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ÖNSÖZ 

Doğanın biyofizik yasaları ile bilincin öznel deneyimleri arasında en karmaşık bağlantı 

beyindir. Nöronal ağlarda, atomik düzeyde iyon hareketleriyle başlayan süreçler, düşünceye, 

duyguya ve davranışa dönüşür. From Biophysics to Clinic: The Brain, yaşamın fiziksel 

temellerinden zihnin klinik yansımalarına uzanan bu çok katmanlı sürekliliği anlamayı 

amaçlıyor. Epigenetik düzenlemelerden elektromanyetik etkileşimlere, sinaptik plastisiteden 

nörodejeneratif hastalıklara kadar uzanan bu yolculuk, beynin yalnızca bir organ olmadığını, 

aynı zamanda sürekli olarak değişen ve gelişen bir sistem olduğunu göstermektedir. 
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EMOTIONAL CIRCUITS: MRI ANALYSIS OF THE 

LIMBIC SYSTEM AND THE BRAIN'S HIDDEN 

NETWORKS 

1. Cemile AVCI AKAN1 

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 Öğr.Gör.Cemile AVCI AKAN, Ondokuz Mayıs University, Alacam Vocational 

School, Office Services and Secretarial Department, Samsun, Türkiye Orcid: 

0000-0002-8436-438X 

 

CHAPTER 1

--1--



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. 

 

Source: Blausen Medical Art (2014) 

Hippocampus 

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 

CA1–CA4 areas, the dentate gyrus (DG), and the subiculum. As is 

well known, the CA1 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 
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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 & Morrison, 

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 
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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 CA1 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 CA1 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 

--15--



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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BİYOFİZİKSEL YAKLAŞIMLAR VE YAPAY ZEKA 
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G"r"ş 

Kron%k böbrek hastalığı (KBH) progres%f ve ger% dönüşümsüz 
b%r halk sağlığı sorunu olarak kabul ed%lmekted%r. Dünya genel%nde 
yet%şk%n popülasyonun öneml% b%r bölümünü etk%lemekted%r (H%ll ve 
ark., 2016). Kard%yovasküler kompl%kasyon r%sk%n% arttırarak son 
dönem böbrek yetmezl%ğ% %le sonuçlanab%len KBH, zamanla böbrek 
fonks%yonlarındak% bozulma %le karakter%ze ed%lmekted%r (Jha ve 
ark., 2013). KBH erken evrede bel%rt% veren b%r hastalık 
olmadığından, bu hastalığın tanı ve tak%p süreçler%nde %ler% düzey 
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teknoloj%lere gereks%n%m duyulmaktadır. Dolayısıyla özell%kle son 
yıllarda hastalığa b%yof%z%ksel yaklaşımlar %le b%rl%kte yapay zeka 
destekl% uygulamalar KBH’n%n erken tanısında, evrelend%r%lmes%nde 
ve prognoz tahm%n%nde umut veren yaklaşımlar olarak 
değerlend%r%lmekted%r (van der Bel ve ark., 2016). 

KBH’de b%yof%z%ksel yaklaşımlar kullanılarak serum 
kreat%n%n, tahm%n% glomerüler f%ltrasyon hızı g%b% b%yok%myasal 
parametreler%n yanısıra, doku düzey%ndek% değ%ş%mler non-%nvaz%v 
b%ç%mde saptanab%lmekted%r. Böbrek dokusundak% m%kroyapısal 
bozulmaların erken dönemde saptanab%lmes% %ç%n manyet%k rezonans 
görüntüleme, doku-perfüzyon anal%zler%, ultrason elastograf%s% g%b% 
yöntemler uygulanmaktadır (van der Bel ve ark., 2016). Ayrıca 
böbrek fonks%yonları üzer%nde etk%s% göster%len elektromanyet%k alan 
uygulamaları g%b% b%yof%z%ksel yöntemler kullanılarak 
gerçekleşt%r%len müdahaleler KBH’de artmış glomerüler f%ltrasyon 
hızı %le %l%şk%lend%r%lm%şt%r (Folett% ve ark., 2019). 

KBH kompleks ve çok değ%şkenl% b%r hastalık olduğundan, 
hastalığa b%yof%z%ksel yaklaşımlar %le müdahalen%n yanısıra, yapay 
zeka uygulamaları da hastalığın patoloj%s%n%n daha %y% 
anlaşılab%lmes% ve yönet%leb%lmes% bakımından oldukça öneml%d%r. 
Bu yapay zeka uygulamaları arasında mak%ne öğrenmes%, der%n 
öğrenme, açıklanab%l%r yapay zeka tekn%kler% yer almaktadır. Bu 
uygulamalar kullanılarak kl%n%k ver%ler, laboratuvar ver%ler%, 
görüntüleme anal%zler% ve genet%k ver%ler %şlenmekte, hastalığın 
erken tanısı, evrelend%r%lmes% ve b%reyselleşt%r%lm%ş tedav% planlarının 
oluşturulması sağlanmaktadır (Kr%ttanawong ve ark., 2017). 
Rastgele orman, destek vektör mak%neler%, s%n%r ağları kullanılarak 
yüksek doğrulama oranlarıyla KBH progresyonunun tahm%n% 
yapılab%lmekted%r (Zhu ve ark., 2023). Yapay zeka uygulamalarından 
der%n öğrenme tabanlı görüntü anal%z yöntemler% yoluyla böbrek 
ultrason görüntüler%nden patoloj%k değ%ş%kl%kler%n saptanması 
mümkün olab%lmekted%r (T%an ve ark., 2024). 
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B%yof%z%ksel ölçüm tekn%kler%n%n sunduğu ver% zeng%nl%ğ% ve 
yapay zeka uygulamalarının yüksek öngörü kapas%tes% b%rl%kte 
değerlend%r%ld%ğ%nde, KBH’ye b%yof%z%ksel yaklaşım ve yapay zeka 
uygulamalarının entegrasyonunun KBH’n%n etk%l% yönet%m% 
bakımından son derece öneml% olab%leceğ% düşünülmekted%r. Bu 
bölümde KBH’de kullanılan b%yof%z%ksel yaklaşımların ve yapay 
zeka uygulamalarının b%rl%kte ele alınması yoluyla, hastalığın erken 
tanısında, progresyonunda ve hastalık %ç%n b%reysel tedav% yöntemler% 
g%b% tedav% stratej%ler%n%n gel%şt%r%lmes%nde öneml% olab%lecek 
b%lg%ler%n sunulması amaçlanmıştır.   

Kron"k Böbrek Hastalığına B"yof"z"ksel Yaklaşımlar 

Hücreler%n, dokuların normal yapılarının ve fonks%yonlarının 
bel%rlenmes%nde elast%k%yet, r%j%d%te g%b% farklı olarak tanımlanan 
mekan%k özell%kler öneml%d%r. Mekan%k faktörler b%yok%myasal 
s%nyallerle entegre ed%lerek dokuların fenot%p%n%n bel%rlenmes%nde ve 
hastalıkların gel%ş%mler%nde öneml% bel%rley%c%ler olarak 
kullanılmaktadır. Bu duruma örnek ver%lecek olursa, deforme 
olab%len 0.2kPa meme dokusundan deforme olmayan 4.0kPa sert 
veya yoğun meme dokusuna geç%ş, meme kanser% gel%ş%m% %ç%n 
öneml% b%r r%sk faktörü olarak kabul ed%lmekted%r. Böylece daha 
yüksek meme yoğunluğuna sah%p kadınlarda meme kanser% gel%şme 
r%sk% anlamlı derecede daha yüksek bel%rlenm%şt%r. Bu durumun, 
normal meme hücreler%n%n kolajen açısından zeng%n sert b%r 
ekstraselüler ortama maruz kalması sonucunda ep%tel 
morfoloj%ler%n%n değ%şmes%yle %nvaz%v kötü huylu b%r fenot%p 
kazanma eğ%l%mler%nden kaynaklandığı düşünülmekted%r. Meme 
dokusunun dışında karac%ğer dokusu ele alınacak olursa, normal 
karac%ğer%n elast%k modülünün 0.5kPa olduğu b%l%nmekted%r. 
Karac%ğerde herhang% b%r hasar ya da f%broz%s sonucunda elast%k 
modül 15kPa değer%ne kadar yükseleb%lmekted%r. Matr%s sertl%ğ% 
sonucunda hepatos%tler, portal f%broblastlar, yıldız hücreler% daha 
hızlı bölüneb%lmekte ve bu durum hastalığın gel%ş%m%ne katkıda 
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bulunab%lmekted%r. Bey%n hücreler%n% ele aldığımızda %se, bey%n 
korteks hücreler% 0.15-0.3kPa değerler% arasında yer alan yumuşak 
yüzeylere yerleşt%r%ld%ğ%nde nöronların seç%c% olarak büyüdükler% 
bel%rlenm%şt%r. Bunun yanısıra, aynı hücreler 2kPa değer%nde daha 
sert b%r alt tabakaya ek%ld%ğ%nde seç%c% olarak gl%a hücreler%nde 
büyüme saptanmıştır. Bu nedenle hücre dışı ortamın mekan%k 
özell%kler%n%n hücre soyunun yanısıra, hücre prol%ferasyonuna, hücre 
m%grasyonuna ya da %nvazyonuna ve dolayısıyla hücre fenot%p%ne 
öneml% katkı sağladığı düşünülmekted%r. Bu örneklerde %fade ed%len 
hücre dışı elast%k%yet%n yanında hücre %ç% elast%k%yet özell%kler% de 
hücre fonks%yonlarının bel%rlenmes%nde öneml% rol oynamaktadır. 
Hücre %ç% elast%k%yet özell%kler% arasında pol%mer%ze akt%n m%ktarı ve 
b%ç%m%, matr%s reseptörler%n%n türü ve odaksal yapışma g%b% substrata 
yapışma, hücren%n %ç ger%l%m gel%şt%reb%lme yeteneğ% g%b% faktörler 
yer almaktadır. Bu faktörlerdek% değ%ş%kl%kler sonucunda hücre %ç% 
elast%k özell%klerde, hücre davranışında ve dolayısıyla doku 
hasarında değ%ş%kl%kler ortaya çıkab%lmekted%r. Hücresel ve doku 
mekan%k anormall%kler%n%n KBH g%b% böbrek hastalıklarında 
böbrekte glomerüler hasarda öneml% rol oynayab%leceğ% 
düşünülmekted%r. Glomerüler mekan%k özell%kler%n%n değ%şmes%n%n 
hastalığa katkıda bulunab%leceğ% varsayıldığında, glomerüller%n 
f%ltreleme ün%teler%n%n fonks%yonlarını düzgün olarak sürdürmeler%ne 
ve glomerüler hücreler%n farklılaşmış durumlarının korunmasına 
olanak sağlanması bakımından elast%k modüller%n sab%t tutularak 
spes%f%k mekan%k özell%kler%n korunması gerekmekted%r. Bu 
b%yof%z%ksel özell%kler bakımından hastalık süres%nde değ%ş%kl%k 
gözlen%p gözlenmed%ğ%, hastalıklı glomerüller%n elast%k modüller%n%n 
sağlıklı glomerüller%n elast%k modüller%ne göre nasıl b%r değ%ş%m 
gösterd%ğ% araştırılması gereken konulardır. Hücreler%n ve dokuların 
mekan%k özell%kler% hastalık %le b%rl%kte değ%ş%kl%k gösterse de, bu 
değ%ş%kl%kler%n hastalığın neden% olmaktan z%yade sonucu olab%leceğ% 
öngörülmekted%r. Glomerüller%n mekan%k deformab%l%tes%ndek% artış, 
böbrek hastalıklarının erken evreler%nde gözleneb%lecek öneml% b%r 
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özell%k olarak kabul ed%lmekted%r. Bu değ%ş%kl%k sonucunda 
glomerüller artmış ger%lme %le b%rl%kte hemod%nam%k hasara karşı 
daha duyarlı hale geleb%lmekte ve dolayısıyla glomerüler hücre 
apoptozu, glomerüler skleroz g%b% durumlar ortaya çıkab%lmekted%r. 
Glomerüler morfoloj%dek% b%yof%z%ksel değ%ş%kl%kler ve kl%n%k 
parametrelerdek% değ%ş%kl%kler b%rl%kte değerlend%r%ld%ğ%nde, böbrek 
hastalıklarının teşh%s ed%lmes%, prognozunun bel%rlenmes%, 
hastalıklar %ç%n uygun tedav%ler%n bel%rlenmes% daha da 
kolaylaşmaktadır (Pozz%, 2011). 

B%yof%z%ksel tedav% yöntemler% çeş%tl% hastalıkların kl%n%k 
uygulamalarında bütünleşt%r%c% olarak ortaya çıkan uygulamalardır. 
Özell%kle genel ağrı yönet%m%nde, depres%f bozuklukların 
yönet%m%nde potans%yel kullanım alanları b%ld%r%lm%şt%r. B%yof%z%ksel 
tedav%ler%n kl%n%k etk%ler%n% b%r rezonans etk%s% yoluyla 
göstereb%leceğ% öngörülmekted%r. Rezonans terapöt%k olarak %let%len 
elektromanyet%k s%nyaller %le hedef dokular, organlar ya da tüm 
organ%zma arasında meydana geld%ğ%nden, lokal ve s%stem%k etk%ler 
aynı anda elde ed%leb%lmekted%r (Folett%, 2016). Rezonans ver%c% ve 
alıcı arasında s%nyaller%n %let%m% yoluyla gerçekleşmekted%r. 
Rezonansın oluşab%lmes% %ç%n ver%c% ve alıcı aynı frekansta çalışmalı, 
seç%c% ve etk%l% b%r s%nyal %let%m% sağlanmalıdır. B%yoloj%k 
fonks%yonları tet%kleyeb%lecek b%lg%n%n k%myasal ya da 
elektromanyet%k olarak %let%leb%lmes% %ç%n ver%c% ve alıcı rezonans 
hal%nde olmalıdır. Özell%kle erken evre KBH hastalığı olan yaşlı 
hastalarda elektromanyet%k b%lg% aktarımı aracılığıyla sulu s%stemle 
tedav% uygulanmaktadır. Öncel%kle hastaların böbrek bölgeler%ndek% 
endojen g%r%ş s%nyaller% kayded%lmekte, sonrasında terapöt%k 
elektromanyet%k çıkış s%nyaller% %let%lmekted%r. Temel drenaj tedav% 
programı seç%lmes% yoluyla böbrek bölgeler%ndek% g%r%ş s%nyaller% 
kayded%lerek, terapöt%k çıkış s%nyaller% böbrek bölgeler%ne 
%let%lmekted%r. Sulu b%r s%stem üzer%nde çıkış terapöt%k s%nyaller% 
kayded%lmekted%r. Böylece lokal ve s%stem%k tedav% aynı anda 
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sağlanab%lmekted%r. Endojen olarak üret%len terapöt%k s%nyaller%n 
elektromanyet%k b%lg% aktarımının kullanımı, kl%n%k uygulamalarda 
öneml% b%r b%yof%z%ksel terapöt%k yaklaşım olarak öngörülmekted%r. 
Ayrıca düşük frekanslı elektromanyet%k alanların %mmün düzenley%c% 
etk%ler% göster%lm%şt%r. Düşük elektromanyet%k dalgalardan 
kaynaklanan b%yof%z%ksel etk%n%n ant%prote%nür%k etk%ler g%b% 
koruyucu etk%ler% bel%rlenm%şt%r. Böbrek fonks%yonlarındak% doğal 
düşüşe karşılık b%yof%z%ksel entegre stratej%s%, potans%yel b%r katkı 
sağlamaktadır (H%ll ve ark., 2016; Jha ve ark., 2013). KBH 
hastalarında b%yof%z%ksel entegre stratej%ler%n, d%ğer hastalıklarda 
olduğu g%b% KBH’de tahm%n% glomerüler f%ltrasyon hızı prognozu 
üzer%ndek% kl%n%k etk%nl%ğ%n%n değerlend%r%lmes% bakımından 
kapsamlı çalışmalara %ht%yaç duyulmaktadır. B%yof%z%ksel bütünleş%k 
yaklaşımlar %le KBH hastalarının böbrek fonks%yonlarında öneml% 
düzeyde %y%leşmeler sağlandığı bel%rlenm%şt%r. B%yof%z%ksel entegre 
b%r yaklaşım yoluyla oto%mmün nefr%t%k sendromlu hastada böbrek 
fonks%yonlarında uzun sürel% b%r %y%leşme saptanmıştır. Ayrıca 
hastalarda bu b%yof%z%ksel entegre yaklaşım sayes%nde glomerüler 
f%ltrasyon hızında anlamlı derecede düşüşler bel%rlenm%şt%r (H%ll ve 
ark., 2016). 

Kron"k Böbrek Hastalığında Yapay Zeka Uygulamaları 

Kron%k böbrek hastalığı (KBH) böbrek fonks%yonlarında üç 
aydan daha uzun süren progres%f hasar %le karakter%ze ed%lmekted%r. 
Dünya çağında öneml% b%r ölüm neden% olarak b%l%nen KBH, oldukça 
fazla sayıda %nsanı etk%leyen öneml% b%r sağlık yükü hal%ne gelm%şt%r. 
KBH’de son aşama böbrek yetmezl%ğ% olarak b%l%nmekted%r ve 
kron%k böbrek yetmezl%ğ% gel%şmes% durumunda d%yal%z ve böbrek 
nakl% g%b% böbrek replasman tedav%ler% uygulanmaktadır. KBH’de 
yaş arttıkça ölüm r%sk% de artmaktadır. Böbrek yetmezl%ğ%ne %lerleme 
r%sk% yüksek olan, böbrek replasman tedav%s%ne %ht%yaç duyan k%ş%ler 
%le böbrek yetmezl%ğ%ne %lerleme r%sk% daha düşük olan ve 
destekley%c% bakımlar %le fayda göreb%lecek k%ş%ler%n 
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sınıflandırılab%lmes% oldukça öneml%d%r. KBH hastalarının bu 
hastalığın %lerleme durumuna göre nefroloj% h%zmetler%ne sevk 
ed%leb%lmes% önem taşımaktadır. Bu hastaların erken sevk% söz 
konusu olduğunda kron%k böbrek yetmezl%ğ%ne %lerleme durumu 
gec%kmekted%r. Buna rağmen KBH progresyonu heterojen olduğu 
%ç%n sevk%n doğru zamanlaması öneml% b%r kl%n%k karar olarak 
karşımıza çıkmaktadır (M%ller ve Dwyer, 2025). 

KBH uygun mal%yetl% tarama yöntemler%n%n 
bulunmamasından dolayı yeter%nce b%l%nmemekted%r. Tahm%n% 
glomerüler f%ltrasyon hızı değerler%ne bakılarak nefroloj%ye sevk 
kararı ver%leb%lmekted%r. KBH’n%n erken ve doğru teşh%s%n%n 
bel%rleneb%lmes% yönünde yeter%nce uygulama bulunmamaktadır. Bu 
yüzden özell%kle b%r%nc% basamak sağlık h%zmet% ortamlarında 
mak%ne öğren%m% g%b% yapay zeka tabanlı algor%tmaların, elektron%k 
sağlık kayıtlarıyla entegre ed%lmes% öneml%d%r. Böylece erken 
nefroloj% sevk% tet%kleneb%lmekte ve KBH’den muzdar%p hastalarda 
sonuçlar %y%leşeb%lmekted%r. D%yabet%k böbrek hastalığı g%b% 
hastalıkların progresyonunun tahm%n ed%leb%lmes%nde loj%st%k 
regresyon anal%z%ne dayalı yapay zeka modeller% gel%şt%r%lm%şt%r 
(S%ngh ve ark., 2024). Daha önce gerçekleşt%r%lm%ş b%r çalışmada, 
albüm%nür% ve %drar L t%p% yağ as%d% bağlayıcı prote%n ve serum tümör 
nekroz faktörü-alfa g%b% b%yobel%rteçlere dayalı tahm%n model% 
gel%şt%r%leb%lmes% %ç%n elektron%k tıbb% kayıtlardan d%yabet hastalarına 
a%t ver%ler kullanılmıştır. Bu çalışmada böbrek hastalığının 
progresyonu %71 doğrulukla bel%rlenm%şt%r (Mak%no ve ark., 2019). 
C%ns%yet, tanı konmasına bağlı süre, gl%koz, vücut k%tle %ndeks%, 
hemoglob%n, h%pertans%yon, s%gara g%b% parametreler kullanılarak 
d%yabetes mell%tus kompl%kasyonlarının bel%rlenmes%nde mak%ne 
öğren%m% kullanılmaktadır. Ayrıca Fabry hastalık r%sk%n%n yüksek 
olduğu hastaların bel%rlenmes% %ç%n tahm%n modeller%ne dayalı yapay 
zeka yaklaşımı kullanılmıştır (Dagl%at% ve ark., 2018). Fabry 
hastalığı r%sk% yüksek olan hastaların taranmasında fenot%p%k 
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s%nyaller%n yanında, bunlara d%ğer kl%n%k özell%kler de entegre 
ed%lerek KBH tedav%s%nde yapay zeka modeller% kullanılmıştır 
(Jeffer%es ve ark., 2021). KBH progresyon r%sk%n%n bel%rleneb%lmes% 
%ç%n mak%ne öğren%m% kullanan nabız ver%ler% bu modeller arasında 
yer almaktadır. Ayrıca laboratuvar ver%ler%, hasta semptomları, 
genet%k testler entegre şek%lde kullanılmaktadır (Cha ve ark., 2021). 
K%dneyIntelX Renalyt%x yapay zaka tarafından gel%şt%r%lm%ş b%r 
model olarak d%yabet%k böbrek hastalığının yönet%m%nde yardımcı b%r 
modeld%r. Bu model %le plazma b%yobel%rteçler%, laboratuvar 
değerler%, hastalık sınıflandırma tanı kodları, %laçlar, hayat% bel%rt%ler 
kullanılarak KBH progresyonu yüksek b%r doğruluk oranıyla tesp%t 
ed%leb%lmekted%r (Chan ve ark., 2021). K%dneyIntelX %le %lg%l% 
önley%c% tedb%rler%n mal%yet%n%n, d%yal%z %ht%yaçlarının azalması, 
d%yabet%k böbrek hastalığı progresyonunun yavaşlaması sonucunda 
ortaya çıkan mal%yet tasarrufları %le karşılanab%leceğ% 
düşünülmekted%r (Datar ve ark., 2021) (Tablo 1). 

 

Tablo 1. Yapay Zeka Uygulamaları 
Algor+tma B+lg+sayarlar +ç+n b+r d+z+ +şlem+n tanımlanmasını sağlayan kurallar 

kümes+ olarak tanımlanmaktadır. 
Mak+ne 
Öğren+m+ 

Algor+tmanın örneklerden oluşan b+r ver+ tabanındak+ +stat+st+ksel 
düzenl+l+kler+ tahm+nler +ç+n parametre ağırlıklarına kodlama sürec+ 
olarak tanımlanmaktadır. 

Der+n 
Öğrenme 

B+rden fazla hesaplama katmanı kullanan b+r mak+ne öğrenmes+ 
çeş+d+ olarak b+l+nmekted+r ve büyük ver+ kümeler+nden öğrenmey+, 
+nsan müdahales+ne ya da özel eğ+t+m ver+ kümeler+ne +ht+yaç 
duyulmadan b+lg+ çıkarılmasını amaçlamaktadır. Bu modelde tüm 
katmanların b+rb+r+ne bağlı olmadığı, daha der+n katmanlara sah+p 
olan evr+ş+msel s+n+r ağları kullanılmaktadır. Böylece az +şlenm+ş 
ver+ ve kaynak +le karmaşık görevler ver+ml+ b+r şek+lde 
yürütülmekted+r. 

Yapay S+n+r 
Ağı 

S+n+r hücreler+n+n bey+n hücreler+ne benzer b+ç+mde b+rb+r+ne bağlı 
katmanlar hal+nde düzenlenmes+ olarak tanmlanmaktadır. 

Evr+ş+msel 
S+n+r Ağı 

Yapay s+n+r ağından farklı olarak evr+ş+msel s+n+r ağında tüm 
katmanlar b+rb+r+ne tamamen bağlı bulunmamaktadır. Evr+ş+msel 
s+n+r ağında çok daha der+n katmanlar yer almaktadır ve her 
katmandak+ nöron sayısı der+nl+k +le b+rl+kte azalmaktadır. 
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Karar Ağacı Denet+ml+ b+r öğrenme yöntem+d+r ve bu yöntemde seç+mler, 
sonuçlar b+r ağaç olarak tems+l ed+lmekte, her ağaç düğümler ve 
dallar +çermekted+r.  

H+yerarş+k 
Kümeleme 

Benzer ve farklı elemanlardan oluşan grupların, noktaların +k+l+ 
mesafelere göre y+nelemel+ olarak b+rleşt+r+lmes+ne dayanan b+r 
algor+tma olarak tanımlanmaktadır. 

Rastgele 
Orman 

Karar ağacından gelen çıktıların b+r araya get+r+ld+ğ+, n+ha+ 
tahm+n+n üret+lmes+ +ç+n b+reysel ağaçların çoğunluk oylamasının 
kullanıldığı yapay zeka model+ olarak b+l+nmekted+r. 

Eğ+m 
Arttırma 

Tahm+n performansını y+nelemel+ olarak +y+leşt+rmeye yönel+k b+r 
yapay zeka tekn+ğ+ olarak, yapay zeka model+n+n b+r sonrak+ 
permütasyonunun öncek+ permütasyonla b+rleşt+r+ld+ğ+nde 
performans artışının sağlanmasını garant+ etmekted+r.  

Destek 
Vektör 
Mak+nes+ 

Karmaşık et+ketl+ ver+ kümeler+ndek+ kalıpların bel+rlenmes+ ve 
ver+ dönüşümler+n+n sınıflandırılması amacı +le kullanılan yapay 
zeka uygulamalarıdır. 

Topluluk 
Model+  

B+rden fazla algor+tmanın çıktılarının b+r araya get+r+lmes+ suret+yle 
b+reysel algor+tmalardan daha yüksek tahm+n performansının elde 
ed+leb+ld+ğ+ yapay zeka model+d+r.  

 
Kaynak: S)ngh ve ark., 2024 

 

Mak%ne öğren%m% modeller% g%b% yapay zeka uygulamaları 
kl%n%k karar verme aşamasının opt%m%ze ed%lmes%nde son derece 
öneml%d%r. KBH’de hastalardan rut%n olarak elde ed%len büyük 
m%ktarda kl%n%k ve b%yok%myasal ver%ler bulunmaktadır. Bu kapsamlı 
ve kompleks ver% kümeler%nde bulunan doğrusal olmayan kalıpların 
öğren%leb%lmes%, gelecektek% değ%şkenler%n sonuçlarının tahm%n 
ed%leb%lmes% bakımından tasarlanmış entegre mak%ne öğren%m% 
modeller% kullanılmaktadır.  Mak%ne öğren%m% modeller%n%n 
oluşturulmasında doğruluk ve ver% toplama, değ%şken önemler%nden 
büyük oranda etk%leneb%leceğ%nden, modele g%r%len bel%rl% 
değ%şkenler%n d%kkatl% b%r b%ç%mde göz önünde bulundurulması 
gerekmekted%r. Herhang% b%r öngörücü mak%ne öğrenmes% model%n%n 
gel%şt%r%lmes% bakımından en öneml% değ%şkenler%n bel%rleneb%lmes% 
son derece öneml%d%r. KBH’n%n kron%k böbrek yetmezl%ğ%ne 
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progresyonunun öngörülmes%nde mak%ne öğrenmes% öneml% b%r 
araçtır (M%ller ve Dwyer, 2025). 

Progres%f böbrek hastalığının tahm%n ed%leb%lmes%nde mak%ne 
öğren%m% modeller%nde kullanılan öneml% değ%şkenler 
bel%rlenmel%d%r.  Böbrek fonks%yonları ve prote%nür% ölçümler% g%b% 
genel böbrek fonks%yonları %le %l%şk%l% değ%şkenler, KBH 
kompl%kasyonları %le %l%şk%l% değ%şkenler ve d%yabet bel%rteçler%, 
h%pertans%yon, vasküler hastalık öyküler% g%b% potans%yel KBH 
et%yoloj%ler% %le %l%şk%l% değ%şkenler bu öneml% değ%şkenler arasında 
yer almaktadır. Mak%ne öğrenmes% modeller%nde en yaygın gözlenen 
değ%şkenler doğrudan böbrek fonks%yonları %le %l%şk%l% olan 
değ%şkenlerd%r. Tahm%n% glomerüler f%ltrasyon hızı, serum kreat%n%n, 
prote%nür% g%b% ölçümler mak%ne öğren%m% modeller%nde en sık 
karşılaşılan değ%şkenler olarak b%l%nmekted%r. Bu değ%şkenler 
arasında yer alan prote%nür% uzun zamandan ber% KBH progresyonu 
%ç%n öneml% b%r bağımsız r%sk faktörü olarak kabul ed%lmekted%r. KBH 
kompl%kasyonları %le %l%şk%l% değ%şkenler arasında %se metabol%k 
kem%k hastalığı, elektrol%t bozuklukları g%b% yaygın kompl%kasyonlar 
yer almaktadır. Ayrıca bu modellerde serum albüm%n% değ%şken% de 
öneml%d%r. KBH %ler% evreler%nde albüm%n üret%m%n%n azalması ve 
albüm%n%n parçalanmasındak% artış s%stem%k b%r %nflamasyon 
durumunu düşündürmekted%r. Ayrıca albüm%n%n artmış s%tok%n 
üret%m% %le %l%şk%lend%r%lmes%nden dolayı %nflamatuar durumunun 
daha da kötüleşeb%leceğ% düşünülmekted%r. Mak%ne öğren%m% 
modeller%nde KBH et%yoloj%s% %le %l%şk%l% değ%şkenlerden d%yabet 
öyküsü ya da HbA1C öneml%d%r. Ayrıca d%yabet ve h%pertans%yon da 
KBH’n%n önde gelen nedenler% arasında yer aldığından, bu 
değ%şkenler%n de mak%ne öğrenmes% modeller%ne dah%l ed%lmes% 
uygun olacaktır (M%ller ve Dwyer, 2025) (Tablo 2). 
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Tablo 2. Mak7ne Öğrenmes7 Alt Dalları 7le İlg7l7 Kl7n7k 
Uygulamalar 

Mak+ne Öğren+m+ T+pler+ Kl+n+k Uygulamalar 
Denet+ml+ Öğrenme: 
Sıklıkla r+sk tahm+n araçlarında 
yer alan denet+ml+ öğrenme 
b+l+nen sonuçların tahm+n+nde 
kullanılmaktadır. 

Manyet+k rezonans görüntüleme, b+lg+sayarlı 
tomograf+ g+b+ tıbb+ görüntüleme yöntemler+ne 
dayalı böbrek k+tleler+n+n tesp+t+nde ve 
sınıflandırılmasında kullanılab+lmekted+r. 

Denet+ms+z Öğrenme: 
Önceden tanımlanmış b+r sonucu 
olmayan mak+ne öğren+m+ t+p+ 
olarak kalıpların ve ver+ler+n 
bel+rlenmes+nde kullanışlı b+r 
yöntemd+r.  

Açıklanamayan akut böbrek yetmezl+ğ+ olan 
hasta gruplarında ortak semptomların 
bel+rlenmes+nde kullanılab+lmekted+r. 

Pek+şt+rmel+ Öğrenme: 
Ödül model+ kl+n+k +y+leşmey+ 
hedefleyecek şek+lde tasarlanan, 
etk+leş+mlerden öğrenmeye 
dayanan b+r yöntemd+r.  

Organ nakl+ hastalarında +mmünosupres+f +laç 
dozunun ayarlanmasında kullanılmaktadır. 
Ayrıca hemod+yal+z hastalarında er+tropo+et+n 
dozajında kullanılab+lmekted+r.  

Doğal D+l İşleme: 
Büyük met+nlerden seç+lm+ş 
b+lg+ler+n ayıklanması mümkün 
olmaktadır. 

Kl+n+k notlardan, bulgulardan semptomların 
tesp+t ed+leb+lmes+nde kullanılmaktadır. 

 
Kaynak: S)ngh ve ark., 2024
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Tahm%n algor%tmalarının gel%şt%r%lmes% durumunda rekabet 
eden r%skler doğruluğu güçlü b%r b%ç%mde etk%leyeb%lmekted%r. 
Böbrek yetmezl%ğ% r%sk denklem% kron%k böbrek yetmezl%ğ%nde %k% ve 
beş yıllık r%sk% öngöreb%len kl%n%k b%r araç olarak kabul ed%lmekted%r. 
Yaygın olarak geçerl%l%ğ% kanıtlanmış olan böbrek yetmezl%ğ% r%sk 
denklem%, KBH’n%n kron%k böbrek yetmezl%ğ%ne progresyonunun 
tahm%n ed%lmes%nde kullanılan kl%n%k b%r modeld%r. Mak%ne 
öğrenmes% modeller% %se progres%f KBH’n%n tahm%n ed%lmes%nde 
böbrek yetmezl%ğ% r%sk denklem%ne kıyasla daha etk%l%d%r. Mak%ne 
öğren%m% modeller%nde, böbrek yetmezl%ğ% r%sk denklem%nde 
olmayan h%pertans%yon, d%yabet, vasküler hastalık öyküsü g%b% temel 
öngörü faktörler%n%n yanında, HbA1C g%b% b%yok%myasal ver%ler%n 
entegrasyonu sözkonusu olab%lmekted%r. Böbrek yetmezl%ğ% r%sk 
denklem% yalnızca bel%rl% b%r zaman noktasını tems%l eden 
değ%şkenler%n entegre ed%lmes%n% %çermes% bakımından sınırlıdır. 
Ayrıca bu denklemde rekabet eden r%skler d%kkate alınmamaktadır. 
Mak%ne öğrenmes% modeller%nde yaş faktörünün d%kkate alınması %le 
böbrek yetmezl%ğ%n%n üstün doğrulukla tahm%n ed%leb%lmes% mümkün 
olab%lmekted%r. Bu tanımlanan değ%şkenler%n büyük b%r çoğunluğu 
KBH’ye %l%şk%n mevcut kl%n%k anlayışı destekleyeb%lmekted%r. Serum 
albüm%n ölçümler%, karac%ğer fonks%yonları g%b% bazı değ%şkenler%n 
de mak%ne öğrenmes% modeller%ne dah%l ed%lmes% gerekeb%lmekted%r. 
Böylece kl%n%syenler tarafından en fazla r%sk altında olan b%reylere 
öncel%k ver%leb%lmes% %ç%n doğru kron%k yetmezl%k tahm%n%n%n 
yapılab%lmes%n% sağlayacak b%r mak%ne öğrenmes% model%n%n 
gel%şt%r%leb%lmes% oldukça önem taşımaktadır (M%ller ve Dwyer, 
2025). 
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Sonuç 

KBH çoklu s%stemler% etk%leyen sonuçları bulunan, s%ns% 
%lerleyen b%r hastalıktır. Bu yüzden bu kl%n%k tabloda erken tanı, 
yönet%m ve tedav% bakımından bütüncül b%r yaklaşım göster%lmel%d%r. 
Geleneksel tanı ve tedav% yöntemler%n%n ötes%nde, hastalığın 
patof%zyoloj%k süreçler%n%n daha detaylı b%r şek%lde anlaşılab%lmes%, 
k%ş%selleşt%r%lm%ş tedav% stratej%ler%n%n gel%şt%r%leb%lmes% bakımından 
teknoloj%k gel%şmeler%n %zlenmes% gerekmekted%r. B%yof%z%ksel 
yaklaşımlar ve yapay zeka temell% çözümler KBH yönet%m%nde 
tanısal ve terapöt%k bakımdan son derece öneml%d%r. B%yof%z%ksel 
ölçüm yöntemler% kullanılarak böbrek dokusunda meydana gelen 
m%kroyapısal değ%ş%kl%kler g%r%ş%msel olmayan yollarla 
saptanab%lmekte ve hastalığın erken evreler%nde tanınması mümkün 
olab%lmekted%r. Özell%kle manyet%k rezonans görüntüleme, ultrason 
tabanlı m%kros%rkülasyon anal%zler%, elostograf% g%b% tekn%kler tanıda 
ve tedav%ye yanıtın %zlenmes%nde kullanılab%lecek öneml% 
yöntemlerd%r. Bu tekn%kler%n terapöt%k süreçlerde kullanımı 
sayes%nde hastalığın progresyon hızının yavaşlamasını 
sağlayab%lecek müdahaleler%n zamanında yapılması mümkün 
olab%lecekt%r. Ayrıca kl%n%k bulgular değerlend%r%ld%ğ%nde, 
elektromanyet%k b%yof%z%ksel tedav% yaklaşımları %le özell%kle yaşlı 
b%reylerde glomerüler f%ltrasyon hızının arttırılab%ld%ğ% bel%rlenm%şt%r. 
Bu yüzden b%yof%z%ksel müdahaleler%n tedav% ed%c% b%r potans%yel% 
bulunmaktadır.  

Büyük ve karmaşık hasta ver%ler%nden anlamlı kl%n%k 
öngörüler üreteb%lme kapas%tes%ne sah%p mak%ne öğrenmes% ve der%n 
öğrenme g%b% yapay zeka uygulamaları, KBH erken tanısında, 
hastalık progresyonunun tahm%n ed%lmes%nde, hastaya özgü tedav% 
algor%tmalarının gel%şt%r%lmes%nde kullanılmaktadır. Kl%n%k karar 
destek araçları olarak görev yapab%len bu s%stemler sayes%nde 
hek%mler tedav% süreçler%nde daha doğru ve hızlı karar 
vereb%lmekted%r. Açıklanab%l%r yapay zeka modeller% tedav%ye etk% 
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edeb%len değ%şkenler% doğru b%r şek%lde sunab%lmekte ve 
k%ş%selleşt%r%lm%ş tedav% uygulamalarının bel%rlenmes%n% 
sağlayab%lmekted%r. Yapay zeka algor%tmaları kullanılarak hang% 
hasta gruplarının %laç tedav%ler%ne, yaşam tarzı değ%ş%kl%kler%ne daha 
%y% yanıt vereb%leceğ% öngörüleb%lmekte, böylece aşırı tedav% r%skler% 
azaltılarak tedav% etk%nl%kler% arttırılab%lmekted%r. Bu durum 
%lerley%c% KBH vakalarında böbrek yetmezl%ğ%ne geç%ş%n 
önleneb%lmes% bakımından oldukça öneml%d%r. Yapay zeka 
uygulamaları KBH hastalarında böbrek bakımı h%zmetler%n%n 
sunumunu dönüştürme ve dolayısıyla hastaların sonuçlarını 
%y%leşt%rme konusunda öneml% potans%yel uygulamalardır. Bu 
uygulamalar sayes%nde KBH erken teşh%s%, %laç dozlamaları, d%yal%z, 
böbrek nakl% g%b% renal replasman tedav%ler%, böbrek patoloj%s% 
alanlarında çözüm odaklı gel%şmeler sağlanmaktadır.  

Kısacası, bu yaklaşımların rut%n kl%n%k uygulamalara 
entegrasyonu %ç%n bazı koşullar sağlanmalıdır. B%yof%z%ksel ölçüm 
c%hazları gen%ş hasta gruplarında uygulanarak standard%ze 
ed%lmel%d%r. Yapay zeka s%stemler% bakımından da kal%tel%, çeş%tl% ve 
tems%l% ver% setler%ne dayalı modeller%n gel%şt%r%leb%lmes% 
gerekmekted%r. B%yof%z%ksel ölçüm tekn%kler% ve yapay zeka 
uygulamaları KBH hastalarının yönet%m%nde tanıdan tedav%ye 
uzanan bütüncül b%r dönüşüm sunmaktadır. Bu yöntemler%n kl%n%k 
prat%ğe b%rl%kte entegre ed%lmes% sayes%nde b%reysel hasta yönet%m% ve 
toplum düzey%nde böbrek sağlığının korunab%lmes% mümkün 
olab%lecekt%r. Bu teknoloj%ler%n daha yaygın hale gelmes%yle KBH 
seyr%n%n daha öngörüleb%l%r ve yönet%leb%l%r olab%leceğ% 
düşünülmekted%r. 

 

 

 

--37--



Kaynakça 
Cha, T., Son, H. P., K%pers, C., F%eld%ng, O., Son, J. H., & 

Lee, E. (2021). Mach7ne learn7ng systems and methods for 
pred7ct7ng r7sk of renal funct7on decl7ne (U.S. Patent No. 
11,043,300). U.S. Patent and Trademark Off%ce. 
https://patent%mages.storage.googleap%s.com/0d/16/9c/6d00078044
439c/US11043300.pdf 

Chan, L., Nadkarn%, G. N., Flem%ng, F., McCullough, K., 
Connolly, P., Mosoyan, G., Coca, S. G., Murphy, B., & He, J. C. 
(2021). Der%vat%on and val%dat%on of a mach%ne learn%ng r%sk score 
us%ng b%omarker and electron%c pat%ent data to pred%ct progress%on of 
d%abet%c k%dney d%sease. D7abetolog7a, 64(7), 1504–1515. 
https://do%.org/10.1007/s00125-021-05444-1 

Dagl%at%, A., Mar%n%, S., Sacch%, L., Cogn%, G., Tel%t%, M., 
T%bollo, V., De Cata, P., Ch%ovato, L., & Bellazz%, R. (2018). 
Mach%ne learn%ng methods to pred%ct d%abetes compl%cat%ons. 
Journal of D7abetes Sc7ence and Technology, 12(2), 295–302. 
https://do%.org/10.1177/1932296817730357 

Datar, M., Burchenal, W., Donovan, M. J., Coca, S. G., Wang, 
E., & Goss, T. F. (2021). Payer budget %mpact of an art%f%c%al 
%ntell%gence %n v%tro d%agnost%c to mod%fy d%abet%c k%dney d%sease 
progress%on. Journal of Med7cal Econom7cs, 24(1), 972–982. 
https://do%.org/10.1080/13696998.2021.1963138 

Folett%, A., & Cozzol%no, M. (2016). B%ophys%cal approach to 
chron%c k%dney d%sease management %n older pat%ents. Nephrology @ 
Po7nt of Care, 2(1), Art%cle 5000199. 
https://do%.org/10.5301/pocj.5000199 

Folett%, A., Baron, P., & Cozzol%no, M. (2019). B%ophys%cal 
%ntegrated approach for the management of early stages of CKD %n 
elderly pat%ents: A 12-month controlled study. Internat7onal Urology 
and Nephrology, 51(8), 1395–1401. https://do%.org/10.1007/s11255-
019-02212-3 

--38--

https://www.google.com/search?q=https://patentimages.storage.googleapis.com/0d/16/9c/6d00078044439c/US11043300.pdf
https://www.google.com/search?q=https://patentimages.storage.googleapis.com/0d/16/9c/6d00078044439c/US11043300.pdf
https://www.google.com/search?q=https://doi.org/10.1007/s00125-021-05444-1
https://www.google.com/search?q=https://doi.org/10.1177/1932296817730357
https://www.google.com/search?q=https://doi.org/10.1080/13696998.2021.1963138
https://doi.org/10.5301/pocj.5000199
https://www.google.com/search?q=https://doi.org/10.1007/s11255-019-02212-3
https://www.google.com/search?q=https://doi.org/10.1007/s11255-019-02212-3


H%ll, N. R., Fatoba, S. T., Oke, J. L., H%rst, J. A., O'Callaghan, 
C. A., Lasserson, D. S., & Hobbs, F. D. R. (2016). Global prevalence 
of chron%c k%dney d%sease - A systemat%c rev%ew and meta-analys%s. 
PLOS ONE, 11(7), Art%cle e0158765. 
https://do%.org/10.1371/journal.pone.0158765 

Jeffer%es, J. L., Spencer, A. K., Lau, H. A., Hopk%n, R. J., 
Roberts, M. E., & Gorshkov, A. Y. (2021). A new approach to 
%dent%fy%ng pat%ents w%th elevated r%sk for Fabry d%sease us%ng a 
mach%ne learn%ng algor%thm. Orphanet Journal of Rare D7seases, 
16(1), Makale 518. https://do%.org/10.1186/s13023-021-02138-0 

Jha, V., Garc%a-Garc%a, G., Isek%, K., L%, Z., Na%cker, S., 
Plattner, B., Saran, R., Wang, A. Y., & Yang, C. W. (2013). Chron%c 
k%dney d%sease: Global d%mens%on and perspect%ves. The Lancet, 
382(9888), 260–272. https://do%.org/10.1016/S0140-
6736(13)60687-X 

Kr%ttanawong, C., Zhang, H., Wang, Z., Aydar, M., & K%ta%, 
T. (2017). Art%f%c%al %ntell%gence %n prec%s%on card%ovascular 
med%c%ne. Journal of the Amer7can College of Card7ology, 69(21), 
2657–2664. https://do%.org/10.1016/j.jacc.2017.03.571 

Mak%no, M., Yosh%moto, R., Ono, M., Itoko, T., Katsuh%ko, 
H., Kosek%, A., Haarnoja, T., Kudo, T., Ha%da, H., Kana%, S., Terada, 
M., Ima%, R., Tanam%, S., Ish%bash%, M., Oyama, A., & Yanag%ta, M. 
(2019). Art%f%c%al %ntell%gence pred%cts the progress%on of d%abet%c 
k%dney d%sease us%ng b%g data mach%ne learn%ng. Sc7ent7f7c Reports, 
9(1), Art%cle 11862. https://do%.org/10.1038/s41598-019-48263-5 

M%ller, Z. A., & Dwyer, K. (2025). Art%f%c%al %ntell%gence to 
pred%ct chron%c k%dney d%sease progress%on to k%dney fa%lure: A 
narrat%ve rev%ew. Nephrology, 30(1), Art%cle e14424. 
https://do%.org/10.1111/nep.14424 

Pozz%, A. (2011). D%seased renal glomerul% are gett%ng soft. 
Focus on "B%ophys%cal propert%es of normal and d%seased renal 
glomerul%". Amer7can Journal of Phys7ology-Cell Phys7ology, 
300(3), C394–C396. https://do%.org/10.1152/ajpcell.00511.2010 

--39--

https://doi.org/10.1371/journal.pone.0158765
https://www.google.com/search?q=https://doi.org/10.1186/s13023-021-02138-0
https://www.google.com/search?q=https://doi.org/10.1016/S0140-6736(13)60687-X
https://www.google.com/search?q=https://doi.org/10.1016/S0140-6736(13)60687-X
https://doi.org/10.1016/j.jacc.2017.03.571
https://doi.org/10.1038/s41598-019-48263-5
https://doi.org/10.1111/nep.14424
https://www.google.com/search?q=https://doi.org/10.1152/ajpcell.00511.2010


S%ngh, P., Goyal, L., Mall%ck, D. C., Suran%, S. R., Kaush%k, 
N., Chandramohan, D., & S%mhadr%, P. K. (2024). Art%f%c%al 
%ntell%gence %n nephrology: Cl%n%cal appl%cat%ons and challenges. 
K7dney Med7c7ne, 7(1), Art%cle 100927. 
https://do%.org/10.1016/j.xkme.2024.100927 

T%an, S., Yu, Y., Sh%, K., J%ang, Y., Song, H., Wang, Y., Yan, 
X., Zhong, Y., & Shao, G. (2024). Deep learn%ng rad%om%cs based on 
ultrasound %mages for the ass%sted d%agnos%s of chron%c k%dney 
d%sease. Nephrology, 29(11), 748–757. 
https://do%.org/10.1111/nep.14376 

van der Bel, R., Coolen, B. F., Nederveen, A. J., Potters, W. 
V., Verberne, H. J., Vogt, L., Stroes, E. S., & Kred%et, C. T. (2016). 
Magnet%c resonance %mag%ng-der%ved renal oxygenat%on and 
perfus%on dur%ng cont%nuous, steady-state ang%otens%n-II %nfus%on %n 
healthy humans. Journal of the Amer7can Heart Assoc7at7on, 5(3), 
Art%cle e003185. https://do%.org/10.1161/JAHA.115.003185 

Zhu, Y., B%, D., Saunders, M., & J%, Y. (2023). Pred%ct%on of 
chron%c k%dney d%sease progress%on us%ng recurrent neural network 
and electron%c health records. Sc7ent7f7c Reports, 13(1), Art%cle 
22091. https://do%.org/10.1038/s41598-023-49271-2 

 

 

--40--

https://www.google.com/search?q=https://doi.org/10.1016/j.xkme.2024.100927
https://www.google.com/search?q=https://doi.org/10.1111/nep.14376
https://www.google.com/search?q=https://doi.org/10.1161/JAHA.115.003185
https://doi.org/10.1038/s41598-023-49271-2


EPIGENETIC MARKS OF ELECTROMAGNETIC 

FIELD EXPOSURE: METHYLATION, HISTON 

MODIFICATIONS, and miRNA PROFILES 

 

 

1. MEHMET CİHAN YAVAŞ1 

 

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 (Yavaş et al., 2018; 

Yavaş 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, DGCR8) (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 (IL1RAP, NOS3) showed a 

decrease. As a result, they reported that EMA can alter gene 

expression profiles via epigenetic mechanisms (Wydorski et al., 

2023). 
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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, DGCR8), 

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, AI-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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