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HARDI TO NODDI: AN EVOLUTIONARY
APPROACH TO IMAGING NEURAL
MICROSTRUCTURE

Cemile AVCI AKAN!

1. INTRODUCTION

Magnetic resonance imaging (MRI) is one of the most
powerful non-invasive neuroimaging techniques for examining
the structural and functional properties of living tissue (Basser et
al., 1994). While classical T1 and T2 weighted sequences provide
macrostructural contrast between gray and white matter, diffusion
MRI (dMRI) techniques have been developed to characterize
microstructural integrity based on the random motion of water
molecules (Le Bihan et al., 2001). Diffusion refers to the free or
restricted displacement of water molecules at the cellular level
due to Brownian motion, and the directional properties of this
motion convey indirect information about tissue microstructure
(Jones & Leemans, 2011).

In brain tissue particularly white matter water diffusion is
directionally constrained along axons, a phenomenon known as
anisotropy (Beaulieu, 2002). Axonal membranes, myelin sheaths,
and intracellular structures restrict free movement of water and
make diffusion highly sensitive to the organization of neural
fibers (Assaf & Basser, 2005). This basic physical principle forms
the foundation for diffusion-based modeling techniques such as
DTI, HARDI, and NODDI (Tournier et al., 2004).

L Ogr.Gor., Ondokuz Mayis Universitesi, Biiro Hizmetleri ve Sekreterlik Boliimii,
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2. DIFFUSION TENSOR IMAGING (DTI)

As one of the ecarliest models in diffusion-based
microstructural imaging, DTI uses a mathematical tensor model
to quantify anisotropic diffusion of water molecules within tissue
(Basser et al., 1994). Water diffuses more freely along axons and
more restricted perpendicular to them. DTI represents this
movement with a three-dimensional ellipsoid (tensor) and
provides quantitative information about microstructure
(Beaulieu, 2002; Basser et al.,, 1994). However, DTI is
insufficient in regions that contain complex fiber configurations
such as the centrum semiovale, internal capsule, SLF arcuate
intersection, optic radiations, and brainstem because the
single-tensor assumption cannot accurately resolve multiple fiber
directions (Beaulieu, 2002; Jeurissen et al., 2013; Jones &
Cercignani, 2010). These limitations led to the development of
techniques such as High Angular Resolution Diffusion Imaging
(HARDI), which can model diffusion signal across many more
orientations (Tuch, 2004). HARDI enables separation of multiple
fiber populations within a single voxel by sampling diffusion
along numerous directions (Descoteaux et al., 2007).

Over time, the need to model not only orientation
information but also neuronal density and microstructural
complexity became evident (Zhang et al., 2012). This led to the
emergence of advanced models such as NODDI (Neurite
Orientation Dispersion and Density Imaging). While preserving
HARDI’s advantage in high-angular resolution modeling,
NODDI extends the analysis by incorporating biologically
meaningful microstructural parameters (Zhang et al., 2012).

Thus, the methodological shift from HARDI to NODDI
reflects not only an advancement in imaging resolution but also a
fundamental evolution in our capacity to quantify the
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multidimensional nature of brain microstructure (Jelescu &
Budde, 2017).

3. HARDI'S PRINCIPLES AND PRACTICES

High Angular Resolution Diffusion Imaging (HARDI) is
an advanced technique developed to go beyond the classical
diffusion tensor imaging (DTI) model, enabling the analysis of
multidirectional fiber structures within a voxel (Tuch, 2004).
Since DTI assumes only a single dominant diffusion direction, it
cannot accurately represent structural information in areas where
fibers intersect, merge, or bend (Jones et al., 2013). In contrast,
HARDI collects data at a much higher number of orientation
angles (e.g., 60-128 directions) and can calculate the orientation
distribution function (ODF) (Tournier et al., 2004). The ODF
statistically identifies the possible movement directions of water
molecules in each voxel and can thus model multiple fiber
populations simultaneously (Descoteaux et al., 2007).

The fundamental logic of HARDI is based on explaining
the diffusion signal not only with a single ellipsoid but with a
multidimensional spherical harmonic representation (spherical
deconvolution) (Tournier et al., 2007). This approach enhances
the performance of analyzing complex white matter organization
by directly calculating the spatial distribution of fiber directions
(Jeurissen et al., 2011). For example, in areas where the corpus
callosum intersects with multiple pathways such as the cingulum,
corticospinal tract, and superior longitudinal fasciculus, HARDI
can model each fiber direction separately (Behrens et al., 2007).

In terms of high-resolution mapping of brain connectivity,
HARDI has guided the development of sub-techniques such as Q-
ball imaging (QBI), diffusion spectrum imaging (DSI), and
spherical deconvolution imaging (Tuch, 2004; Wedeen et al.,
2005). Thanks to these techniques, the fundamental limitation
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known as the “fiber crossing problem” has been overcome, and
the spatial orientations of fibers can be reconstructed more
accurately (Tournier et al., 2008). Q-ball imaging, in particular,
shortens data acquisition time and minimizes computational
errors by directly converting HARDI data into ODF calculations
(Descoteaux et al., 2009).

Another important advantage of HARDI is its ability to
generate connectomic analyses (brain connection maps) from
diffusion orientations (Hagmann et al., 2008). When used in
conjunction with fiber tracking algorithms, the brain's structural
connectivity network can be mapped in three dimensions, and the
topological properties of this network (e.g., centrality,
modularity, and small-world organization) can be examined
(Sporns, 2013). In this context, HARDI has played an important
role not only in understanding anatomical connections but also in
understanding information flow pathways and neural network
dynamics. However, HARDI has practical limitations such as
long scanning times and high SNR (signal-to-noise ratio)
requirements due to its high angular resolution needs (Descoteaux
et al.,, 2011). Furthermore, the limited direct biophysical
parameters of ODF mean that HARDI focuses more on geometric
orientation analysis (Jelescu & Budde, 2017). Therefore,
combining the orientation-based power of HARDI with the
microstructural sensitivity of models such as NODDI enables a
more comprehensive representation of brain tissue.

4. NODDI MODEL: DECOMPOSING NEURONAL
MICROSTRUCTURE

Neurite Orientation Dispersion and Density Imaging
(NODDI) is an advanced diffusion MRI technique that models
not only the orientation properties of diffusion but also
biologically meaningful microstructural parameters (Zhang et al.,
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2012). By representing neuronal morphology through three
compartments intraneuronal, extraneuronal, and isotropic
NODDI provides a detailed characterization of brain
microstructure (Jelescu & Budde, 2017).

In the NODDI framework, water diffusion within axons
and dendrites is represented by the intraneuronal compartment,
where diffusion is highly restricted (Zhang et al., 2012). The
primary output of this compartment, the Neurite Density Index
(NDI), reflects neuronal density or the volumetric proportion of
neurites (Edwards et al., 2017). The extraneuronal compartment
captures partially hindered diffusion occurring in the extracellular
space between axons, and the variability in diffusion directions is
quantified by the Orientation Dispersion Index (ODI) (Kaden et
al., 2016). The isotropic compartment represents freely diffusing
water, such as cerebrospinal fluid (CSF), where diffusion is
completely unrestricted (Zhang et al., 2012).

This three-compartment structure distinguishes NODDI
from classical HARDI and DTI models. While HARDI can
resolve multiple fiber orientations, it cannot directly quantify
microstructural properties such as neuronal density or orientation
dispersion (Tournier et al., 2004). NODDI integrates both
structural and orientational properties to produce a more complete
description of brain microstructure (Jespersen et al., 2010).

Clinically, NODDI is increasingly used to evaluate
microstructural alterations in neurodegenerative diseases,
traumatic brain injury, and epilepsy (Colgan et al., 2016). In
Alzheimer’s disease, reductions in NDI in gray matter have been
linked to neuronal loss (Nazeri et al., 2015). In patients with focal
cortical dysplasia, NODDI parameters have been associated with
structural abnormalities within hippocampal subfields (Genc et
al., 2018).
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In white matter pathways, ODI increases have been
reported with aging and demyelination (Chang et al., 2017). Thus,
NODDI provides a framework capable of quantifying both
neurite density and orientation complexity, establishing a new
standard in dMRI-based microstructural imaging.

5. COMPARISON OF HARDI AND NODDI

Diffusion MRI techniques have become universal as
models that evaluate neural microstructure at different levels.
Although HARDI and NODDI are explained by the same
fundamental physical principles, they contain significant
differences in terms of model hypotheses, measurement
sensitivities, and their capacity for biophysical explanation
(Jelescu & Budde, 2017).

6. MODEL ASSUMPTIONS AND
MATHEMATICAL FOUNDATIONS

HARDI focuses on evaluating the directional distribution
of water diffusion. In this model, the diffusion signal is described
using spherical harmonics, and fiber orientations are determined
using the Orientation Distribution Function (ODF) (Tuch, 2004;
Tournier et al., 2007). However, HARDI does not directly model
the biophysical components that generate the signal (e.g.,
intracellular and extracellular diffusion rates, membrane
permeability) (Behrens et al., 2007).

In contrast, NODDI analyzes water diffusion into three
separate  biophysical compartments intra-neuronal, extra
neuronal, and isotropic using the mathematical basis of HARDI
data (Zhang et al., 2012). Thus, the model can determine not only
directional densities but also biologically meaningful parameters
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such as neuronal density (NDI) and orientation dispersion (ODI)
(Jespersen et al., 2010).

7. DATA ACQUISITION AND COMPUTATIONAL
REQUIREMENTS

HARDI collects data at high angular resolution (typically
>60 directions) and usually at a single b-value (~2000 s/mm?)
(Descoteaux et al., 2007). NODDI, on the other hand, contains
data at the same number of directions but at least two different b-
values (e.g., 700 and 2000 s/mm?), which is why the total
scanning time is generally slightly longer (Zhang et al., 2012). In
contrast, the parameters obtained through NODDI's biophysical
modeling capacity directly represent microstructural meaning.
HARDI data is mostly limited to orientation density (Jelescu &
Budde, 2017).

8. RESOLUTION, SENSITIVITY, AND
INTERPRETIVE DEPTH

HARDI is particularly effective in analyzing multifaceted
fiber intersections in white matter; for this reason, it is highly
preferred in structural connectomic analyses (Jeurissen et al.,
2011). However, in areas with complex cellular structures such as
gray matter or hippocampal formations, HARDI's orientation
sensitivity is insufficient (Behrens et al., 2007). NODDI can
model the level of water restriction in these areas using measures
of neuron density and orientation dispersion (Colgan et al., 2016).

NODDI  enables  quantitative  assessment  of
microstructural changes in pathologies such as aging,
neurodegeneration, and focal cortical dysplasia due to its
biophysical sensitivity (Genc et al., 2018). HARDI, on the other
hand, provides an advantage in understanding the spatial
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topography of connectivity. In fact, these two models are
interconnected; that is, when HARDI's directional resolution is
combined with NODDI's microstructural specificity, the brain's
structural organization can be evaluated in a multi-layered
manner (Jelescu & Budde, 2017).

9. APPLICATIONS AND FUTURE DIRECTIONS
9.1. Clinical Application Areas

The NODDI and HARDI models have complementary
roles in different clinical scenarios. HARDI is a powerful system
for assessing the integrity of white matter tracts, while NODDI is
a powerful system for investigating the biophysical basis of
microstructural changes (Jelescu & Budde, 2017).

Neurodegenerative diseases: In Alzheimer's disease, a
decrease in the NDI value among NODDI parameters has been
reported to be associated with neuron loss and dendritic thinning
(Colgan et al., 2016). However, an increase in ODI, as an
indicator of fiber alignment disorder, provides information about
the deterioration of cortical microstructure (Nazeri et al., 2015).
HARDI's ODF-based analyses show anisotropy loss in
Alzheimer's disease, indicating a reduction in connectivity at the
connectome level (Yeh et al., 2013).

Epilepsy and Focal Cortical Dysplasia (FCD): In
patients with focal cortical dysplasia, particularly type Il FCD,
the decrease in NDI and increase in ODI assessed by NODDI
have been reported to be consistent with abnormal neuronal
migration and cellular disorganization (Genc et al., 2018).
HARDI accurately detects directional abnormalities in the
intersection regions of cortical and subcortical fibers in these
patients (Widjaja et al., 2014).
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Multiple Sclerosis (MS): Although NODDI cannot
directly measure demyelination processes, it can reveal the
cellular-level effects of inflammatory damage through NDI
reduction and ODI increase (Schneider et al., 2017). HARDI's
orientation analysis capability is also effective in tracking fiber
remodeling around lesions (Tournier et al., 2008).

Traumatic Brain Injury (TBI): HARDI's high angular
resolution optimizes the process of identifying fiber orientation
damage in microtraumatic axonal injury areas (Inglese et al.,
2005). In contrast, NODDI parameters reveal the effects of this
injury at the level of cellular disruption (NDI) and structural
disorganization (ODI) (Palacios et al., 2020).

9.2. Research and Development Studies

Brain development and aging: NODDI is used as an
indicator of neuronal maturation during childhood and
adolescence, with an increase in NDI, and as an indicator of
structural complexity in old age, with an increase in ODI (Chang
et al., 2017). When integrated with HARDI data, the
developmental trajectories of white matter tracts can be mapped
in detail (Jeurissen et al., 2011).

Hippocampal microstructure and memory: Recent studies
have shown that NODDI parameters are highly sensitive to
microstructural differences in hippocampal subregions (Montal et
al., 2021). Specifically, NDI reduction in the CA1 and DG regions
has been linked to age-related plasticity loss and decreased BDNF
levels (Voss et al., 2013). Thanks to HARDI's high directional
resolution, hippocampal fiber tracts (e.g., perforant pathway,
Schaffer collaterals) can be visualized in detail (Jones et al.,
2013).
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9.3. Future Directions

The combination of NODDI and HARDI forms the basis
for a new generation of diffusion-based biophysical models.
Models developed in this context, such as Soma and Neurite
Density Imaging (SANDI) and VERDICT, have the potential to
simultaneously analyze both neuronal and glial components
(Palombo et al., 2020). Furthermore, artificial intelligence-
supported deep learning-based fiber separation algorithms enable
the production of multi-layered structural brain maps from
HARDI and NODDI data (Daducci et al., 2020).

Along with these developments, the neuroimaging
approach of the future will focus not only on macroscopic
connectivity but also on understanding the topological codes of
cellular organization. The methodological line extending from
HARDI to NODDI heralds this new era, which is described as a
turning point where the neural microstructure shifts from
“orientation” to “meaning.”

10. CONCLUSION

Methodological advances in diffusion MRI have ushered
in a new era in the quantitative study of brain microstructure. In
this evolutionary process, HARDI and NODDI stand out as two
powerful complementary approaches. HARDI reveals the spatial
topography of white matter tracts in detail by resolving the
directional components of water diffusion (Tuch, 2004; Tournier
et al., 2007), while NODDI enhances this directional information
with biophysical depth of meaning (Zhang et al., 2012).

HARDI's high angular resolution advantage is particularly
important in the structural analysis of connective networks;
however, this model does not directly represent cellular-level
processes (Behrens et al.,, 2007). In contrast, NODDI can

10
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indirectly but meaningfully reveal the neuronal microarchitecture
through the parameters of neuronal density (NDI) and orientation
dispersion (ODI) (Jelescu & Budde, 2017). In this respect,
NODDI has developed a theoretical transition point in dMRI-
based neuroimaging studies by integrating HARDI's geometric
sensitivity with biological content.

In the clinical setting, it has been reported that NODDI
parameters offer higher specificity than classical DTI indicators
in detecting microstructural damage at an early stage in various
neuropathologies such as Alzheimer's disease, focal cortical
dysplasia, traumatic brain injury, and multiple sclerosis (Colgan
et al., 2016; Genc et al., 2018; Schneider et al., 2017). HARDI,
on the other hand, plays a unique role in determining the degree
of preservation or deterioration of connective integrity in these
conditions (Jeurissen et al., 2011).

In the future, the combination of the unique strengths of
HARDI and NODDI will enable multi-b-value and multi-angular
resolution hybrid models (e.g., SANDI, VERDICT) (Palombo et
al., 2020). Integrating artificial intelligence-based modeling
algorithms with these techniques will enable multi-layered
analysis of brain microstructure and allow for the creation of a
“cellular connectivity map” of neural tissue (Daducci et al.,
2020).

In conclusion, this methodological evolution from
HARDI to NODDI is not merely a technical advancement but also
a paradigm shift in how we understand the brain. This transition
represents one of the most significant steps toward making the
brain's microscopic structure the cellular fabric of neural
networks visible, going beyond mapping its macroscopic.

11
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NEUROPHYSIOLOGICAL AND BIOLOGICAL
EFFECTS OF ELECTROMAGNETIC
RADIATION FROM MOBILE PHONE

Mehmet Cihan YAVAS!

1. INTRODUCTION

Mobile phones are one of the most widely used wireless
transmission devices of the 21st century and emit radiofrequency
electromagnetic radiation (RF-EMR) (800 MHz - 2.5 GHz). The
extended and intimate exposure to these emissions has generated
numerous scientific inquiries concerning human health. This
book chapter will examine in depth the neurophysiological,
biochemical, and behavioral effects of RF-EMR from mobile
phones.

It has been emphasized that, despite the rapid proliferation
of technology, significant uncertainties remain in the full
understanding of its biological effects. Health effects associated
with RF exposure include childhood leukemia, brain tumors,
genotoxic effects, neurological and neurodegenerative diseases,
immune system disorders, allergic and inflammatory responses,
infertility, and some cardiovascular effects (Kesari et al., 2013).

2. EFFECTS ON BRAIN ACTIVITY AND EEG

RF-EMR transfers energy to brain tissue with limited
thermal and non-thermal effects. These effects can be monitored

L Assoc. of Prof. Mardin Artuklu University, Faculty of Medicine, Department of
Biophysics, Mardin Tirkiye. ORCID: 0000-0002-2923-050X.
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via EEG. 900 MHz and 2100 MHz RF-EMR can increase the
amplitude of o and 6 waves (Croft et al., 2002; Yavas, 2020).
Studies have shown that 30 minutes of mobile phone
electromagnetic field exposure before sleep accelerates the onset
of REM sleep and may affect sleep architecture by increasing the
EEG power spectrum during the first NREM period (Loughran et
al., 2005). In a study conducted by Roggeveen and colleagues,
they examined the effects of 15 minutes of 3G mobile phone
exposure on EEG activity and showed significant changes in the
alpha, slow beta, fast beta, and gamma bands, particularly when
the phone was placed at the ear. The findings indicate that RF
exposure from mobile phones may have region-dependent
neurophysiological effects on the EEG (Roggeveen et al., 2015).
It has been reported that radiofrequency exposure to mobile
phones with varying SAR values can lead to changes in EEG
patterns, which in turn can lead to changes in brain activity
(Smitha et al., 2013). Studies have shown that exposure to mobile
phone radiation in children increases abnormal EEG discharges
and epileptiform activity, and increases EEG power and
frequency in individuals with epilepsy, while not producing
abnormal EEG findings in healthy children (Ismaeil et al., 2024).
To assess whether the energy absorbed by the brain from
radiofrequency electromagnetic fields emitted by mobile phones
has a biological effect, more detailed research is needed to
determine whether RF pulsed exposure from mobile phones has
an effect on neural responses and brain wave activity by
comparing EEG measurements recorded while individuals are
using and not using their phones (Garvanova et al., 2021).

18
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3. DNA DAMAGE AND OXIDATIVE STRESS
MECHANISMS

Biochemical effects caused by RF-EMR emitted from
mobile phones include increased ROS (reactive oxygen species)
and decreased antioxidant defenses, increased MDA levels (lipid
peroxidation), and single-stranded DNA breaks (in comet assay
studies). Zhao et al. (2007) showed increased apoptotic gene
expression in neurons and astrocytes under RF-EMR exposure.
Researchers report that prolonged and intensive use of mobile
phones or microwave devices may have negative effects,
particularly on brain health, and that these effects may be
associated with significantly increased reactive oxygen species
(ROS) production (Kesari et al. 2013). A study by Dasdag et al.
showed that in rats exposed to 900 MHz GSM-type radiation for
long periods, the level of apoptosis decreased, total antioxidant
capacity and catalase increased, but there were no significant
changes in p53, TOS, or the oxidative stress index (Dasdag et al.,
2009). Another study reported that 900-2100 MHz
radiofrequency exposure from mobile phones increased oxidative
stress markers in rat testes, reduced antioxidant capacity, and
caused single-stranded DNA damage, particularly at higher
frequencies (Alkis et al., 2019a). A review of radiofrequencies
from mobile phones and similar sources indicated that they can
cause oxidative stress both in vitro and in vivo, and some studies
reported that this can lead to DNA damage. However, it
recommended that there be further research, particularly on
human exposure (Dasdag et al., 2016). A field study indicated
that, despite an increase in lipid oxidation and oxidative DNA
damage tendencies among individuals exposed to elevated levels
of RF-EMF from mobile base stations for a minimum of five
years, the trend lacked statistical significance. However, some
permanent genetic damage, such as eccentric chromosomes and
total chromosomal aberrations, was significantly elevated.
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Findings suggest that long-term non-thermal RF-EMF exposure
may increase chromosomal aberrations, similar to ionizing
radiation, and that biological indicators can be used to determine
exposure limits (Gulati et al., 2024). Researchers have shown that
MDA and 8-OHdG levels, as well as markers of DNA damage
and oxidative stress, increased in brain tissue in rats exposed to
900, 1800, and 2100 MHz RFR for 2 hours daily for 6 months
compared to the sham group. They also show that 2100 MHz, in
particular, may trigger single-strand DNA breaks (Alkis et al.,
2019b).

4. BEHAVIORAL AND PSYCHOLOGICAL
EFFECTS

The effects of mobile phone use on human behavior
include attention deficit, difficulty concentrating, and decreased
academic performance (Divan et al., 2008), while anxiety and
sleep disorders have been observed more frequently in
individuals susceptible to RF-EMR (Sage & Burgio, 2018).
Examining the relationship between mobile phone use and
emotional-behavioral functioning, academic, and social
competence among primary school students in Iran during the
COVID-19 period, we show that use is linked to various
psychological and social problems and that cultural context
influences online risks (Eskandari et al.,, 2023). Intensive
recreational smartphone use in German children and adolescents
increases the risk of problematic use symptoms (PSU), and PSU
symptoms are associated with behavioral problems, lower quality
of life, and school failure, independent of the long duration of use
(Kliesener et al., 2022). Another study assessed pathological
internet and mobile phone wuse in university students,
demonstrating that heavy internet use is associated with high
anxiety, while heavy mobile phone use is associated with
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femininity, high anxiety, and insomnia. The developed measures
are reliable tools for assessing these behavioral addictions (Jenaro
et al., 2007). A dissertation study indicates that some adults use
mobile phones heavily and problematically and that personality
traits such as loneliness, social anxiety, and impulsivity may
predict this use. Furthermore, texting-focused use was found to
increase problematic phone use, and the effect of social anxiety
was mediated by phone use for emotion regulation (Laramie,
2007). Augner et al.'s study examined problematic mobile phone
use in 196 young adults, demonstrating that factors such as
chronic stress, low emotional stability, female gender, young age,
depression, and extraversion are associated with problematic
mobile phone use. Future research is recommended to clarify the
causality of these relationships and develop more meaningful
phone use strategies (Augner et al., 2012).

5. MOBILE PHONE USAGE HABITS AND RISK
GROUP ANALYSIS

A study conducted in Spain with 1,126 participants aged
16-65 found that problematic mobile phone use was consistent
with users' self-perceptions and stemmed not only from the device
itself but also from internet browsing, social media, music, and
gaming applications. Facebook, Twitter, and music applications
were the strongest factors distinguishing problematic from non-
problematic users. This use also led to disruptions in daily
activities, use in inappropriate contexts, changes in entertainment
habits, and neglect of healthy habits, even when controlled for
age, gender, education level, and substance use (De-Sola et al.,
2019). In this online study conducted in Malaysia, 409
participants developed mobile phone addiction and were found to
have awareness of electromagnetic radiation (EMR). Nearly a
quarter of the participants experienced hand and wrist pain due to
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smartphone use, a condition that could lead to future
physiological and psychological complications (Parasuraman et
al., 2017). This study of Italian 10th-grade students found that
girls and students from less educated families were more likely to
acquire smartphones at an earlier age; early access negatively
impacts adolescents' functioning, while delayed access narrows
the gender gap in language skills, digital competencies, and life
satisfaction (Gerosa et al., 2024). Furthermore, researchers
examined young people's mobile phone use and the dangers of
excessive or dysfunctional use. A study of 221 students aged 10—
13 revealed that gender and age influence usage patterns, with
particularly significant differences observed between girls and
boys. They offer recommendations for school practices and future
research (Adamczyk et al., 2018).

6. DEFINITION AND BIOLOGICAL EFFECTS OF
RADIO-FREQUENCY BANDS (900 MHZ - 5G)

The RF bands used in mobile phones have evolved over
time, starting from 900 MHz and expanding to 2G, 3G, 4G and
most recently 5G:

e 900 MHz (2G): It has the longest wavelength and
penetrates tissues more deeply; its effects on sperm
quality and EEG patterns have been demonstrated (Kesari
et al., 2011). An experimental study reported that chronic
900 MHz RF-EMR exposure caused changes in the
hippocampus and adrenal gland structure and impaired
fear-related behaviors in rats (Narayanan et al., 2025).
While no DNA damage was observed in Wistar rats
exposed to 900 MHz mobile phone radiation for 4 or 8
hours daily, structural changes such as vasodilation and
spongiform spaces occurred in the brain (Usikalu et al.
2012). It has been stated that long-term exposure to 900
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MHz RF radiation only significantly reduced miR-107
levels and did not affect other microRNAs. Because this
change may indicate potential biological adverse effects,
further research is needed (Dasdag et al., 2015). No
genotoxic or cytotoxic effects were detected in human
lymphocytes exposed to 900 MHz GSM radiation at
different SAR levels for 24 hours, according to
independent and reciprocal evaluations by two
laboratories (Scarfi et al., 2016). Studies regarding 900
MHz radiofrequency are conflicting.

1800 MHz - 2100 MHz (3G, 4G): It has been frequently
studied on mental performance, attention, and sleep
quality (Yavas et al., 2021a). It has been reported that 14-
day short-term radiofrequency exposure to a 2100 MHz
decreased rat serum TAS levels and increased TOS levels
(Yavas et al. 2021b). The effects of inflammation and
oxidative stress were examined in the brain and plasma
tissues of obese and normal mice exposed to 2100 MHz
radiofrequency field (RFF); the results suggest that both
RFF exposure and obesity may have an effect on these
mechanisms. In addition, it was found that obesity may
play a partial protective role against the oxidative and
inflammatory effects of RFF (Kizilgay et al., 2025). 2100
MHz mobile phone radiation has been shown to cause
central nervous system damage, increased oxidative
stress, decreased learning and muscle strength, and
hippocampal degeneration in rats (Sharma et al., 2019).
1800 MHz mobile phone radiation has been reported to
cause degenerative changes in the cerebral and cerebellar
cortex of rats (Belal et al., 2020). Short-term 1800 MHz
electromagnetic field exposure affected hippocampal
stem cell proliferation in postnatal day 7 (P7) mice, while
no significant changes were reported in postnatal day 21
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(P21) mice (Xu et al., 2017). 1800 MHz RF exposure,
particularly in GSM signals, dose-dependently reduces
explosive activity in neuronal cultures, and some of this
effect is reported to occur through non-thermal
mechanisms (EI Khoueiry et al., 2018).

3.5 GHz - 28 GHz (5G): The short- and long-term
biological effects of 3.5 GHz 5G radio frequency
exposure on Drosophila melanogaster were investigated.
Findings showed that short-term exposure increased
activity and reduced sleep duration, while long-term
exposure decreased activity levels and prolonged sleep
duration. Long-term exposure resulted in increased
expression of heat stress-responsive genes (hsp22, hsp26,
hsp70); changes in the expression of genes related to
circadian rhythm and neurotransmitters; and decreased
GABA and glutamate levels. The findings suggest that
chronic 5G radio frequency exposure potentiates the stress
response in juvenile flies, affecting circadian rhythm and
neurochemical balances. This, in turn, leads to behavioral
decreases in activity and increased sleep duration (Wang
et al., 2021). In another study conducted on male Wistar
rats exposed to 3.5 GHz 5G radio frequency, it was
reported that RF exposure decreased T3 and T4 levels,
increased TSH, and increased oxidative stress indicators
(MDA, TOS) and decreased antioxidant levels (TAS,
GSH) in thyroid tissue (Bektas et al., 2025). Due to its
shorter wavelength, it is expected to have a more
superficial effect; however, its effects on ROS production
and cell membrane permeability are only now being
revealed (Simké & Mattsson, 2019). Although higher
frequencies (e.g., 5G) have a lesser penetration depth,
they can cause intense energy deposition in superficial
tissues (skin, eye epithelium). The specific biological
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mechanisms for 5G signals are still unclear, but there is
evidence that intracellular calcium balance and thermal
effects are possible pathways (Di Ciaula, 2018). Increased
bandwidth, high data download speeds, low latency, and
uninterrupted connection with 5G technologies; while
paving the way for significant developments in many
areas, from education to industry, it also increases mobile
application usage and data consumption. Therefore, while
countries are investing in wide and diverse spectrum,
some institutions are expressing concerns that 5G is not
needed, that it will result in increased radiation exposure,
and that this could have potentially negative effects on
human health. While existing scientific reports indicate
that exposure in the 5G frequency band may cause some
biological effects, they also indicate that further
experimental studies are needed to clarify the potential
harms, particularly in the lower and upper bands (Yavas,
2021). High frequencies and increased electromagnetic
field exposure raise new questions about the potential
effects of 5G on human health, and despite extensive
research on previous wireless technologies, 5G's use of
millimeter waves, in particular, further deepens this
debate (Jazyah, 2045).

7. CONCLUSION AND FUTURE RESEARCH
RECOMMENDATIONS

The body of research on the neurophysiological,

biochemical, and behavioral impacts of radiofrequency
electromagnetic radiation (RF-EMR) from cell phones shows that
both the central nervous system and cellular mechanisms can
undergo complex biological alterations, especially after extended
and severe exposure. Regional variations in EEG wave patterns,
elevated oxidative stress indicators, sensitivity to DNA damage,
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neuroinflammation, disturbance of intracellular ion homeostasis,
and behavioral alterations are prominent among these effects.
Variables including frequency, SAR value, exposure time, and
individual sensitivity all affect biological reactions since different
frequency bands (900 MHz, 1800-2100 MHz, 3.5 GHz, and
above 5G) interact with tissues and have distinct penetration
depths. Particularly, results from research on animals and cell
cultures point to oxidative stress and genotoxicity as key
mechanisms for the possible impacts of RF-EMR. However, there
is inconsistency in human data, and it is still unknown how RF-
EMR affects health. This is because several factors, including
person characteristics, assessment techniques, contextual factors,
and device usage patterns, have an impact on study.

Increased mobile phone use, especially among teenagers
and young adults, has been linked to behavioral and
psychological impacts such social anxiety, sleep difficulties,
focus issues, poor academic performance, and problematic use.
Beyond RF-EMR exposure, a further layer of psychosocial risk is
created by digital addiction, the demand for constant online
presence, and social media-focused behaviors. Therefore, it
appears that factors such as daily routine, application content,
device usage habits, user profile, and radiation exposure all play
a significant role in determining health impacts. According to
available scientific evidence, RF-EMR is still not well
understood, especially in 5G and higher frequency bands. To fully
understand the biological consequences, long-term, controlled,
multidimensional, and human-focused studies are required.
Future studies should concentrate on more specialized
mechanistic areas, such as gene expression analysis, microRNA
alterations, neuroinflammation biomarkers, sleep and cognitive
performance assessments, and interactions between the epidermis
and nerve endings. These areas will both adapt to technological
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advancements and enable more accurate conclusions to be drawn
regarding public health.
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TIPTA RADYASYONDAN KORUNMA:
BiYOFIZiKSEL PRENSIPLER VE KLINIK
UYGULAMALAR

Nazh EZER OZER!

1. GIRIS

Iyonlastiric1 radyasyon, dokuya nifuz etme ve ylksek
enerjiyi yliksek hassasiyetle depo edebilme yetenegi ile tanisal
goriintiileme, girisimsel radyoloji, niikleer tip ve radyoterapide
yaygin olarak kullanilir [1]. Bu uygulamalar onemli Klinik
faydalar saglamakla birlikte, iyonlastirici radyasyona maruziyet;
kanser olusumu gibi stokastik risklerin yani sira doz esiklerinin
asilmast  durumunda ortaya ¢ikan deterministik  doku
reaksiyonlar gibi olumsuz biyolojik etkilere de neden olabilir [2].
Bu nedenle, tipta radyasyonun giivenli kullanimi, radyasyonun
madde ile biyofiziksel etkilesimlerinin ve hiicre ve dokularda
enerji birikimini izleyen biyolojik sonuglarin giiglii bir sekilde
anlagilmasini gerektirir [3].

Saglik hizmetlerinde radyasyondan korunma, uluslararasi
kabul edilen ¢ temel ilkeye dayanir: herhangi bir tibbi
maruziyetin gerek¢elendirilmesi, dozlarin makul 6lgiide mimkiin
olan en diisiik seviyede tutulmasi (ALARA) ve mesleki olarak
radyasyona maruz kalan c¢alisanlar i¢in doz sinirlariin
uygulanmasi. Bu ilkeler, gereksiz radyasyon maruziyetini en aza
indirmeyi hedefler ve klinik karar verme sireglerine rehberlik
eder. Ayrica, klinik ortamlarda radyasyon giivenligini saglamak
icin dlzenleyici bir cerceve olusturur [4].
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Cocuklar ve hamile hastalar da dahil olmak (zere 6zel
popiilasyonlar, radyasyona karsi artan biyolojik hassasiyetleri
nedeniyle 6zel dikkat gerektirir [1]. Sonu¢ olarak, radyasyondan
korunma sadece teknik onlemleri degil, ayn1 zamanda etkili risk-
fayda iletisimini, protokol uyarlanmasin1 ve radyologlar, tibbi
fizikgiler ve Kklinisyenler arasindaki disiplinli is birligini de
vurgular [2].

Bu boliim, tipta radyasyondan korunmanin temelini
olusturan biyofiziksel prensipleri Ozetlemeyi, ayrica saglik
hizmetlerinde iyonize radyasyonun etkili ve giivenli bir sekilde
kullanilmasi igin kavramsal bir temel sunmay1 amaglamaktadir.

2. RADYASYONDAN KORUNMANIN
BiYOFIiZiKSEL TEMELLERI

Radyasyondan korunmanin biyofiziksel temelleri, tipta
kullanilan iyonlastirict radyasyonun dogasinin, radyasyon-doku
etkilesimlerini ydneten temel siireclerin ve enerji birikimini
biyolojik etki ile iligskilendiren dozimetri kavramlarinin
anlagilmasimna dayanir. Deterministik ve stokastik etkilerin
anlasilmasi, radyasyon riskinin degerlendirilmesi ve tibbi
uygulamalarda etkili koruma prensiplerinin gelistirilmesi i¢in
bilimsel bir temel saglar [2,4].

2.1. Iyonlastiric1 Radyasyonun Dogasi

Tip alaninda kullanilan  iyonlastirici  radyasyon,
atomlardan elektronlar1 uzaklastirmak icin yeterli enerjiye sahip
parcaciklar ve fotonlardan olusur. Bu olaya iyonizasyon denir ve
dokularda kimyasal degisikliklere yol acarak hem goriintiileme
hem de tedavinin temelini olusturur [5]. Uygulamada,
iyonlastirict radyasyonun birincil asamasi, viicuda niifuz edebilen
ve ikincil yiiklii pargaciklar yoluyla dolayli olarak iyonizasyon
olusturabilen yiiksek enerjili X-1s1nlar1 ve gama 1sinlaridir [6].
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Iyonlastirict  radyasyonun  maddeyle etkilesimini
yonlendiren temel fiziksel sirecler fotoelektrik etki, Compton
sacilmas1 ve ¢ift olusumudur. Bu mekanizmalar, enerjinin
biyolojik dokulara aktarilma bigimini, gortntilemede elde edilen
tanisal kontrasti ve radyasyonun yol acabilecegi biyolojik hasar
riskini belirler [7].

Bu etkilesimleri anlamak, tip fiziginde ¢ok Onemlidir
c¢linkii hem tanisal radyolojide goriintiilerin nasil olusturuldugunu
hem de radyoterapide terap6tik dozun nasil verildigini ve kontrol
edildigini temel alir. Bu fiziksel etkilesimler ayni zamanda
radyasyona maruziyeti 6lgcmek, istenmeyen etkileri en aza
indirmek ve koruyucu stratejiler gelistirmek igin baslangig
noktasini olusturur.

2.2. Radyasyon ve Doku Etkilesimleri

Iyonlastiric1 radyasyon biyolojik dokularla etkilesime
girdiginde enerji, hiicresel hasarin baglamasina katkida bulunan
fiziksel, kimyasal ve biyolojik asamalardan olusan bir siireg
boyunca dokulara aktarilir. Fiziksel asamada fotonlar veya
pargaciklar atomlara enerji aktararak iyonizasyon ve uyarilmaya
neden olur ve bu da hiicre igindeki ilk enerji birikim olaylarini
olusturur [8].

Kimyasal asamada, iyonizasyon ve uyarilma, suyun
radyolizine yol acarak hidroksil radikalleri (-OH) ve hidrojen
radikalleri (H-) gibi reaktif tlrlerin olusmasina neden olur. Bu
tirler dokuda diflize olur ve cevredeki biyomolekiillerle
reaksiyona girer; bdylece dolayli etki, canli sistemlerde
radyasyon kaynakli molekiiler hasarin baskin bir mekanizmasi
haline gelir [9].

Biyolojik asama, maruziyetten saniyelerle yillar arasinda
degisen bir siirede ortaya ¢ikar ve radyasyon kaynakli kimyasal
degisiklikler hiicrelerde yapisal ve fonksiyonel degisikliklere yol
acar. DNA bu siirecte en kritik hedef yapidir. Iyonlastirici
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radyasyon, tek zincir kiriklar, ¢ift zincir kiriklari, baz hasar1 ve
karmagik  kiimelenmis lezyonlar olusturabilir; bu da
mutasyonlara, kromozomal anomalilere veya hicre 6limine yol
acabilir [10].

Bu temel etkilesim siiregleri, tipta radyasyon riskini
anlamanin biyofiziksel temelini olusturur ve fiziksel doz birikimi
ile tanisal ve terapdtik uygulamalardaki biyolojik sonuglar
arasindaki iliskinin kurulmasi agisindan kritik 6dneme sahiptir
[11].

2.3. Dozimetrik Nicelikler

Tipta radyasyon maruziyetinin nicellestirilmesi, fiziksel
enerji birikimi ile biyolojik etkiler arasindaki iligkiyi kuran
dozimetrik buyukliklere dayanir. En temel nicelik, iyonlastirici
radyasyonun birim kiitle bagina aktardigi ortalama enerji olarak
tanimlanan ve gray (Gy) cinsinden ifade edilen absorbe edilen
dozdur. Absorbe edilen doz, enerji birikiminin dogrudan fiziksel
bir 6lciminil gostermekle birlikte, radyasyon kalitesi veya doku
duyarliligindaki farkliliklar1 hesaba katmaz ve bu da farkli
maruziyet kosullarinda biyolojik risk degerlendirmesi igin
kullanimini smirlar [12].

Radyasyon tiirleri arasindaki  biyolojik  etkinlik
farkliliklarin1 degerlendirmek amaciyla esdeger doz kavrami
gelistirilmistir. Esdeger doz, radyasyon kalitesi farkliliklarini
temsil eden radyasyon agirliklandirma faktorlerini igerir. Bu
dizenleme, absorbe edilen dozun, Ozellikle stokastik etkilerle
iliskili olarak doku dlizeyindeki potansiyel biyolojik hasari daha
dogru yansitan bir biiyiikliik olarak ifade edilmesini saglar [13].

Bu yaklasim iizerine insa edilen etkin doz kavramu ise,
organlar arasindaki degisken radyosensitiviteyi dikkate alan doku
agirliklandirma faktorlerini icerir. Etkin doz, homojen olmayan
isinlamadan kaynaklanan toplam stokastik riski bir referans
populasyon Uzerinden ortalama olarak temsil etmeyi amaglar ve
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tanisal radyolojide risk karsilastirmast  ve goOriintiileme
protokollerinin optimizasyonu i¢in yaygin olarak kullanilir. Etkin
doz, bireysel hasta riskini éngérmek icin tasarlanmamis olsa da
tibbi uygulamalarda popiilasyon diizeyinde risk degerlendirmesi
ve prosediirler arasi karsilagtirmalar i¢in temel bir ara¢ olmaya
devam etmektedir[14].

Biyofiziksel acidan, bu dozimetrik nicelikler, fiziksel
enerji birikiminden biyolojik olarak agirliklandirilmis risk
tahminine uzanan farkli soyutlama katmanlarini yansitir. Absorbe
edilen doz baslangigtaki fiziksel etkilesimi tanimlarken esdeger
ve etkin dozlar, radyasyon kalitesi ve doku yanitina iliskin
ampirik radyobiyolojik bilgileri igerir. Bu hiyerarsiyi anlamak,
klinisyenler ve tibbi fizikciler i¢in ¢ok Onemlidir, ¢ilinki
dozimetrik niceliklerin yanlis yorumlanmasi, tibbi uygulamalarda
radyasyon riskinin oldugundan diisiik ya da yiiksek tahmin
edilmesine yol acgabilir [15].

2.4. Iyonlagtirict  Radyasyonun Deterministik ve
Stokastik Etkileri

fyonlastirici radyasyonun biyolojik etkileri, doz-yanit
Ozellikleri ve altta yatan biyolojik mekanizmalar temelinde
genellikle deterministik ve stokastik etkiler olarak siiflandirilir
[16].

Deterministik  etkiler, bir esik dozunun varligiyla
karakterizedir; bu esik seviyesinin altinda klinik olarak
belirlenebilir herhangi bir etki gorinmez [16,17]. Esik
seviyesinin asilmasiyla birlikte, absorbe edilen doz arttikga hem
etkinin ortaya ¢ikma olasiligi hem de siddeti artar. Bu durum,
genis capl hiicre kaybi ve ardindan gelisen doku fonksiyon
bozuklugundan kaynaklanir. Deterministik etkiler, dokuda
biriken enerji miktartyla dogrudan iliskili oldugundan,
deterministik radyasyon hasarini degerlendirmek igin en 6nemli
dozimetrik nicelik absorbe edilen dozdur. Tipik 6rnekler arasinda
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cilt eritemi, katarakt olusumu ve ozellikle yiiksek dozlu tibbi
maruziyetlerden sonra gorilen kemik iligi baskilanmasi yer alir
[17].

Buna karsilik, stokastik etkiler icin herhangi bir esik doz
bulunmamaktadir [16,18]. Bu durumda doz arttik¢a etkinin ortaya
¢ikma olasilig1 artarken, etkinin siddeti dozdan bagimsizdir [18].
Stokastik etkiler, radyasyon kaynakli DNA hasarinin hatali
onartlmasi veya onarilamamasi sonucu gelisir; bu durum
potansiyel olarak kanser gelisimine veya kalitsal genetik etkilere
yol acabilir. Diigsitk doz seviyelerinde bile, stokastik etki riski
tamamen ortadan kalkmaz; bu olgu, radyasyon risk tahminlerinde
yaygin olarak kullanilan lineer esiksiz doz-yanit modelinin
temelini olusturur [18,19].

Radyasyondan  korunma ve tibbi  goriintiileme
baglaminda, deterministik etkiler dokularin bilinen esik
seviyelerinin altinda tutulmasiyla Onlenirken, stokastik risk
gereksiz maruziyetin azaltilmasi ve gorintileme protokollerinin
optimize edilmesiyle yonetilir [16,19]. Bu nedenle, deterministik
ve stokastik etkiler arasindaki ayrimi anlamak, tanisal veya
terapoOtik faydayir olast uzun vadeli radyasyon riskine karsi
dengelemek agisindan kritik 6nem tasir [16].

3. TIBBi UYGULAMALARDA RADYASYONDAN
KORUNMA

Tipta radyasyondan korunma, biyofiziksel bilginin klinik
karar verme slreclerine aktarilmasina dayanir; bu siregte
radyasyon riskleri, tanisal dogruluk ve tedavi etkinligi ile
dengelenir [20]. Iyonlastiric1 radyasyona tibbi maruziyet kasith
ve hasta merkezli oldugundan, tipta uygulanan radyasyondan
korunma stratejileri, mesleki ve cevresel maruziyete yonelik
uygulanan yaklasimlardan temel olarak farklidir. Bu dogrultuda,
tibbi uygulamalarda radyasyondan korunma, prosedire 6zgi
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gerekgelendirme ve optimizasyona dayanir; buradan modaliteye
Ozgii ve hasta odakli koruma yaklagimlar gelistirilir [2]. Bu konu,
takip eden bélimde ayrintili olarak ele alinmaktadir.

3.1. Tibbi Maruziyetin Gerekg¢elendirilmesi

Gerekgelendirme, hasta radyasyon maruziyetinin temel
kontrol noktasidir. Iyonlastirict radyasyon igeren bir tanisal veya
girisimsel islemin uygun kabul edilebilmesi, beklenen klinik
faydanin potansiyel radyasyon riskinden agikg¢a iistiin olmasina
baglidir. Ultrason veya manyetik rezonans goruntileme (MRG)
gibi iyonlastirici radyasyon igermeyen yontemler ayni klinik
soruyu yanitlayabiliyorsa, degerlendirme siirecine mutlaka dahil
edilmelidir [21-23].

Guncel gerekgelendirme yaklasimlari, karar vermenin
birka¢ asamasini igerir. {1k olarak, muayenenin uygun bir genel
ve klinik endikasyonu olmalidir. Daha sonra, incelemenin ilgili
hasta icin gercekten gerekli olup olmadigi dogrulanmalidir.
Inceleme tekrarlandiginda veya takip amaciyla uygulandiginda,
her seferinde yeniden degerlendirilmesi ve gerekcelendirilmesi
gerekir. Bu siireg, bilgisayarli tomografi (BT) ve floroskopi gibi
yiiksek dozlu ve sik kullanilan modalitelere daha fazla dikkat
gosterilmesini gerektirir [20,22]. Gerekgelendirmeyi genis
Olgekte uygulanabilir kilmak amaciyla saglik sistemleri, Klinik
karar destek (CDS) araglarina entegre edilen kanita dayali
goriintiileme yonlendirme kilavuzlarina giderek daha fazla
bagvurmaktadir. Bu araclar, goriintiileme talebi sirasinda klinik
endikasyonlar1 uygun modalite secgenekleriyle iligkilendirir
[24,25]. Metodolojik agidan gugli kilavuz ve CDS igerikleri,
yapilandirilmig literatiir degerlendirmesi ve uzman goriis birligi
strecleriyle olusturulur; bdylece klinik senaryolarla uyumlu olan
"uygun/olast uygun/uygun degil" bi¢imindeki tutarli Oneriler
uretilebilir [23,24]. Bu faydalarin elde edilmesi; stirekli Klinisyen
katilimina, rutin uygulamaya etkili entegrasyona ve geri bildirim
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mekanizmalarinin kullanimina baglidir. Radyasyondan korunma
kaltarinin devamii ve giliglenmesini saglanmak igin surekli
egitim, diizenli izleme ve sistem diizeyinde destek mekanizmalari
kritik dneme sahiptir [25-27].

3.2. Radyasyondan  Korunmanin  Optimizasyonu
(ALARA)

Tibbi uygulamalarda radyasyon dozunun optimize
edilmesi; gerekli klinik amaca, kabul edilebilir goruntu kalitesi
veya terapotik etkinlik korunarak, mimkin olan en diisiik dozla
ulasmay1 hedefleyen goriintiileme ve girisimsel prosediirlerin
sistematik olarak diizenlenmesi anlamina gelir. Bu yaklagim sabit
bir esik degerine dayanmaz; hasta Ozelliklerine gore degisen
dinamik bir surectir [28,29].

Klinik uygulamalarda optimizasyon, gorinti kalitesinin
miimkiin olan en yiiksek diizeye ¢ikarilmasindan ziyade, klinik
olarak vyeterli seviyede olmasimni hedefler. Bu yaklagim,
protokollerin belirli tanisal veya terapdtik gereksinimlerle
uyumlu sekilde diizenlenmesini igerir. Tamisal radyoloji
literatird, en yuksek goruntd Kkalitesini kosulsuz olarak
hedeflemenin gereksiz doz artisina yol agtigini; buna karsin gérev
odakl1 protokol se¢iminin klinik karar verme siirecini tehlikeye
atmadan anlamli doz azaltimini destekledigini gostermektedir
[30-32].

Protokol tasarimina ek olarak optimizasyon, o6lculebilir
doz gostergelerinin rutin kullantmini1 ve klinik uygulamalarin
diizenli olarak gozden gecirilmesini gerektirir. Doz-alan urund,
kiimulatif hava kerma ve modaliteye 6zgi doz indeksleri gibi
parametreler, hasta maruziyeti hakkinda pratik geri bildirim
saglar ve ek doz ayarlamasindan fayda gorebilecek prosediirlerin
belirlenmesine  yardimct  olur.  Uluslararas1  Oneriler,
optimizasyonun tek seferlik teknik bir midahaleden ziyade,
devamlilik gerektiren klinik bir siire¢ olarak kalmasini saglamak
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icin bu parametrelerin slrekli izlenmesi ve denetlenmesinin
6nemini vurgulamaktadir [2].

Tanisal referans seviyeleri (DRL'ler), diizenleyici bir sinir
islevi gormeksizin tipik incelemeler igin kiyaslama noktalar
saglayarak optimizasyon ¢er¢cevesinde tamamlayici bir rol oynar.
Uygun sekilde uygulandiginda DRL'ler, yerel uygulamanin
bolgesel veya ulusal standartlarla karsilastirilmasini kolaylastirir
ve gerekgesiz doz farkliliklarinin belirlenmesine yardimci olur.
Temel degerleri, tanisal etkinligin korunmasini saglarken
tutarliligr artirmak ve goruntileme protokollerinin godzden
gecirilmesini tesvik etmektir [2,33].

3.3. Doz Simirlamasi ve Tibbi Radyasyon Maruziyetine
Uygulanabilirligi

Doz smirlamalar1 radyasyondan korunmanin temel
ilkelerinden biridir; ancak tibbi maruziyetteki rolii, mesleki ve
toplumsal maruziyetinden belirgin sekilde farklidir. Hasta
goruntuleme ve tedavisine yonelik uygulamalarda, sayisal doz
sinirlamalar kullanilmaz, ¢iinkii kat1 bir sinir uygulanmasi tanisal
bilgiyi veya tedavi etkinligini kisitlayabilir. Bunun yerine, hasta
giivenligi, her maruziyetin dikkatle gerekcelendirilmesi ve klinik
amag dogrultusunda radyasyon dozunun optimize edilmesi ile
saglanir [34].

Hastalarin resmi doz sinirlarindan muaf tutulmasi, tibbi
karar verme slreclerinin dogasi geregi bireysellestirilmis yapisini
yansitir. Tanisal ve terapotik prosediirler; Kklinik endikasyon,
hastalik siddeti, anatomik 6zellikler ve hastaya 6zgu degiskenler
acisindan biiyiik farkliliklar gosterir. Bu kosullar altinda tek tip
bir doz st smirmin uygulanmasi, gorlinti kalitesinin
bozulmasina, eksik tanisal degerlendirmeye veya optimal
olmayan tedavi uygulamalarina yol acabilir. Guncel radyolojik
koruma literatiirii, tipta radyasyon dozunun sabit sayisal esiklerle

43



Biyofizik

siirlandirilmak yerine optimize edilmesi gereken bir parametre
olarak ele alinmasinin 6nemini vurgulamaktadir [20].

Buna karsilik, doz limitleri hem saglik personeli hem de
toplum icin radyasyondan korunmanin temel bir unsuru olmaya
devam etmektedir. Radyografi, floroskopi, BT ve girisimsel
islemler gibi iyonlastirici radyasyon kullanilan klinik ortamlarda
calisan personel, zaman iginde anlamli diizeyde mesleki
maruziyet biriktirebilir. Sonug olarak, uzun vadeli kanser riskini
azaltmak ve doku reaksiyonlarin1 Onlemek icin yillik doz
limitlerinin uygulanmasi gereklidir. Klinik deneyimler, bu
siirlarin optimize edilmis teknikler, uygun ekipman performansi
ve kisisel koruyucu oOnlemlerle birlikte ele alindiginda, Kklinik
uygulamay1 aksatmadan mesleki maruziyeti 6nemli 6lclde
azaltabildigini gostermektedir [35].

Ozetle, tibbi uygulamalarda radyasyondan korunma;
gerekgelendirme, optimizasyon ve doz sinirlamasiin birlikte
uygulamasina  dayanmaktadir. Gerekgelendirme, tibbi
maruziyetin klinik agidan hakli olmasini saglar, optimizasyon
(ALARA), maruziyetin makul ol¢iide ulasilabilir en disiik
dozlarda gergeklestirilmesini hedefler ve doz smirlamasi ise,
hastalar hari¢ tutularak mesleki ve toplum maruziyetine
uygulanir. Bu biitiincll yaklasim, radyasyondan korunmanin kati
sayisal esiklerden ziyade, bilingli ve kanita dayali klinik karar
stireclerine dayandigini ortaya koymaktadir [16,36,37].

4. RADYASYONDAN KORUNMANIN KLIiNiK
UYGULAMALARI

Klinik uygulamalarda radyasyondan korunma buyuk
Olcude karar verme asamasindaki degerlendirmelere baghdir. Bir
goriintiileme veya girisimsel prosediiriin nasil planlandig1 ve
uygulandigi; hastanin durumu, prosediiriin niteligi ve klinik is
akisinin pratik gereksinimleri tarafindan sekillendirilir. Bu
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nedenle, hastanin aldigi radyasyon dozu esas olarak giinliik
uygulamada inceleme ve prosediirlerin nasil
gerceklestirildiginden etkilenir. Bu durum, tipta radyasyon
kullaniminin belirlenmesinde klinik yarginin ve operasyonel
faktorlerin merkezi 6nemini ortaya koymaktadir [38,39].

4.1. Tamsal ve Girisimsel Uygulamalar

Tanisal goriintiilemede radyasyon maruziyeti, Oncelikle
muayene tarl, protokol secimi ve belirli klinik endikasyona
uyarlanmis teknik parametrelerden etkilenir. Bir goriintiileme
yontemi segildikten sonra, dozla ilgili degerlendirmeler esas
olarak incelemenin uygulanis bigimini yonlendirir. Bu durum,
protokollerin tek tip ayarlar yerine anatomik boélge, hasta
Ozellikleri ve tanisal amaca gore uyarlanmasinin Onemini
vurgular [40-42].

Girisimsel islemlerde radyasyon maruziyeti, Onceden
belirlenmis protokollerden ziyade, gergek zamanli prosediirel
dinamikler tarafindan sekillendirilir. Floroskopi siiresi, 1s1n agis,
kolimasyon ve gorlintii alma sikli§i gibi operator kontrollii
degiskenler, kiimiilatif doz tizerinde dogrudan etkiye sahiptir. Bu
durum, prosediirel is akis1 ve operator teknigini hem hasta hem de
saglik personeli i¢in maruziyet duzeylerinin temel belirleyicileri
haline getirmektedir [43].

Tanisal ve girisimsel ortamlarda radyasyondan korunma,
ekip icinde paylasilan bir sorumluluktur. Hekimler, radyograflar,
hemsireler ve tibbi fizikgiler, koordineli protokol seg¢imi,
ekipmanin uygun kullanimi ve etkili iletisim yoluyla silirece katki
saglar. Boylece radyasyon giivenligi, harici bir yukimltliuk
olarak degil, kaliteli klinik uygulamanin temel bir pargas1 olarak
strdaralur [44-46].
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4.2. Ozel Klinik Durumlar

Pediatrik hastalar, viicut olguleri, doku Ozellikleri ve
blylme evresi agisindan yetiskinlerden farkli olduklari igin
uyarlanmig goriintiileme yaklasimlarina ihtiya¢ duyarlar. Bu
grupta radyasyon maruziyeti, protokol d&lceklendirmesi ve
inceleme sikligindan biiyiik 6l¢iide etkilenir. Yetigkinlere yonelik
goriintiileme parametrelerinin kullanimi, tanisal faydaya kiyasla
orantisiz doz artigina yol acabilir [47-49].

Gebelik, rutin gorintileme stratejilerinin dikkatli bir
sekilde uyarlanmasini gerektiren bir diger klinik durumu temsil
eder. Goriintiileme gerekli oldugunda, 6zellikle zaman agisindan
kritik durumlarda, anneye yonelik tanisal bilgi ihtiyaci
karsilanirken, protokol degisiklikleri ve islem planlamasi yoluyla
fetusun radyasyona maruziyetinin en aza indirilmesine dikkat
edilir [50-52].

Hem pediatrik hem de gebelikle ilgili gorintulemede
temel klinik zorluk, rutin tanisal ve girisimsel uygulamalarin
degisen biyolojik ve anatomik kosullara uyarlanmasidir. Bu
durumlar, bireysellestirilmis prosediir planlamasina duyulan
ihtiyaci vurgular ve radyasyondan korunma ilkelerinin giivenli ve
baglama uygun klinik uygulamaya aktarilmasinda klinisyen
farkindaliginin 6nemini pekistirir [53,54].

5. RADYASYONDAN KORUNMANIN GELECEGI

Radyasyondan  korunma  alanindaki  gelecekteki
yonelimlerin, ileri gorintuleme teknolojilerinin daha yaygin
kullanilmast ve hasta popiilasyonlarinda kiimiilatif radyasyon
maruziyetine yonelik farkindaligin artmasiyla sekillenecegi
Ongorulmektedir. Tibbi goriintiileme, tan1 ve tedavide merkezi bir
rol oynamaya devam ettikce, radyasyondan korunma stratejileri
yalnizca bireysel incelemelere odaklanmakla kalmayip,

46



Biyofizik

hastalarin yasam boyu biriken radyasyon maruziyetini de ele
alacak sekilde gelistirilmelidir [55].

Teknolojik yeniliklerin, radyasyondan korunmadaki
ilerlemenin  temel belirleyicisi olmaya devam etmesi
beklenmektedir. Dedektér verimliligindeki, goriintii yeniden
yapilandirma tekniklerindeki ve otomatik maruz kalma kontrol
sistemlerindeki  gelismeler, tanisal performanst korurken
radyasyon dozunu azaltma potansiyelini zaten gostermistir.
Iteratif ve model tabanl1 yeniden yapilandirmadaki devam eden
gelismelerin  yan1  swra  ortaya ¢ikan derin  0grenme
yaklagimlarmin, klinik giliveni tehlikeye atmadan daha diisiik
dozlu goriintiilemeye dogru dengeyi daha da kaydirmasi
muhtemeldir [56,57].

Buna paralel olarak, yapay zekanin klinik goriintiileme is
akislarina entegrasyonunun radyasyondan korunma
uygulamalarini gelistirmesi beklenmektedir. Yapay zeka destekli
protokol sec¢imi, goriintii kalitesi degerlendirmesi ve gercek
zamanl doz geri bildirimi, kurumlar ve operatorler arasinda daha
tutarli ve uyarlanabilir doz yonetimini miimkiin kilabilir. [57,58].

Bir diger onemli gelisme alani ise standartlagtirilmis
protokollerden, hasta 0Ozelliklerini dikkate alan daha
bireysellestirilmis yaklasimlara gegistir. Cinsiyet, yas, viicut
kompozisyonu, genetik yatkinlik ve kiimiilatif maruz kalma
geemisi de dahil olmak {izere hastaya 6zgii faktdrlerin taninmasi,
tek tip yaklagim goriintiileme stratejilerinin sinirliliklarini ortaya
koymustur. Bu degiskenlerin klinik karar verme stire¢lerine dahil
edilmesi, Ozellikle tekrarlayan gorintuleme gereksinimi olan
veya uzun sireli girisimsel tedavi uygulanan hastalarda
radyasyon koruma ilkelerinin daha kisisellestirilmis bigcimde
uygulanmasini desteklemektedir [59].

Egitim ve mesleki gelisim gelecekteki uygulamalarin
sekillenmesinde merkezi bir rol oynamaya devam edecektir.
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Teknolojik ilerlemelere ragmen insan faktorl radyasyon
maruziyetinin kritik belirleyicilerinden biri olmayi siirdiirecektir.
Bu nedenle, radyasyondan korunma ilkelerinin gunlik klinik
uygulamalara etkili bigimde yansitilabilmesi igin egitime,
similasyon temelli uygulamalara ve yetkinlik
degerlendirmelerine stirekli yatirim yapilmast sarttir [60,61].

Gelecege Dbakildiginda, radyasyondan korunmanin,
gorintilemeye olan artan klinik gereksinimi, hasta giivenligi ve
saglik kaynaklarmin dengeli kullanimiyla uyumlu hale
getirilmesi gerekmektedir. Gorintileme yontemleri tan1 ve
tedavide kritik bir rol oynamayi siirdiiriirken, artan hasta sayis1 ve
daha karmasik prosedurler, teknoloji, egitim ve kanita dayali
politikalarin bir arada ele alindig1 koordineli stratejilere olan
ihtiyaci ortaya koymaktadir. Bu hedeflerin gerceklestirilebilmesi
icin klinisyenler, tibbi fizik¢iler, aragtirmacilar ve diizenleyici
otoriteler arasinda siirekli bir is birligi gereklidir. Boyle bir ortak
caba, radyasyondan korunmanin izole bir kural bituni olmaktan
cikarak modern saglik hizmetlerinin dinamik ve uyarlanabilir bir
pargasi olarak kalmasini saglayacaktir [62,63].

6. SONUC

Tibbi uygulamalarda radyasyondan korunma, biyofiziksel
ilkelerin, dizenleyici cercevelerin ve klinik uygulamalarin
entegrasyonuna  dayanmaktadir.  Radyasyonun  biyolojik
sistemlerle  etkilesiminin  biyofiziksel = mekanizmalarinin
anlagilmasi, dozimetrik niceliklerin ve radyasyon kaynakli
etkilerin yorumlanmasinin temelini olustururken, uluslararasi
diizeyde kabul gormiis koruma cerceveleri bu bilgiyi pratik
standartlara ve kilavuzlara doniistirmektedir [2,4]. Bu
prensiplerin tan1 ve tedavi ortamlarinda uygulanmasi, klinik
faydadan &diun vermeden hasta maruziyetinin ve mesleki
maruziyetin optimize edilmesini saglar. Goriintiileme teknolojisi,
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kisisellestirilmis tip ve dozimetrideki ilerlemelerin, radyasyon
koruma stratejilerini daha da gelistirmesi ve degisen tibbi ve
teknolojik kosullara uyum saglayabilmek igin korunma

uygulamalariin siirekli giincellenmesi gerekliligini pekistirmesi
beklenmektedir [64].
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