelik bir

Arttirma yapay zeka teknigi olarak, yapay zeka modelinin bir sonraki
permiitasyonunun  6nceki  permiitasyonla  birlestirildiginde
performans artisinin saglanmasini garanti etmektedir.

Destek Karmagik etiketli veri kiimelerindeki kaliplarin belirlenmesi ve

Vektor veri doniisimlerinin siniflandirilmast amaci ile kullanilan yapay

Makinesi zeka uygulamalaridir.

Topluluk Birden fazla algoritmanin ¢iktilarinin bir araya getirilmesi suretiyle

Modeli bireysel algoritmalardan daha yiiksek tahmin performansinin elde
edilebildigi yapay zeka modelidir.

Kaynak: Singh ve ark., 2024

Makine 6grenimi modelleri gibi yapay zeka uygulamalari
klinik karar verme asamasiin optimize edilmesinde son derece
onemlidir. KBH’de hastalardan rutin olarak elde edilen biiyiik
miktarda klinik ve biyokimyasal veriler bulunmaktadir. Bu kapsamli
ve kompleks veri kiimelerinde bulunan dogrusal olmayan kaliplarin
Ogrenilebilmesi, gelecekteki degiskenlerin sonuglarinin tahmin
edilebilmesi bakimindan tasarlanmis entegre makine Ogrenimi
modelleri  kullanilmaktadir. Makine ogrenimi modellerinin
olusturulmasinda dogruluk ve veri toplama, degisken dnemlerinden
bliyiik oranda etkilenebileceginden, modele girilen belirli
degiskenlerin dikkatli bir bi¢gimde g6z Oniinde bulundurulmasi
gerekmektedir. Herhangi bir 6ngoriicii makine 6grenmesi modelinin
gelistirilmesi bakimindan en 6nemli degiskenlerin belirlenebilmesi
son derece Onemlidir. KBH’nin kronik bobrek yetmezligine
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progresyonunun oOngoriilmesinde makine O0grenmesi onemli bir
aractir (Miller ve Dwyer, 2025).

Progresif bobrek hastaliginin tahmin edilebilmesinde makine
O0grenimi  modellerinde  kullanilan ~ 6nemli  degiskenler
belirlenmelidir. Bobrek fonksiyonlart ve proteiniiri 6lgtimleri gibi
genel bobrek fonksiyonlar1 ile iliskili degiskenler, KBH
komplikasyonlar1 ile iliskili degiskenler ve diyabet belirtegleri,
hipertansiyon, vaskiiler hastalik Oykiileri gibi potansiyel KBH
etiyolojileri ile iligkili degiskenler bu 6nemli degiskenler arasinda
yer almaktadir. Makine 6grenmesi modellerinde en yaygin gézlenen
degiskenler dogrudan bdbrek fonksiyonlar1 ile iligkili olan
degiskenlerdir. Tahmini glomeriiler filtrasyon hizi, serum kreatinin,
proteiniiri gibi Ol¢limler makine Ogrenimi modellerinde en sik
karsilagilan degiskenler olarak bilinmektedir. Bu degiskenler
arasinda yer alan proteiniiri uzun zamandan beri KBH progresyonu
icin onemli bir bagimsiz risk faktorii olarak kabul edilmektedir. KBH
komplikasyonlar1 ile iliskili degiskenler arasinda ise metabolik
kemik hastalig1, elektrolit bozukluklar: gibi yaygin komplikasyonlar
yer almaktadir. Ayrica bu modellerde serum alblimini degiskeni de
onemlidir. KBH ileri evrelerinde alblimin {iretiminin azalmasi ve
albliminin parcalanmasindaki artis sistemik bir inflamasyon
durumunu diisiindiirmektedir. Ayrica albliminin artmis sitokin
dretimi ile iligkilendirilmesinden dolay1 inflamatuar durumunun
daha da kotiilesebilecegi diisiiniilmektedir. Makine 6grenimi
modellerinde KBH etiyolojisi ile iliskili degiskenlerden diyabet
oykiisli ya da HbA1C 6nemlidir. Ayrica diyabet ve hipertansiyon da
KBH’nin o6nde gelen nedenleri arasinda yer aldigindan, bu
degiskenlerin de makine O6grenmesi modellerine dahil edilmesi
uygun olacaktir (Miller ve Dwyer, 2025) (Tablo 2).
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Tablo 2. Makine Ogrenmesi Alt Dallari ile Ilgili Klinik
Uygulamalar

Makine Ogrenimi Tipleri

Klinik Uygulamalar

Denetimli Ogrenme:

Siklikla risk tahmin araglarinda
yer alan denetimli Ogrenme
bilinen sonuglarin tahmininde
kullanilmaktadir.

Manyetik rezonans goriintiileme, bilgisayarlt
tomografi gibi tibbi goriintiileme yontemlerine
dayal1 bobrek Kkitlelerinin tespitinde ve
siniflandirilmasinda kullanilabilmektedir.

Denetimsiz Ogrenme:

Onceden tanimlanmis bir sonucu
olmayan makine Ogrenimi tipi
olarak kaliplarin ve wverilerin
belirlenmesinde kullanight  bir
yontemdir.

Aciklanamayan akut bobrek yetmezligi olan
hasta  gruplarinda  ortak  semptomlarin
belirlenmesinde kullanilabilmektedir.

Pekistirmeli Ogrenme:
Odiil modeli klinik iyilesmeyi
hedefleyecek sekilde tasarlanan,
etkilesimlerden 0grenmeye
dayanan bir yontemdir.

Organ nakli hastalarinda immiinosupresif ilag
dozunun ayarlanmasinda kullanilmaktadir.
Ayrica hemodiyaliz hastalarinda eritropoietin
dozajinda kullanilabilmektedir.

Dogal Dil Isleme:

Biiyiikk metinlerden  sec¢ilmis
bilgilerin ayiklanmas1 miimkiin
olmaktadir.

Klinik notlardan, bulgulardan semptomlarin
tespit edilebilmesinde kullanilmaktadir.

Kaynak: Singh ve ark., 2024




Tahmin algoritmalarinin gelistirilmesi durumunda rekabet
eden riskler dogrulugu giiclii bir bi¢imde etkileyebilmektedir.
Bobrek yetmezligi risk denklemi kronik bobrek yetmezliginde iki ve
bes yillik riski 6ngorebilen klinik bir ara¢ olarak kabul edilmektedir.
Yaygin olarak gecerliligi kanitlanmis olan bobrek yetmezligi risk
denklemi, KBH nin kronik bdbrek yetmezligine progresyonunun
tahmin edilmesinde kullanilan klinik bir modeldir. Makine
ogrenmesi modelleri ise progresif KBH’nin tahmin edilmesinde
bobrek yetmezligi risk denklemine kiyasla daha etkilidir. Makine
ogrenimi modellerinde, bobrek yetmezligi risk denkleminde
olmayan hipertansiyon, diyabet, vaskiiler hastalik dykiisii gibi temel
ongori faktorlerinin yaninda, HbA1C gibi biyokimyasal verilerin
entegrasyonu sdzkonusu olabilmektedir. Bobrek yetmezligi risk
denklemi yalnizca belirli bir zaman noktasin1 temsil eden
degiskenlerin entegre edilmesini igermesi bakimindan sinirlidir.
Ayrica bu denklemde rekabet eden riskler dikkate alinmamaktadir.
Makine 6grenmesi modellerinde yas faktoriiniin dikkate alinmasi ile
bobrek yetmezliginin tistiin dogrulukla tahmin edilebilmesi miimkiin
olabilmektedir. Bu tanimlanan degigkenlerin biiyiik bir ¢ogunlugu
KBH’ye iliskin mevcut klinik anlayis1 destekleyebilmektedir. Serum
alblimin Sl¢limleri, karaciger fonksiyonlar1 gibi bazi degiskenlerin
de makine 6grenmesi modellerine dahil edilmesi gerekebilmektedir.
Boylece klinisyenler tarafindan en fazla risk altinda olan bireylere
oncelik verilebilmesi i¢in dogru kronik yetmezlik tahmininin
yapilabilmesini saglayacak bir makine Ogrenmesi modelinin
gelistirilebilmesi olduk¢a Onem tasimaktadir (Miller ve Dwyer,
2025).
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Sonug

KBH ¢oklu sistemleri etkileyen sonuglari bulunan, sinsi
ilerleyen bir hastaliktir. Bu yiizden bu klinik tabloda erken tani,
yonetim ve tedavi bakimindan biitiinciil bir yaklagim gosterilmelidir.
Geleneksel tan1 ve tedavi yontemlerinin Otesinde, hastaligin
patofizyolojik siireclerinin daha detayli bir sekilde anlagilabilmesi,
kisisellestirilmis tedavi stratejilerinin gelistirilebilmesi bakimindan
teknolojik geligsmelerin izlenmesi gerekmektedir. Biyofiziksel
yaklasimlar ve yapay zeka temelli ¢oziimler KBH ydnetiminde
tanisal ve terapdtik bakimdan son derece onemlidir. Biyofiziksel
Ol¢lim yontemleri kullanilarak bobrek dokusunda meydana gelen
mikroyapisal  degisiklikler  girisimsel  olmayan  yollarla
saptanabilmekte ve hastaligin erken evrelerinde taninmas1 miimkiin
olabilmektedir. Ozellikle manyetik rezonans goriintiileme, ultrason
tabanli mikrosirkiilasyon analizleri, elostografi gibi teknikler tanida
ve tedaviye yanitin izlenmesinde kullanilabilecek Onemli
yontemlerdir. Bu tekniklerin terapotik siireglerde  kullanimi
sayesinde  hastaligin  progresyon  hizimin  yavaslamasini
saglayabilecek miidahalelerin zamaninda yapilmas: miimkiin
olabilecektir. Ayrica  klinik  bulgular  degerlendirildiginde,
elektromanyetik biyofiziksel tedavi yaklasimlar ile 6zellikle yash
bireylerde glomertiler filtrasyon hizinin arttirilabildigi belirlenmistir.
Bu yiizden biyofiziksel miidahalelerin tedavi edici bir potansiyeli
bulunmaktadir.

Biiyiik ve karmasik hasta verilerinden anlamli klinik
ongoriiler tiretebilme kapasitesine sahip makine 6grenmesi ve derin
O0grenme gibi yapay zeka uygulamalari, KBH erken tanisinda,
hastalik progresyonunun tahmin edilmesinde, hastaya 6zgii tedavi
algoritmalarmin gelistirilmesinde kullanilmaktadir. Klinik karar
destek araglar1 olarak gorev yapabilen bu sistemler sayesinde
hekimler tedavi siireglerinde daha dogru ve hizli karar
verebilmektedir. Aciklanabilir yapay zeka modelleri tedaviye etki

--36--



edebilen degiskenleri dogru bir sekilde sunabilmekte ve
kisisellestirilmis tedavi uygulamalarinin belirlenmesini
saglayabilmektedir. Yapay zeka algoritmalar1 kullanilarak hangi
hasta gruplarinin ilag¢ tedavilerine, yasam tarzi degisikliklerine daha
iyi yanit verebilecegi ongdriilebilmekte, boylece asir1 tedavi riskleri
azaltilarak tedavi etkinlikleri arttirilabilmektedir. Bu durum
ilerleyici KBH vakalarinda bobrek yetmezligine gecisin
onlenebilmesi bakimindan olduk¢a Onemlidir. Yapay zeka
uygulamalar1 KBH hastalarinda bobrek bakimi hizmetlerinin
sunumunu doniistirme ve dolayisiyla hastalarin - sonuglarini
iyilestirme konusunda Onemli potansiyel uygulamalardir. Bu
uygulamalar sayesinde KBH erken teshisi, ilag dozlamalari, diyaliz,
bobrek nakli gibi renal replasman tedavileri, bdbrek patolojisi
alanlarinda ¢6ziim odakli gelismeler saglanmaktadir.

Kisacasi, bu yaklagimlarin rutin klinik uygulamalara
entegrasyonu i¢in bazi kosullar saglanmalidir. Biyofiziksel 6l¢iim
cihazlar1 genis hasta gruplarinda wuygulanarak standardize
edilmelidir. Yapay zeka sistemleri bakimindan da kaliteli, ¢esitli ve
temsili veri setlerine dayali modellerin gelistirilebilmesi
gerekmektedir. Biyofiziksel oOl¢lim teknikleri ve yapay zeka
uygulamalar1 KBH hastalarinin yonetiminde tanidan tedaviye
uzanan biitiinciil bir donilisiim sunmaktadir. Bu yontemlerin klinik
pratige birlikte entegre edilmesi sayesinde bireysel hasta yonetimi ve
toplum diizeyinde bdbrek saghiginin korunabilmesi miimkiin
olabilecektir. Bu teknolojilerin daha yaygin hale gelmesiyle KBH
seyrinin daha  Ongoriilebilir ve  yoOnetilebilir  olabilecegi
diistiniilmektedir.
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EPIGENETIC MARKS OF ELECTROMAGNETIC
FIELD EXPOSUREHMEMER'2.ATION, HISTON
MODIFICATIONS, and miRNA PROFILES

1. MEHMET CiHAN YAVAS'

Abstract

Even though they do not directly cause traditional genotoxic effects
like DNA breaks, exposure to non-ionizing electromagnetic fields
(EMA), especially radio frequency (RF-EMF) and low-frequency
magnetic fields (ELF-EMF), can affect epigenetic regulators through
cellular signaling pathways, ion homeostasis, and redox status.
According to recent research, these alterations could take place at the
levels of microRNA (miRNA), histone modifications, and DNA
methylation. The mechanisms, experimental results, limits, and
biological/clinical consequences of these three primary epigenetic
regulators are all methodically covered in this section. It also makes
recommendations for additional study.

Introduction

People nowadays are continuously exposed to non-ionizing
electromagnetic fields (EMFs) from a variety of sources, including
industrial power lines, mobile devices, Wi-Fi, and wireless
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communication systems. These exposures have the potential to
interfere with intracellular signaling pathways, oxidative stress
balance, and ion balance, even if they do not result in traditional
genotoxic effects such direct DNA breakage (Yavas et al., 2018;
Yavas et al., 2024). This may cause epigenetic regulatory pathways
to change. Long-term gene expression can be reprogrammed by
epigenetic alterations including DNA methylation, histone
modifications, and non-coding RNAs without the need for DNA
sequence mutations. Thus, studying the connection between EMFs
and epigenetic modifications is essential for both public health and
comprehending the underlying biological mechanisms.

Potential Biophysical Effects of EMA on Epigenetic Regulators

Various models and experimental data exist regarding the
biophysical and cellular mechanisms by which EMA-related
epigenetic changes may occur:

Oxidative stress and increased ROS levels have been
observed during EMA exposure; these ROS can affect DNA
methyltransferases (DNMTs), histone-modifying enzymes, and non-
coding RNA biogenesis (Shayeghan et al., 2021; Cantu et al., 2023;
Wydorski et al., 2024).

Through membrane ion channels, particularly calcium
channels, electromagnetic fields, notably RF-EMF and ELF-EMF,
can modulate Ca2+ signaling. This can subsequently affect histone
modifications or DNA methylation/demethylation processes through
Ca2+-dependent kinases and transferases (Lai, 2021; Abtin et al.,
2024).

Chromatin-remodeling complexes (such as histone
demethylase/methylase and chromatin-modifying enzymes) can
reconfigure local chromatin accessibility, histone markers, and gene
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expression in response to EMA-dependent stress signals (Pinton et
al., 2018; Abtin et al., 2024).

These processes show that, depending on factors including
frequency, power density, exposure duration, and tissue type, EMA
might result in epigenetic modifications.

DNA Methylation and EMA
Global / Genome-wide Methylation Alterations

A study in human keratinocytes reported that 1 hour of low-
dose (SAR<10 mW/kg) exposure to 900 MHz RF-EMF showed
different methylation patterns in some genes and regions via whole-
genome bisulfite sequencing; this is a strong indication that EMA
can induce an epigenetic cellular response (Cantu et al., 2023).

Following exposure to 50 Hz ELF-EMF, an in-vitro research
on porcine peri-implantation endometrium revealed alterations in
global methylation, DNMT, and histone deacetylase (HDAC)
activity, as well as changes in the levels of enzymes linked to miRNA
synthesis (DICER1, DGCRS) (Wydorski et al., 2023; Wydorsk et al.,
2024).

These results imply that EMA can affect DNA methylation
patterns at the genome-wide and gene-specific levels; however, the
impact may differ based on exposure settings and sample type.

Gene-Specific Promoter Methylation

For instance, certain genes (EGR2, ID2, PTGER4) showed
an increase in promoter methylation levels in the same peri-
implantation research, whereas others (ILIRAP, NOS3) showed a
decrease. As a result, they reported that EMA can alter gene
expression profiles via epigenetic mechanisms (Wydorski et al.,
2023).



Repetitive DNA Elements (LINE-1, rDNA) and Disruption of
Epigenetic Balance

In terms of long-term effects on genomic stability and
possible epigenetic dysregulation, it has been reported that 48 hours
of exposure to 900 MHz RF-EMF changed DNA methylation
patterns in LINE-1 and ribosomal DNA repetitive elements in human
and neuroblastoma cell lines (Ravaoili et al., 2023; Huss et al.,
2025).

Histone Modifications and Chromatin Remodeling

There is increasing evidence that EMA exposure can affect
histone modifications and chromatin architecture.

Histone demethylase KDM6B expression rose and H3K27 levels
generally decreased when the human monocyte cell line U937 was
exposed to particular low-frequency electromagnetic field sequences
(the distinct “XR-BC31” sequence). These changes have been linked
to chromatin unfolding, altered gene expression, and cellular
differentiation (Pinton et al., 2018). Epigenetic plasticity can result
from EMA exposure's ability to control gene expression through
chromatin-remodeling activity and histone coding (acetylation,
methylation) (Lai, 2021; Abtin et al., 2024).

These results could imply that DNA methylation and the
EMA-histone-chromatin axis are components of the epigenetic
response system. Nevertheless, there are currently not enough high-
resolution epigenomic analyses, which will limit how broadly the
findings may be applied. More specific information is required.

miRNA and Post-transcriptional Regulation

Non-coding RNA—especially miRNAs—are important
components of epigenetic regulation. Some data exist regarding
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EMA-dependent miRNA changes and the resulting post-
transcriptional regulation:

ELF-EMF can influence DNMT, histone-modifying
enzymes, and elements of miRNA biogenesis (DICER, DGCRS),
resulting in both transcriptional and post-transcriptional epigenetic
modifications, according to observational and review research
(Shayeghan et al.,, 2021; Wydorski et al., 2024). EMA's
environmental stress signaling capabilities have the ability to initiate
cellular adaption processes, which could establish the foundation for
long-term gene regulation, miRNA profiling, and epitranscriptomic
modifications (Abtin et al., 2024; Sendera et al., 2024).

More study is necessary in this area because there are
currently few high-quality RNA-seq studies that validate changes in
miRNA levels.

Biological/Clinical Potential Outcomes and Significance

The biological consequences of EMA-related epigenetic
changes are potentially quite diverse:

Reproductive biology: Reproductive biology has been significantly
impacted by the effects of ELF-EMF (50 Hz, 2 hours) on the peri-
implantation period of pig endometrium and pregnancies. Both
maternal tissue (increased DNMT1/EZH2, global DNA methylation)
and conception (about 16-fold increase in genomic methylation)
showed notable epigenetic alterations in DNA methylation patterns.
The endometrium's receptive abilities and the expression of genes
related to conception development and attachment (APOM,
SLC34A1, HSD17B2, etc.) were both directly impacted by this
epigenetic alteration (Wydorski et al., 2024; Franczak et al., 2025).

Neurodevelopment and neurobiology: Histone modification, miRNA
regulation, and redox alterations are some of the epigenetic effects

of EMA on neuronal cells and glia that may have an impact on
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synaptic plasticity, learning, memory, and neurodegeneration (Lai,
2021; Abtin et al., 2024).

Long-term health risks: Disruption of the methylation pattern of
repetitive DNA elements, epigenetic instability, and chromatin
structure irregularities—these factors, under chronic exposure, can
increase the risk of diseases such as cancer, inflammation, and
metabolic disorders (Lai, 2021; Abtin et al., 2024; Huss et al., 2025).

The absence of longitudinal epigenetic and phenotypic data
in human cohorts, however, indicates a significant gap because these
conclusions are still theoretical and primarily based on
laboratory/animal investigations.

Methodological Limitations and Criticisms
Some key challenges facing EMA-epigenetic research:

The exposure parameters (frequency, SAR/field intensity,
duration, polarization, etc.) are not standardized. This makes it
difficult to compare the results (Bodewein et al., 2019; Lai, 2021).

Heterogeneity among epigenetic measurement methods:
Generally, short-term exposure studies (e.g., 1 hour, 2 hours, 24-48
hours) have been conducted; there are few studies evaluating the
epigenetic effects of long-term, chronic exposure.

Lack of human data: Most studies are based on in vitro cell
lines or animal tissue; the chain of “EMA and epigenomic changes
— phenotypic outcomes in human populations” has not been
sufficiently established.

These limitations still make it difficult to definitively define
the EMA-epigenetic relationship.

Suggestions for Future Research
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Suggested methods to quicken the advancement of science in
this area:

Future research will need to include standardized exposure
procedures, multilayer omics analysis, long-term and developmental
window studies, human cohort + individual dosimetry, and
functional validation.

Conclusion

Over the last ten years, studies have demonstrated that
exposure to EMA can alter epigenetic regulators, such as DNA
methylation, histone alterations, and miRNA, which can alter gene
expression and cellular processes. This indicates that EMA's
biological impacts are not just confined to heat/thermal mechanisms;
this network of effects also includes gene regulation, chromatin
architecture, and epitranscriptomic activities. Nevertheless, there is
still a dearth of human data, short experimental durations, a lack of
omics studies, and a lack of methodological standards. As a result,
sophisticated, methodical, and multi-layered research is required in
this area. During the writing of this section, Al-based tools were used
to assist with text editing, literature review, and data presentation
improvement. The final content was reviewed and approved by the
author within a scientific framework.
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