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Turkiye
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ABSTRACT

Pesticides are chemicals used in the agricultural, industrial, and public health sectors to
increase crop productivity, prevent plant diseases, and reduce pest-related hazards. They can
be classified as herbicides, insecticides, fungicides, and rodenticides based on the pests they
target. Their active ingredients include organochlorines, organophosphorus compounds,
carbamates, pyrethrins, and pyrethroids. Although the use of pesticides has provided
significant benefits to humans, their widespread application has also led to the contamination
of air, soil, water, and food systems. After application and distribution among air, water, soil,
and biota, several processes control the fate and transport of pesticides in the environment, as
well as their transformation through biological, chemical, and physical reactions. Humans and
animals are exposed to pesticides through various pathways, including drinking contaminated
water, consuming pesticide-contaminated food, and living in areas treated with pesticides.
Both acute and chronic exposure to pesticides can cause several adverse health effects on
the neurological, endocrine, and reproductive systems and may pose carcinogenic risks. This
study provides a comprehensive review of research on the occurrence and fate of pesticides in
the environment. It also presents the risks to human health associated with occupational and
environmental exposure to pesticides. Available techniques for reducing pesticide-related
risks are also discussed. This review showed that human, animal, and ecological health are
interconnected and that, therefore, an integrated strategy such as the One Health approach is
needed to effectively manage pesticide-related risks.

Keywords: Environmental exposure, environmental health, one health, pesticides, public
health.

INTRODUCTION

An integrated perspective has become crucial for understanding and addressing the significant
global challenges we are confronting. In recent years, several examples have demonstrated the
necessity of this perspective. For instance, to address the impacts and risks associated with climate
change, the need forintegrating ecological, economic, and social systems has been emphasized.' The
challenge of antimicrobial resistance has highlighted the interconnections among human, animal,
and environmental health, calling for an interdisciplinary, integrated management approach.?
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One approach that embodies such anintegrated perspective is
OneHealth.2OneHealthacknowledgestheinterconnectedness
of human, animal, and ecosystem health and seeks to create
integrated solutions to address complex environmental and
health challenges. These challenges are diverse, including
antimicrobial resistance, infectious diseases, and diseases
related to exposure to toxic chemicals (e.g., pesticides) at the
forefront of the list.* One Health is an interdisciplinary field
encompassing medical sciences, veterinary sciences, ecology,
public health, and related disciplines. As such, input from
diverse fields and their effective integration are required.®
However, despite its interdisciplinary nature, the application
of One Health often remains conceptual, with limited
integration across disciplines in practice. Strengthening its
practical integration is essential to address health challenges
holistically and achieve overall protection of human, animal,
and ecosystem health.

Pesticides are chemicals extensively used in the agricultural,
industrial, and public health sectors to increase crop
productivity, prevent plant diseases, and repel pests.
These are typically complex organic compounds that are
relatively resistant to degradation. While this resistance
makes them effective for pest control, it also increases
their persistence in the environment and potential toxicity
to humans. Long-term exposure to pesticides can result in
chronic toxic effects, while acute high-dose exposure can
lead to severe toxic effects, including death.® Conventional
pesticide risk assessment approaches are based on human
health risk assessment and ecological risk assessment.
These methods focus on specific receptors (e.g., humans or
aquatic organisms), single substances, and direct exposure
pathways. In other words, they often consider separate or
primarily single compartments and do not fully account
for the interactions among different environmental media,
cumulative exposures, or indirect effects.

In contrast, the One Health approach evaluates multiple
exposure pathways (e.g., air, soil, water) and their simultaneous
and cumulative impacts on multiple receptors. This approach
allows for the analysis of feedback mechanisms between
environmental processes and human health impacts. By
promoting interdisciplinary integration, One Health provides
a more comprehensive basis for understanding and managing
the complex risks associated with pesticide use.

This review aims to characterize and identify the challenges
associated with pesticide contamination from a One Health
perspective by discussing the nature of the problem, current
approaches,andthelackofintegrated frameworksthatconnect
environmental processes to human health outcomes. In the
past, many studies have evaluated pesticide occurrence, fate,
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and toxicity; however, their analyses were often confined to
disciplinary boundaries, and the understanding of interactions
among these disciplines was limited. This study begins by
discussing the occurrence of pesticides in surface waters,
groundwater, and soils. It then explains the pathways through
which pesticides are introduced into the environment, along
with their fate and transport mechanisms. Human and animal
exposure pathways, along with the associated health effects of
pesticide exposure, are discussed. Finally, the approaches used
to manage pesticide-related risks are reviewed, and further
research needs are highlighted to emphasize the added value
of integrating environmental, ecological, and health-based
perspectives for more comprehensive risk evaluation and
management.

ENVIRONMENTAL OCCURRENCE OF PESTICIDES

Pesticides are not a uniform group; they comprise a highly
heterogeneous class of compounds with distinct target
organisms, modes of action, and environmental behaviors.
They are classified as herbicides (target weeds), insecticides
(target insects), fungicides (target fungi), and rodenticides
(target rodents). Their chemical compositions are highly
variable, including organochlorines, organophosphorus
compounds, carbamates, pyrethrins, and pyrethroids. These
differences strongly influence their properties, such as
persistence, mobility, bioaccumulation potential, and toxicity.
Therefore, the environmental fate, transport pathways, and
associated risks of pesticides vary across these classes.

At the global level, total pesticide use has increased
significantly in recent decades. According to the FAO's
report,” the global volume of pesticides used in agricultural
production was about 3.73 million tons of active ingredients
in 2023. Approximately 51% of global consumption consists
of herbicides, while insecticides, fungicides, and bactericides
account for 22% each. The remainder consists of rodenticides
and other special-purpose pesticides. The consumption of
pesticides worldwide varies, with the largest use occurring in
Brazil (21.5%), followed by the United States (11.5%), Indonesia
(7.9%), Argentina (7.1%), and China (5.8%).”

Monitoring studies have shown that pesticide pollution
follows a consistent pattern in different countries, both in
terms of compound types and concentration levels. Among
herbicides, the most frequently reported active substances
are atrazine, metolachlor, alachlor, diuron, simazine, and
terbuthylazine, while among insecticides, imidacloprid,
acetamiprid, thiamethoxam, chlorpyrifos, and dimethoate
are most commonly detected, typically in the ng/L-low pg/L
range in surface waters.®® In North China, organophosphate
pesticides such as dimethoate, dichlorvos, methyl-parathion,
and malathion exhibit significant seasonal variability, with
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total concentrations ranging from 174-321 ng/L, averages of
3.9-7.1 ng/L, and detection rates of 47-69% during the summer
period, and total concentrations of 152-269 ng/L, averages of
3.4-6.0 ng/L, and detection rates of 23-62% during the winter
period.” In the Llobregat River and its aquifer in Barcelona,
significant pesticide pollution was reported, with maximum
concentrations of several pg/L for carbendazim, N,N-dietil-
m-toluamid, diuron, and propiconazole, and concentrations
of 0.1-0.5 ug/L for imidacloprid, simazine, bentazone,
metazachlor, and tebuconazole." Long-term monitoring in
Germany shows that most substances detected in surface
waters are pesticide metabolites, with metazachlor sulfonic
acid, metolachlor ethanesulfonic acid, and metazachlor
oxanilic acid occurring at higher and more persistent levels
than their parent compounds, leading to long-term exposure
concerns.'? Similarly, in the United States, atrazine, metolachlor,
glyphosate, and imidacloprid were commonly detected during
the 2013-2017 period. Imidacloprid, in particular, was identified
as one of the major pesticides posing a chronic ecotoxic risk to
aquatic organisms, detected at concentrations of 0.1-1 pg/L in
some agriculturally and urban-based impacted areas.™

Although pesticides are generally detected at lower
concentrations in groundwater than in surface water, levels
can be high, especially in areas with intensive agricultural
activity. Groundwater samples in France, Denmark, England,
and Switzerland commonly contain active substances such as
atrazine, metolachlor, bentazone, and simazine, as well as their
metabolites. The concentrations of these substances typically
range from 0.05 to 0.5 pg/L, and at many sampling points,
the European Union (EU) drinking water limit of 0.1 pg/L is
exceeded. The greater mobility and persistence of metabolites
compared to parent compounds contribute to a dominant,
persistent pesticide pollution profile in groundwater.™

Among the most common pesticides in agricultural soils are
glyphosate and its metabolite aminomethylphosphonic acid
(AMPA). Concentrations reaching 100-1900 ug/kg for AMPA
and 50-2000 pg/kg for glyphosate have been reported in EU
countries. Insecticides such as imidacloprid and chlorpyrifos
are measured in the range of 10-120 pg/kg and 5-50 pg/kg,
respectively, in intensively farmed areas of Mediterranean
countries and China, while herbicides such as terbutylazine,
metolachlor, and alachlor are reported to be mostly at levels of
20-1000 pg/kg in the soils of the US, Europe, and South America.

ENVIRONMENTAL FATE AND TRANSPORT OF
PESTICIDES

Pesticides are introduced into the environment through
multiple pathways. These pathways vary based on the type
of application, target use, and physicochemical properties.
In agricultural systems, pesticides are applied directly to
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crops and are distributed in the environment through spray
drift, surface runoff, and leaching. In urban and municipal
areas, applications for pest control result in surface runoff
over impervious surfaces, with final discharge to stormwater
collection systems. Localized releases from industrial uses and
manufacturing processes occur through effluents orimproper
handling. These pathways differ substantially among
pesticide classes and application practices, influencing their
distribution, persistence, and potential exposure routes in
environmental systems (Fig. 1).

Crop patterns and application frequency have a significant
impact on soil pesticide levels, which can accumulate
in agricultural soils over time.”” For example, fruits and
vegetables generally require higher pesticide inputs than
cereals, as they are more susceptible to pests and diseases.'®
In urban areas, herbicides and insecticides are widely used
in parks, lawns, home gardens, and indoor applications,
resulting in more concentrated applications than in
agricultural areas. This leads to a condensed application
compared to agricultural areas. In the US, lawns and home-
and-garden applications are reported to account for 8% of
total herbicides, 15% of insecticides, and 10% of fungicides.
Urban dust and air have been shown to contain pyrethroid
and organochlorine pesticides, and surface waters have
been found to contain substances such as atrazine, diuron,
metolachlor, and chlorpyrifos, which pose a serious threat to
ecosystems and human health."”

Pesticide manufacturing facilities create another primary
source of pesticides in the environment. These facilities can
cause both point and distributed pollution. Pesticides can
remain in wastewater even after treatment.’® Treated or
untreated wastewater is eventually discharged into receiving
water bodies. Moreover, chemical spills, improper waste
disposal, or emissions during production processes in these
facilities can provide another route to the environment."

Once pesticidesareintroduced into the environment, a variety
of physical, chemical, and biological processes determine
their fate and transport, as well as their distribution among
environmental compartments such as the atmosphere,
soil, surface water, and groundwater. In the atmosphere,
processes such as volatilization and air transport can carry
pesticides over long distances. In soils, sorption, degradation,
and leaching control their potential transfer to other media or
retention. Runoff, erosion, and dilution processes determine
surface-water concentrations, along with degradation
and sediment interactions. In groundwater, leaching
controls transport. In general, the behavior of pesticides in
the environment is controlled by transport, transfer, and
transformation processes.?
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Figure 1. Fate and transport of pesticides in the environment.

Transport processes carry pesticides away from their point
of application through air and water, determining the spatial
extent of pesticide contamination. During transport, pesticides
can be in the form of solid, gas, or liquid. They are first
introduced to the air by spray drift during application. However,
the transfer to the atmosphere continues after application
through evaporation or volatilization from soil and plant
surfaces.?’ Air is the major medium for transporting materials
over longer distances and is strongly dependent on the
method of application and the properties of the compound.?’
The variety of droplet sizes, atmospheric conditions during
and after application, and the composition of the spray can all
affect spray drift. After application, pesticide passage to air is
controlled by pesticide characteristics. Pesticides with higher
vapor pressures are more likely to volatilize after application,
thus having higher atmospheric concentrations.”

Transfer processes affect the distribution of pesticides among
water, soil, and biota after application. These processes
include volatilization, surface runoff, leaching, adsorption,
and plant uptake.® Pesticide characteristics (e.g., water
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solubility, volatility, soil adsorption, and persistence) and soil
characteristics (e.g., texture, permeability, depth, pH, organic
matter content) affect transfer processes.?® Meteorological
conditions, particularly rainfall timing and intensity following
pesticide application, also play a significant role.

Among transfer processes, volatilization is the process through
which pesticides are carried from soil or plant surfaces into
the atmosphere. Pesticides with higher vapor pressure can
easily transition to the gaseous phase after application.”” The
volatilization process is reversible, meaning that pesticides
enter the atmosphere but can also redeposit onto soil or plant
surfaces. Surface runoff is a process that occurs after rainfall or
irrigation events. It is considered one of the primary routes by
which pesticides are transported to surface waters, including
rivers, lakes, and reservoirs. After a rainfall event or irrigation,
excess water flows over the land surface as sheet flow, carrying
pesticides from application sites to the nearest surface waters.??
In surface runoff, pesticides are transported either as dissolved
material or particulate matter. The phase of the pesticide is
influenced by its solubility and sorption characteristics.
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Leaching is the process that controls the downward movement
of pesticides in the soil profile through infiltration or percolation
processes. This process represents the major route by which
pesticides can enter groundwater.?® Pesticides with higher
water solubility and lower sorption affinity to soil particles are
generally transported more easily through the soil. Soils with
higher permeability also allow greater pesticide movement
through leaching. Adsorption refers to the process by which
pesticides attach to the surface of soil particles. Adsorption is
a reversible process where adsorption and desorption occur
continuously, which moves pesticides between the dissolved
and particulate phases. The adsorptive capacity of soils is largely
influenced by properties such as pH, organic matter content,
the presence of clay minerals, and oxide hydroxides.?’ The
physicochemical characteristics of pesticides are also important
in the adsorption-desorption process. Some pesticides have
a higher adsorptive affinity (e.g., hydrophobic pesticides),
meaning they are more strongly held on soil particles.

Plant uptake is another important transfer pathway, whereby
pesticides are absorbed by plant roots or foliage. After the
pesticides are taken up by plants, they may be carried within
plant tissues, metabolized, or accumulated.*

Transformation processes refer to biological, physical,
and chemical reactions that convert pesticides into other
substances.®> The degradation of pesticides involves
transformation processes carried out by microorganisms or
plants, as well as chemical and photochemical reactions.?®
In microbial degradation, microorganisms consume and
transform chemicals into other forms in soil, water, or sediment
environments. Chemical and photochemical processes involve
hydrolysis, oxidation/reduction, and photolysis, typically
occurring at the soil surface and in surface waters. It is possible
that the final product can be more toxic than the parent
pesticide.” Both environmental conditions (e.g., temperature,
moisture, redox conditions, and light availability) and pesticide
properties (e.g., molecular structure and functional groups)
affect the type and rate of transformation.?

HUMAN AND ANIMAL EXPOSURE PATHWAYS

Humans are exposed to pesticides through occupational
or environmental contact via various mechanisms in work
or home environments, such as work-related activities,
consuming foods and drinks, using medicines, and during
travel and recreational activities. Pesticides can enter the
human body through dermal, oral, eye, and respiratory routes.?®
Several factors affect the actual amount of pesticide that
enters the human body. These include the physicochemical
characteristics of the pesticide (e.g., water solubility, volatility,
and persistence), contact duration and frequency, availability
of protective equipment, and personal factors such as age.?®
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Occupational exposure refers to direct contact with pesticides,
often during work activities. Occupational contact creates the
highest-risk type of pesticide exposure because workers (i.e., farm
workers, gardeners, workers in pesticide manufacturing plants)
involved in the production, transfer, and application of pesticides
use them regularly and often in concentrated forms.® Protective
clothing and equipment can limit exposure; however, these
measures are often neglected because they are uncomfortable
to use continuously, especially under unsuitable environmental
conditions.?® Even with protective clothing/equipment, skin
contact and inhalation can still pose risks for workers.

Environmental exposure occurs through contaminated air,
water, soil, and food. Food serves as a significant environmental
exposure route. Pesticides applied on farms can remain in
smaller concentrations on fruits, vegetables, and grains even
after harvesting. Washing and peeling can reduce pesticide
residues to some extent, but some pesticides can penetrate the
food itself. For instance, it was estimated that by consuming
wheat products, humans can ingest 22 mg-2.1 g of pesticide
per kilogram applied to wheat.” Through the food chain,
pesticides can also accumulate in meat, dairy, and fish.®
Exposure to pesticides can occur by using contaminated water,
either as drinking water or during recreational water use. The
health risks due to pesticides in drinking water sources have
been discussed.?? Soil exposure occurs when humans come
into contact with contaminated agricultural soils. Contact can
be in the form of direct handling, inhalation of resuspended soil
particles, or incidental ingestion. Air exposure occurs through
pesticide volatilization after application and the drift of spray
droplets during spraying.”’ Pesticides can be carried over long
distances in the atmosphere and may remain in the air or
deposit onto soil or water, where human contact may occur.

HEALTH EFFECTS OF PESTICIDE EXPOSURE

Pesticides can cause acute toxicity through inhalation,
ingestion, or contact with the skin and eyes. Long-term or
repeated exposure to lower doses can lead to chronic toxicity.

Acute Health Effects

An increased incidence of respiratory problems and
neurodegenerative diseases has often been reported due to
occupational exposure, particularly the exposure of agricultural
workers to pesticides.® In the US, exposure to chlorpyrifos and
otherorganophosphatesis estimated to cause billions of dollars
in annual losses due to cognitive decline and abnormalities
in brain development. Chlorpyrifos was prohibited in the
EU in 2020 and in the US in 2021, while it remains prevalent
on other continents.* Organophosphate pesticides act as
acetylcholinesterase (AChE) inhibitors. By blocking AChE,
they prevent the breakdown of acetylcholine (ACh), causing
its accumulation at cholinergic nerve endings. This leads to
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postsynaptic receptor overstimulation and adverse effects in
both the central and peripheral nervous systems.®

Some of the anticholinesterase (anti-ChE) agents, such as
tabun, sarin, and soman, are extremely toxic and have been
used as biological weapons in warfare or in terrorist attacks,
such as the one in Tokyo.?> Acute intoxication by anti-ChE
agents produces both muscarinic and nicotinic effects, and
except for compounds with very low lipid solubility, also
affects the central nervous system. Systemic symptoms usually
appear within minutes after inhalation, while onset is slower
after gastrointestinal or skin absorption. Ocular and respiratory
symptoms occur first. Ocular effects include marked miosis,
eye pain, blurred vision, and ciliary spasm, although miosis
may be absent during severe systemic poisoning due to
sympathetic responses. Respiratory effects include rhinorrhea,
chest tightness, wheezing, bronchoconstriction, and increased
bronchial secretions. Gastrointestinal symptoms include
nausea, vomiting, abdominal cramps, and diarrhea.

With skin exposure, localized sweating and muscle
fasciculations are often the first signs. Severe poisoning is
characterized by excessive salivation, sweating, lacrimation,
involuntary urination and defecation, bradycardia, and
hypotension. Nicotinic effects at the neuromuscular junction
cause muscle weakness, twitching, and eventually paralysis.
The most serious outcome is paralysis of the respiratory
muscles, and death usually occurs due to respiratory failure,
often with a secondary cardiovascular component.3'3

Chronic and Long-Term Health Outcomes

Prolonged pesticide exposure may resultin severe impairments
in cognitive, somatic movement, visceral, sensory, affective,
and neurodevelopmental abilities. A study that included
431 children aged 6-12 from three communities—two in
an agricultural region (Community A and B), where mainly
organophosphate and pyrethroid pesticides were reported,
and one reference population (Community C), located far from
agricultural fields in Mexico—showed that dialkylphosphates
and 8-hydroxy-2’-deoxyguanosine in urine, as well as
malondialdehyde in serum concentrations, significantly
increased in communities A and B compared to community
C. Proinflammatory cytokine IL-8 also showed a significant
increase in community A compared to community C, indicating
increased oxidative stress, DNA damage, and inflammation.?*

A systematic review covering data from 12 countries revealed
positive associations between Non-Hodgkin Lymphoma (NHL)
and carbamate insecticides, organophosphorus insecticides,
lindane (an organochlorine insecticide), and 2-methyl-4-
chlorophenoxyacetic acid (a phenoxy herbicide).?* Glyphosate
exposure was also associated with an increased risk of NHL in
humans in another meta-analysis.*
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Pesticides can alter the immune system by disrupting normal
immune responses to tumor antigens, allergens, self-antigens,
and microbial agents, which may increase the risk of cancers,
allergies, autoimmune disorders, and infectious diseases.
One of the main mechanisms is the disturbance of cytokine
balance, which affects immune regulation.?” Pesticides have
also been linked to an increased risk of obstructive lung
diseases such as chronic bronchitis and chronic obstructive
pulmonary disease.®®

Chronic ambient exposure to organophosphates may alter
the composition and predicted metabolic functions of
the human gut microbiome. In a study of 190 participants
from an agricultural region in California, organophosphate
exposure was associated with changes in the abundance
of several bacterial groups and shifts in microbial metabolic
pathways. These changes included disturbances in cellular
respiration, increased biosynthesis and degradation of
bacterial cell wall components, increased production of RNA
and DNA precursors, and reduced synthesis of vitamins B1
and B6.* Chronic exposure has also been linked to a higher
prevalence of metabolic disorders such as obesity and type
2 diabetes. Dysmetabolism is associated with low-grade
inflammation, and the gut microbiota plays a significant role
in its development. One key change observed is a decrease in
Bacteroidetes and an increase in Firmicutes, a pattern linked to
both pesticide exposure and dysmetabolic risk.*

In vitro and ex vivo studies showed that acute exposure to
the pesticide malathion reduced the viability of pancreatic
islet cells and promoted signs of damage in a and f cells at
the subcellular level. Moreover, chronic exposure to malathion
affected B-cell viability and a-cell voltage-gated K+ currents.
Pesticide exposure may increase the prevalence of type 2
diabetes.”!

A randomized controlled dietary intervention trial evaluated
the effects of changing from conventional to organic food
consumption. Healthy adults were randomly allocated to
either an organic food (n=13) or conventional (n=14) group.
The conversion to organic food with a Mediterranean diet
reduced exposure to all types of pesticides from different
sources by >90%.%

Todemonstratehowlong-term,low-levelexposuretoglyphosate,
metals, and their combination damages kidney structure and
function, a study used adult zebrafish as a mechanistic model.
Exposure to both glyphosate and metals caused a synergistic
effect, leading to more damage to kidney health compared to
exposure to individual chemicals. In this study, mitochondria-
rich proximal tubules were identified as the main targets of
chronic glyphosate-metal combination exposure.*®
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A study in China showed a consistent positive relationship
between abnormal blood cell, liver, and peripheral nervous
system test results and the intensity of pesticide exposure.
Sensory abnormalities were more common than motor
problems, and abnormal electrophysiological findings were
predominantly observed in sensory nerves in the higher-
exposure group, indicating neurotoxicity.** Organophosphate,
carbamate, pyrethroid, and organochlorine insecticides are
known to cause acute neurotoxic effects. Many epidemiological
studieshavealsoreportedincreasedrisksoflong-termbehavioral
and neurological disorders in populations with chronic
exposure.These effects have been linked to mechanisms such as
oxidative stress, altered dopamine transporters, mitochondrial
dysfunction, a-synuclein aggregation, and neuroinflammation,
which are associated with neurodegenerative diseases like
Parkinson’s and Alzheimer’s disease.*

Pesticides significantly impact female reproductive health
by targeting the ovary. Epidemiological research links these
exposures to menstrual cycle disorders, polycystic ovary
syndrome, primary ovarian insufficiency, and reduced fertility
in women. Toxicological studies demonstrate that pesticides
disrupt the estrous cycle, deplete the follicle pool, and impair
oocyte maturation. Pesticides influence steroid hormone
synthesis due to alterations in the activity of key enzymes and
affect ovarian function. Pesticides can also induce oxidative
stress, inflammation, and apoptosis, which may cause DNA
damageand altered gene expression in ovarian cells.* Pesticides
also affect male reproductive systems through impaired sperm
quality and altered hormone levels. Insecticide exposure
significantly impairs fertility in a dose-dependent manner.#

Organophosphate chemicals have been found to inhibit the
acetylcholinesterase enzyme, as well as a number of other
biological targets, including hormones, neurotransmitters,
neurotrophic factors, enzymes involved in the breakdown of
beta-amyloid protein, and inflammatory alterations.”® Evidence
from animal studies links exposure to the organophosphate
chlorpyrifos with neurodegeneration, including elevated
beta-amyloid levels and impaired cognition. However,
the relationship between these effects is still unclear. Two
different pathways may be involved: one in which cognitive
deficits result from cholinergic overstimulation, and another
that acts directly on the beta-amyloid pathway.** On the
other hand, the relationship between pesticide exposure and
Parkinson’s disease is proposed to be related to inhibition of
mitochondrial Complex | and oxidative stress. Additionally,
organophosphates can cause oxidative stress.>

The repetitive or long-term exposure to cholinesterase
inhibitors, such as carbamates and organophosphates, is
most commonly observed in farm workers. Roldan-Tapia et
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al.*" investigated the long-term cognitive effects of pesticide
exposure on greenhouse workers in Almeria, Spain, to assess
whether chronic, low-level exposure to cholinesterase-
inhibiting pesticides leads to neuropsychological dysfunction
or emotional disturbances. Significant deficiencies in visuo-
constructional praxis and integrative perception were
observed in workers who had been exposed for more than ten
years. Chronic exposure to pesticides for over a decade results
in measurable impairments in visual and motor integration as
neuropsychological functions.

Even exposure to low doses of pesticides is associated with
neurodevelopmental disorders.?® Organophosphate pesticide
exposure during pregnancy may have a detrimental effect on
a child’s early behavior, motor skills, and mental development.
Although the consequences of postnatal exposure are less
clear, they may nonetheless affect motor and cognitive
abilities and raise the possibility of attention issues.>?

Another study on 175 pregnant tea garden workers in India
evaluated the effects of pesticide exposure on pregnancy
outcomes. The results showed significantly reduced AChE
activity in both maternal and cord blood among the workers
compared to housewives, especially in the low birth weight
group. This implies pathological alterations during pregnancy,
such as elevated expression of hypoxia-inducible factor (HIF-
1a), which could lead to placental insufficiency and fetal
growth restriction.>

Alarge study in the Almeria region of Spain, an area with one of
the world’s highest concentrations of greenhouses, examined
4,830 children referred to Early Intervention Centers between
2011 and 2022 from a total population of about 119,897
children. Chromosomal abnormalities were the most common
prenatal diagnoses, gestational age under 32 weeks was the
main perinatal condition, and brain damage was the most
frequent postnatal diagnosis. The findings suggest a possible
link between intensive pesticide use in greenhouse areas and
neurodevelopmental and learning problems in children.>*

Selective toxicity of pesticides is extremely desirable; however,
all pesticides can elicit toxicological responses in humans.

MANAGEMENT OF RISKS ASSOCIATED WITH
PESTICIDES

Studies have shown that only a very limited fraction of the
pesticides applied during agricultural practices directly
affect the target pest organisms, while the vast majority
are transported through soil, surface water, groundwater,
and atmospheric systems. Numerous ecotoxicological and
epidemiological studies published in recent years have
revealed that addressing pesticide management solely from
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an agricultural productivity perspective is unsustainable.
Therefore, pesticide management is considered not only at the
agricultural application scale but also within the framework of
human health risk analysis.>>*

Integrated Pest Management (IPM) has become a significant
approach for pest control in recent years. In the EU, Directive
2009/128/EC makes IPM mandatory for professional users. This
approach aims to keep pest populations at a level that does
not cause economic damage; in other words, it does not focus
on the complete disappearance of pest populations. IPM uses
chemical, biological, cultural, and mechanical control methods
interactively in a systematic and adaptable way.*® Barzman et
al>” defined eight fundamental IPM strategies. These include:
(i) designing resistant production systems for pest prevention,
(i) regular monitoring and early warning systems, (iii)
threshold-based decision-making processes, (iv) prioritizing
non-chemical methods, (v) preferring selective and low-
risk pesticides, (vi) reducing pesticide application intensity,
(vii) resistance management, and (viii) evaluating the multi-
year environmental impacts of applications. This framework
transforms pesticide management from a short-term, single-
product-focused approach into a dynamic process that needs
to be evaluated at the agroecosystem scale.””

Biological and “green” control methods, developed as alternatives
to chemical pesticides, are fundamental components of IPM
systems. In particular, bacterial insecticides (such as Bacillus
thuringiensis, B. sphaericus, and Saccharopolyspora spinosa) are
safer alternatives to synthetic pesticides due to their high target
specificity, rapid degradation in the environment, and low residue
risk. These biopesticides play a critical role not only in suppressing
pest populations but also in reducing the environmental burden
by decreasing the use of chemical pesticides.*®

Current pesticide managementisalso significantly transformed
by technological innovations. Remote sensing techniques,
sensor-based monitoring systems, unmanned aerial vehicles,
and digital decision-support platforms enable the monitoring
of harmful pest concentrations at high spatial and temporal
resolution. These technologies significantly reduce the
number of applications and the risk of environmental spread
by ensuring that pesticides are applied only in the necessary
areas and at the appropriate times. This approach is described
in the literature as “precision agriculture-based IPM">°

Pesticide management also includes social, economic, and
managerial dimensions. The new IPM paradigm proposed
by Dara*® expands the classical ecological IPM approach
by incorporating management, business model, and
sustainability components. It considers producer-consumer-
market interactions to be an integral part of pesticide control.
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In this model, pesticide management aims to optimize
economic feasibility, environmental safety, and social
acceptability criteria together.

Overall, the current state of pesticide management and control
has evolved from short-term, one-dimensional solutions based
on chemical inputs towards an IPM-based, multidisciplinary,
and risk-oriented structure. The basic principles of sustainable
pesticide management include reducing pesticide use,
encouraging biological and cultural approaches, incorporating
modern monitoring and decision support technology, and
complying with legislation based on scientific findings.>¢7°

However, although IPM represents a significant improvement
and provides a structured and practical framework for reducing
pesticide use and environmental impacts at the agroecosystem
scale, its scope still largely focuses on pest control and
agricultural sustainability. In practice, IPM applications often
evaluate impacts within specific sectors or compartments and
may not fully account for cross-media transport, indirect effects,
or cumulative exposures affecting human and animal health.®®
In this context, the One Health approach extends the IPM
perspective by explicitly addressing the interconnectedness
of environmental, human, and animal health systems.
Therefore, IPM can be considered an important operational
component within a broader One Health framework; however,
a more explicit integration across disciplines, environmental
compartments, and exposure pathways is needed to capture
cumulative risks and support more comprehensive pesticide
management strategies.”'

CONCLUSIONS

In this review, we examined the challenges created by
intensive pesticide use in agriculture and other sectors. The
review showed that after pesticides are introduced into the
environment, they are carried through several pathways
and accumulate in surface waters, groundwater, and soils.
Pesticide use and occurrence are variable but widespread
globally. Both acute and chronic exposure to pesticides create
risks for human health. Humans can be exposed to pesticides
in different ways, including through drinking water and eating
food containing pesticide residues.

For both future research and management, this review
addresses the need for a One Health approach. Pesticide
pollutionisnotonlyanenvironmental problem butalsoapublic
health issue. Starting with pesticide production processes
and their application in agricultural fields, households, and
urban areas, pesticides contaminate air, water, and soil, affect
ecological processes, and enter the food chain, eventually
reaching wildlife, livestock, and humans. The One Health
approach can provide a holistic perspective for evaluating
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pesticide-related risks, recognizing linkages among human,
animal, and ecosystem health. By understanding the effects of
pest control strategies, the unintended human and ecological
health impacts can be minimized. Preventive strategies
included in the integrated pest management framework, such
as biological control, reducing the use of chemical inputs,
and advancing to precision agriculture with technology, can
reduce pesticide-related risks not only for humans but also for
the entire ecological system.
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ABSTRACT

Glioblastoma multiforme (GBM) is the most common and aggressive brain cancer in adults. It is
also one of the most aggressive tumors of the central nervous system and is associated with the
worst prognosis. Developing an effective treatment method is complicated by the disease: its
resistance to treatment, a high recurrence rate, and genetic and histological heterogeneity. This
review provides a detailed assessment of GBM diagnostic methods, molecular pathogenesis,
histopathological features, and current treatment approaches. IDH mutations, together
with molecular markers such as PTEN, EGFR, TP53, and MGMT promoter methylation, play a
significant role in predicting the course of glioblastoma multiforme and determining treatment
response. Personalized medicine and immunotherapies, together with routine treatments,
represent noteworthy approaches to GBM treatment in the near future. Recent studies report
that magnetic field-based interventions are a promising approach and that applications of
low-frequency magnetic fields suppress glioma cell proliferation. Studies conducted with the
OM-100 device have shown a significant reduction in tumor growth in both in vivo and in vitro
models and have demonstrated synergistic effects when the device was combined with anti-
PD-1 therapy. Furthermore, static magnetic fields have been reported to increase apoptosis,
inhibit proliferation, and may offer a complementary treatment with low toxicity. These findings
suggest that magnetic-field-based approaches offer an innovative strategy for GBM treatment.

Keywords: Glioblastoma multiforme, immunotherapy, magnetic fields, mutations, precision
medicine, therapeutics.

INTRODUCTION

Glioblastoma multiforme (GBM) is the most common type of aggressive brain cancer in adults.
It is also one of the most aggressive and worst-prognosis tumors of the central nervous system.
Developing an effective treatment method for the disease is complicated by its resistance to
treatment and high recurrence rate, and its genetic and histological heterogeneity. Grade 4
malignant gliomas, as classified by the World Health Organization (WHO), are usually located in
the supratentorial area. Histopathologically, it is characterized by both astrocytic and necrotic
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Table 1. Epidemiological characteristics of glioblastoma multiforme

Epidemiological characteristics

Information / value

Reference

Frequency of occurrence (Incidence)

Approximately 3.2-4.3 cases per 100,000 people per year

Ostrom et al., 20233

Age group

Most commonly between the ages of 55 and 75

Ostrom et al., 20233

Gender distribution

More common in men than in women (ratio of 1.6:1)

Ostrom et al., 20233

Peak age of onset around 64 years old

Ostrom et al., 20233

Percentage of all primary brain tumors

Approximately 15-17%

Ostrom et al., 20233

Proportion in high-grade gliomas

Approximately 45-50%

Ostrom et al., 20233

Ethnic distribution

Higher in Caucasians; lower in Blacks and Asians

Ostrom et al., 20233

Risk factors

lonizing radiation, age, male gender, genetic predisposition

Ostrom et al., 20233

Primary GBM = 90%;

Primary/secondary GBM ratio

Nakajima et al., 2018*

Secondary GBM = 10%

Survival time (average)

Surgery + Radiotherapy + Chemotherapy for 12-18 months

Stupp et al., 2005%°

5-year survival rate

Approximately 5-7%

Stupp et al., 2005%°

GBM: Glioblastoma multiforme.

core-like cells and diffuse neoplastic infiltration of GBM into
nerve tissue (e.g., angular nuclei and eukaryotic nuclei)." The
high heterogeneity of GBM, combined with the blood-brain
barrier (BBB) structure, creates an environment conducive
to tumor cell survival.? In glioblastoma multiforme, difficulty
in defining tumor margins during surgical intervention
stems from its rapid invasion into surrounding brain tissue.
This makes it very difficult to completely remove the tumor
and often results in residual tumor tissue. Epidemiological
findings indicate that glioblastoma multiforme is more
common in men over the age of 50. In these patients, survival
time generally ranges from 12 and 18 months despite the
addition of radiotherapy and chemotherapy to the surgical
intervention. In this context, the basic epidemiological and
molecular characteristics of Glioblastoma Multiforme are
summarized in Table 1.'3

In recent years, studies, particularly in molecular biology
and genetic analyses, have provided a more comprehensive
understanding of the disease’s pathogenesis. In addition, new
treatment options have been developed, and the biological
basis of the disease has been established.?

CLINICAL AND RESEARCH RESULTS

A literature review was conducted systematically and in
detail on glioblastoma multiforme using the PubMed, Web
of Science, and Scopus databases between May and August
2025. The search was designed to include studies focusing
on human subjects and examining molecular mechanisms,
signaling pathways, or treatment strategies in glioblastoma.
Appropriate studies were identified through a detailed
evaluation of the titles, abstracts, and full texts of the articles.

HISTOPATHOLOGICAL FEATURES

The diagnosis of GBM relies heavily on its histopathological
features. Histologically, GBM is characterized by necrotic areas,
microvascular proliferation, pleomorphic cells, and high mitotic
activity. Glioblastoma multiforme tumor cells exhibit high
nuclear atypia (irregularity and enlargement of the nucleus)
as well as highly intense mitotic divisions, indicating both
uncontrolled cell division and invasive spread to surrounding
tissues.! Circumscribed gliomas are mostly benign. In contrast,
diffuse (spreading) gliomas can infiltrate the surrounding
normal brain parenchyma and recur even after complete tumor
resection. Diffuse gliomas are the most common type of intrinsic
primary brain tumor. Diffuse gliomas are classified into three
groups according to malignancy levels: WHO grades 2, 3, and 4.
WHO grade 4 diffuse glioma is synonymous with glioblastoma
multiforme (GBM). Astrocytoma with GBM is the most common
histological subtype of WHO grade 4 diffuse gliomas. In
addition, it accounts for almost 50% of all primary malignant
brain tumors. Palisade-like necrosis, a commonly observed and
distinctive histological finding in GBM, forms as areas of necrosis
resulting from depletion of oxygen and nutrients associated
with the rapid growth of tumor cells. Microvascular proliferation,
known as the abnormal proliferation of small blood vessels,
provides the tumor with the blood supply needed to continue
its progression. At the same time, this process also paves the
way for GBM to become resistant to treatment.*

Molecular Markers

In addition to histopathological studies, Both molecular
biology techniques and defined genetic and epigenetic
parameters play a role in identifying subtypes of GBM. The
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Table 2. Clinical significance of prominent molecular markers in glioblastoma multiforme

Prognostic/predictive

Molecular marker Clinical role

value

Relationship to
References
treatment

Predictive in predicting

MGMT promoter methylation DNA repair

response to treatment

Temozolomide )
o Hegi et al., 2005°
sensitivity increases

Cell proliferation and
EGFR amplification / EGFRvIII

Poor prognosis

EGFR inhibitors
An et al., 2018"

invasion (Erlotinib, Gefitinib)
S Activation of the PI3K/  Associated with tumor Resistance to mTOR Bonneau & Longy,
0ss
AKT/mTOR pathway progression inhibitors develops 2000"

Poor prognosis, resistant

TP53 mutation Tumor suppressor gene

structure

Little effect on
Yin et al,, 20028
standard treatment

Good prognosis

Cell metabolism,
IDH1/2 mutation . i lati
epigenetic regulation
Pig 2 GBM)

(especially in secondary

Targeted therapies
] Yan et al., 2009
potential

GBM: Glioblastoma multiforme; IDH: Isocitrate dehydrogenase; MGMT: O6-methylguanine-DNA methyltransferase; EGFR: Epidermal growth factor receptor; PTEN:
Phosphatase and tensin homolog; TP53: Tumor protein p53; PI3K: Phosphoinositide 3-kinase; AKT: Protein kinase B; mTOR: Mammalian target of rapamycin.

molecular parameters that have contributed most to the
clinical application of GBM are IDH1, MGMT, and EGFR.®
MGMT  (O-6-methylguanine-DNA  methyltransferase)
promoter methylation is directly related to the efficacy of
temozolomide treatment. This methylation is removed by
an enzyme that repairs methylated bases in DNA and can
eliminate DNA damage caused by temozolomide. In short,
it has been emphasized that temozolomide causes cancer
cell death by increasing the effectiveness of the structural
damage it creates in DNA.® Among patients receiving
temozolomide treatment, those with methylation of this
promoter generally have better outcomes, whereas those
without methylation may develop resistance to treatment.
Therefore, MGMT methylation status plays an important
role in personalizing treatment methods and provides
clinically meaningful prognostic guidance regarding
how patients will respond to treatment.” IDH (isocitrate
dehydrogenase) mutation has been widely associated with
a better prognosis in patients with GBM. These mutations
are mostly found in younger patients (secondary GBM)
with a high number of mutations in the TP53 gene.s
In addition, EGFR can serve as a primary therapeutic
target. Tyrosine kinase inhibitors, such as erlotinib and
gefitinib, are among the treatment methods aimed at
inhibiting EGFR activity. This method has been evaluated
in clinical trials to block downstream signaling pathways
by inhibiting EGFR phosphorylation.? The relationship
between the most frequently studied molecular markers
in GBM and treatment, as well as their clinical significance,
are presented in Table 2.57
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Molecular Pathogenesis

The development of GBM stems from numerous genetic and
epigenetic alterations. Recent studies have shown that GBM
is associated with multiple molecular pathways and that
these alterations determine the invasive nature of the tumor.
Molecular-level abnormalities encompass multiple processes,
such as excessive expression of growth factors, disruption of
DNA repair mechanisms, and mutations in genetic factors that
regulate the cell cycle. Glioblastoma multiforme (GBM) is a
common type of primary brain tumor. Despite ongoing standard
treatment, the average survival time is approximately 15 months,
and itis a clinically aggressive tumor. Studies have suggested that
the molecular pathogenesis of GBM has a highly complex and
layered structure.® This review provides a detailed assessment of
the tumor microenvironment, epigenetic and genetic alterations
driving GBM pathogenesis, signaling pathways, and glioma
stem cells. These epigenetic and genetic alterations that occur
at the molecular level in GBM determine not only the biological
behavior of tumor cells, but also the formation of the tumor
microenvironment and the shaping of the immune response.

Tumor Microenvironment and Immune Suppression

Mutations in TP53, EGFR, NF1, PTEN, IDH1/2, and the TERT
promoter are among the genetic abnormalities that shape the
molecular profile of GBM. EGFR amplification, which causes
permanent activation of the receptor even without ligand
interaction, and especially the EGFRvIIl mutation trigger cell
proliferation and activate anti-apoptotic mechanisms. Losses
in the PTEN gene, which cause disinhibition of the PI3K/AKT/
mTOR pathway, promote tumor progression.’
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Figure 1. Key signaling pathways involved in the molecular
pathogenesis of GBM, including EGFR amplification, RAS/
MAPK activation, PI3K/AKT/mTOR signaling, PTEN loss, TP53
mutation, and apoptosis/angiogenesis regulation.

TP53 mutations trigger the disruption of fundamental tumor
suppressor mechanisms, such as cell cycle control, DNA repair,
and apoptosis. Epigenetic reprogramming occurs as a result
of IDH1 mutations, which are frequently seen in secondary
GBM:s, through the formation of 2-hydroxyglutarate.®

Epigenetic Changes

Epigenetic regulation enables control of gene expression
without altering the DNA sequence. MGMT promoter
methylation is one of the most common epigenetic
modifications observed in GBM. Methylation in this gene
promoter region reduces DNA repair activity and enhances
the drug response of tumor cells to alkylating agents such
as temozolomide. Epigenetic mechanisms such as microRNA
modulation and histone modifications also play a role in tumor
progression. MicroRNAs such as miR-21 and miR-10b have
been implicated in the activation of anti-apoptotic signaling
pathways and the enhancement of the invasive phenotype.’

Genetic Alterations and Mutations

The tumor microenvironment plays a significant role in both
the acquisition of invasive properties and the development
of resistance to treatment in glioblastoma multiforme.
Immune-suppressive cytokines (TGF-B, IL-10), macrophages
(TAMs), astrocytes, and microglia associated with the tumor
are used to create an immune-suppressive environment.'®
This environment suppresses T cell activation, preventing the
elimination of tumor cells by the immune system. In addition,
increased PD-L1 expression in GBM prevents effective the
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therapeutic suppression of immune checkpoints, thereby
facilitating protection from theimmune system. Consequently,
this situation limits both the immune system'’s ability to
recognize tumor cells and its potential to eliminate them.?

Signaling Pathways and Intracellular Communication

Various cellular signaling pathways play an important role
in both the tumorigenesis and progression of GBM. Figure
1 depicts a pathway diagram summarizing the relationships
among the signaling pathways involved in GBM pathogenesis.
Among these pathways, the best-characterized are as follows:

The PI3K/AKT/mTOR pathway, activated by PTEN loss,
promotes cell proliferation and inhibits apoptosis. PTEN
(Phosphatase and Tensin Homolog), a protein-coding gene, is
a multifunctional tumor suppressor.>”

EGFR mutations activate proliferation via the RAS/MAPK
pathway. The most amplified receptor tyrosine kinase (RTK)
in GBM is the epidermal growth factor receptor (EGFR). EGFR
gene amplification, which is specific to the basic subtype of
glioma, was detected in 57.4% of patients with primary GBM
This situation leads to high EGFR protein levels triggering not
only tumor formation but also its progression.™

The Notch and Wnt/B-catenin pathways promote the
regeneration of glioma stem cells. The Notch and Wnt/p-
catenin signaling pathways, which are evolutionarily
conserved and fundamental, modulate key biological
mechanisms such as cell differentiation, proliferation, and
stem cell regeneration. In addition to tumor invasiveness,
the preservation of tumor stem cells, dysregulation of these
pathways, and the development of treatment resistance
are also associated with highly malignant gliomas such as
glioblastoma multiforme (GBM)."?

STAT3 (Signal Transducer and Activator of Transcription 3), a
transcription factor that plays a key role in the pathogenesis
of glioblastoma (GBM), is essential for both the maintenance
of neural stem cells and the development of astrocytes. It
has also been found to be continuously active in both GBM
and GBM-derived cell lines, compared with normal tissues.
Consequently, it has been observed to stimulate tumor
growth, angiogenesis, and immune effects.™

Glioma Stem Cells (GSCs)

Glioma stem cells are a subpopulation with both regenerative
and tumor-forming potential. GSCs possess structural features
that enable them to resist radiotherapy and chemotherapy.
These cells cause the Notch and Hedgehog pathways to
remain constantly active, while the hypoxic microenvironment
also supports the phenotype of these cells.™
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Angiogenesis and Hypoxia

Glioblastoma multiforme (GBM) is characterized by both
adaptation to hypoxia and a dense vascular structure. VEGF
expression supports new blood vessel formation by enhancing
the hypoxia-inducible factor-1 alpha (HIF-1a) response. This
not only increases tumor size but also hinders the effective
delivery of chemotherapy agents to tumor tissue.”

Primary Genetic Alterations
EGFR Amplification

EGFR amplification and mutations are key oncogenic drivers in
several cancers, including non-small cell lung cancer (NSCLC),
breast cancer, and glioblastoma. Approximately two-thirds of
primary GBMs exhibit EGFR amplification, and nearly half of these
cases harbor concurrent EGFRvIIl mutations and single-nucleotide
variants. This alteration enhances tumor cell proliferation,
invasion, and therapeutic resistance by activating major signaling
pathways such as PI3K/AKT, RAS/MAPK and JAK/STAT.'¢

PTEN Loss

PTEN (Phosphatase and Tensin Homolog) is a gene that
encodes a protein. In addition to being a multifunctional
tumor suppressor, it is very common in human cancers. It is
observed to varying degrees in cancers such as glioblastoma,
endometrial cancer, prostate cancer, lung cancer, and breast
cancer. It has been determined that this gene carries various
structural abnormalities, such as mutations or deletions, in a
large number of sporadic human tumors.”

TP53 Mutations

TP53 encodes the tumor suppressor protein p53, whose
stability and activity are negatively regulated by the oncogene
product MDM2 through proteasomal degradation. p53 plays
a central role in DNA repair, cell cycle control, and inhibition
of angiogenesis. TP53 mutations, which are common across
multiple cancertypes, contribute to glioblastomadevelopment
by promoting uncontrolled cellular proliferation.®

IDH Mutation

Isocitrate dehydrogenase (IDH) enzymes are key regulators
of cellular metabolism, including the Krebs cycle and redox
balance. IDH1 is localized in the cytoplasm and peroxisomes,
whereas IDH2 and IDH3 are mitochondrial. Mutations in IDH1
and IDH2 define adistinct molecular subtype of glioblastoma by
reprogramming cellular metabolism and promoting genomic
instability. These alterations are commonly observed in
human malignancies and are associated with a more favorable
prognosis. According to WHO classification, IDH mutations are
present in approximately 80% of grade II/Ill gliomas."
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MGMT Promoter Methylation

MGMT is an important DNA repair enzyme that protects
cells against the carcinogenic and cytotoxic effects of
alkylating chemotherapy agents. Epigenetic silencing of this
gene through methylation of its promoter region reduces
DNA repair capacity in glioblastoma cells and weakens the
resistance developed against alkylating agents.?® Furthermore,
this promoter methylation is directly related to the efficacy of
temozolomide used in treatment.®

DIAGNOSTIC METHODS

Accurate diagnosis and classification of GBM play a critical
role in both predicting its progression and determining
appropriate treatment methods.?' The diagnosis usually begins
with neuroimaging followed by biopsy and histopathological
examination.

Neuroimaging

Magnetic resonance imaging (MRI) is the primary diagnostic
modality for glioblastoma. Contrast-enhanced T1-weighted
sequences are essential for assessing tumor size, margins, and
peritumoral edema. Advanced techniques such as magnetic
resonance spectroscopy (MRS) further characterize tumor
biology and treatment response by analyzing metabolites
including choline, creatine, and N-acetylaspartate.??

Histopathology and Biopsy

Biopsy is the most reliable method for diagnosing GBM.
In the histopathological examination of tissue samples,
characteristic findings of glioblastoma such as microvascular
proliferation, pleomorphism, and necrosis are examined."
These morphological features, characteristic of GBM, both
increase diagnostic accuracy and have prognostic significance.

Molecular Analyses

Recently, molecular markers have decisively influenced
the identification of GBM subtypes and the development
of personalized treatments. Promoter methylation of the
MGMT (O6-methylguanine-DNA methyltransferase) gene is
a strong predictive biomarker of response to temozolomide
chemotherapy. Patients with MGMT methylation tend
to respond better to alkylating agents and also exhibit a
noticeable increase in overall survival.®?' IDH1/IDH2 mutations
are commonly found, especially in secondary GBM cases, and
correlate with a better prognosis. Both changes in tumor
biological behavior and, in most cases, slower-growing tumors
are associated with these mutations.®

Treatment Methods

Treatment for GBM is highly challenging and usually involves
multiple treatment modalities.
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Surgical Intervention

In GBM treatment, surgical resection is the initial and most
important therapeutic step. The main goal of surgical resection
is to relieve mass effect and obtain brain tissue for pathological
examination by removing as much of the tumor as possible.
Numerous prospective studies have shown that “gross
total resection” of glioblastomas provides a better survival
advantage than subtotal/partial resection.?® The combination
of techniques, including intraoperative MRI, neuronavigation,
ultrasound, and fluorescence-guided surgery, has led to better
survival outcomes and postoperative functional improvement
by enabling safe and maximal surgical resection.?* Numerous
studies have demonstrated the importance of aggressive
surgical resection, when possible, and have reported trends
toward better outcomes in patients with greater resection
volumes. Various studies have shown statistically significant
associations between greater resection extent and longer
progression-free survival and overall survival.?

Radiotherapy and Chemotherapy

Radiotherapy, which is frequently used in GBM treatment, is
typically administered at a dose of 60 Gy, while chemotherapy
is administered using chemotherapeutic agents such as
temozolomide. Temozolomide, which inhibits DNA repair
mechanisms, causes the death of tumor cells.® The average
survival times of GBM patients by treatment method are
shown in Figure 2.

Targeted Therapies

Recent studies indicate that targeted therapies, such as EGFR
and VEGF inhibitors (e.g., bevacizumab), have shown positive
results. Bevacizumab targets the tumor’s blood vessels and
also attempts to inhibit its growth.?

Immunotherapies

PD-1/PD-L1 immune checkpoint inhibitors, a promising
approach in GBM treatment, are being investigated.
However, because the GBM tumor microenvironment is
immunosuppressive and heterogeneous, the efficacy of these
treatments remains limited. A systematic review published
by Baskaran and colleagues in 2024 examined clinical trials of
PD-1/PD-L1 inhibitors for the treatment of GBM and concluded
that these therapies generally provide limited benefit.
However, it was emphasized that more positive results could
be achieved in patient subgroups with specific biomarkers.?”

Magnetic Field-Based Approaches and Their Use in GBM
Treatment

In recent years, therapies based primarily on magnetic fields
have emerged as promising alternatives for the treatment of
neurological malignancies, such as glioblastoma multiforme
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Figure 2. Average survival times observed in glioblastoma
multiforme(GBM)patients according to different treatment
approaches.

(GBM). These approaches generally include low-frequency
magnetic fields (LF-MF), static magnetic fields (SMF), and
tumor-treating fields (TTFields).

Low-Frequency Magnetic Fields (LF-MF)

In recent years, it has been demonstrated that low-frequency
magnetic fields (LF-MF) have the potential to modulate
the tumor microenvironment of glioblastoma multiforme
(GBM) cells to favor the immune response, and to inhibit
their proliferation. Studies using OM-100, an experimental
tumor treatment device evaluated in GBM in both in vivo
and in vitro models, report significant suppression of tumor
growth. However, current data on the OM-100 device are
largely limited to preclinical studies, and studies into clinical
applications are still ongoing. In particular, it has been shown
that LF-MF applied at a frequency of 100 kHz modulates PD-
L1 expression in GBM cells. Furthermore, when combined with
anti-PD-1 immunotherapy, it exhibits pronounced synergistic
antitumor effects compared with standalone applications.
These findings suggest that the integrated use of magnetic
field-based approaches with immunotherapy may be a
promising strategy in GBM treatment.®

Static Magnetic Fields (SMF)

The effects of SMF on GBM are related to mechanisms such
as inhibition of cell proliferation, induction of apoptosis, and
regulation of the tumor microenvironment. Research shows
that SMF reduces the invasion and migration abilities of
glioma cells and increases apoptosis, and does so by inhibiting
TGF-B1-induced epithelial-mesenchymal transition (EMT).?
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Tumor Treatment Fields (TTFields)

TTFields target cell division through the application of low-
intensity electric fields. In GBM treatment, TTFields have been
shown to suppress tumor growth by inhibiting cell division
and to prolong patient survival. The NovoTTF-100A device is
approved by the FDA and the European Medicines Agency
(EMA) and is used in clinical applications.>

Glioblastoma multiforme is a significant focus of medical
research, but it is also characterized by poor prognosis and
resistanceto treatment.Years of geneticand molecularresearch
have led to new insights into the development of GBM and to
new approaches to treatment. However, the heterogeneous
and treatment-resistant nature of GBM complicates the
development of effective treatment strategies. In the future,
personalized treatment approaches, along with advances in
genetic markers and immuno-oncology, will pave the way for
significant steps forward in the treatment of GBM.

A meta-analysis evaluated the efficacy and safety of adjuvant
temozolomide with radiotherapy for the treatment of
glioblastoma. Analysis of randomized controlled trials showed
thatadding temozolomide to treatment significantly increased
overall survival and progression-free survival. Furthermore,
the incidence of serious treatment-related side effects was
low, and they were tolerable to patients. These findings
support the safe use of combined temozolomide therapy with
radiotherapy as a standard treatment approach for GBM.*

A review examined glioblastoma treatment from a broad
perspective, ranging from traditional methods to current
multidisciplinary and innovative approaches. Due to the
limitationsofstandard chemoradiotherapyandsurgical protocols,
novel targeted therapies, nanotherapies, immunotherapies, and
non-invasive energy-based approaches are critically important.
Furthermore, this study concluded that treatments applied
alone are insufficient due to GBM's immune escape mechanisms
and adaptive nature; therefore, combination-based treatment
strategies may offer more effective solutions in the future.??

In a retrospective study, the efficacy and safety of temozolomide
treatment, administered during and after radiotherapy, in
patients with newly diagnosed glioblastoma were investigated.
Based on ten years' experience, this study demonstrates that
temozolomide improves tumor control and that treatment-
related side effects are acceptable. Consequently, it is
demonstrated that radiotherapy supported by temozolomide
is appropriate for widespread use in glioblastoma treatment.*

A Phase | clinical trial investigated the safety, pharmacokinetics,
and tolerability of the WEE1 kinase inhibitor adavosertib in
combination with radiotherapy and temozolomide in patients
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with newly diagnosed glioblastoma. The study examined the
drug’s penetration into tumor tissue by measuring intratumoral
drug levels during the treatment protocol. The results showed
that the concurrent treatment had an acceptable toxicity profile
andthatintratumoral adavosertib concentrations were sufficient
to achieve therapeutic efficacy. This study demonstrates the
potential for concurrent use of adavosertib with radiotherapy
and chemotherapy in glioblastoma treatment.?*

The OLA-TMZ-RTE-01 Phase | study investigated the feasibility
and safety of the combination of temozolomide, olaparib, and
concurrent radiotherapy in newly diagnosed glioblastoma
(GBM) patients who had undergone biopsy or partial resection.
In the study, patients received different dose levels of the
treatment protocol, and adverse events, treatment responses,
and overall tolerability were examined. The findings indicate
that combination therapy has an acceptable safety profile
within the specified dose ranges and is clinically feasible.?®

The study comprehensively examined applications of
radiotherapy in patients with WHO Grade 4 adult-type diffuse
glioma and evaluated dosing procedures and current clinical
protocols. Based on the ASTRO clinical guidelines, the safety
and efficacy of radiotherapy were analyzed, and the challenges
encountered during the treatment period, as well as methods
for optimization, were investigated. The data obtained within
the findings contributed to the development of standard
radiotherapy protocols for the treatment of high-grade gliomas.*

In this study, low-frequency repetitive transcranial magnetic
stimulation (rTMS) produced tumor-suppressive effects on
glioblastoma (GBM) progression. Experiments conducted in
vitro and in vivo revealed that application of low-frequency
rTMS limited GBM invasion, reduced cell proliferation, and
activated apoptotic mechanisms. On the other hand, rTMS was
evaluated for safety and tolerability and was found to have
low toxicity and to be well tolerated. The findings suggest that
rTMS may be a clinically feasible complementary treatment
option that can be included in current standard protocols for
GBM treatment.>”

A study was conducted in China to investigate the efficacy
and safety of chemoradiotherapy alone or in combination
with Tumor Treating Fields (TTFields) in patients with newly
diagnosed glioblastoma (GBM). In this study, patients were
divided into two groups: the first group received the standard
chemoradiotherapy protocol, while the second group received
TTFields therapy in addition to this. Response rates, overall
survival (OS), progression-free survival(PFS),and adverse events
were evaluated. The findings showed that survival outcomes
improved significantly in the group receiving TTFields and that
the treatment demonstrated an acceptable safety profile.?®
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Another study evaluated the frequency-dependent effects
of magnetic fields on tumor and non-tumor neural cell
models. Cellular functions, proliferation, and viability were
compared across different exposure frequencies. The
results demonstrated that specific frequencies suppressed
glioblastoma cell growth while exerting more limited effects
on normal neural cells. These findings indicate that frequency-
specific magnetic field modulation may represent a selective
and complementary therapeutic strategy for glioblastoma.*

CONCLUSION

The challenging nature of glioblastoma multiforme stems from
its aggressive behavior and resistance to treatment. Findings in
the literature suggest that temozolomide-based radiotherapy is
the standard approach for glioblastoma treatment. Additionally,
innovative strategies such as PARP and WEE1 inhibitors,
TTFields, and magnetic field-based methods offer potential
for enhancing treatment efficacy. These findings suggest that
combination approaches and personalized treatment plans
may play a critical role in GBM management. In the future,
integrating low-frequency magnetic field-based treatment
approaches with personalized medicine strategies could create
a significant paradigm shift in glioblastoma treatment. Within
the scope of individualized approaches that take into account
the characteristics of the tumor immune microenvironment,
molecular profile, and patient-specific treatment responses,
it may be possible to optimize the frequency, duration, and
combination protocols for magnetic field applications, such as
OM-100. When used in combination with immune checkpoint
inhibitors and targeted agents, magnetic field therapies that
are adapted according to patient-specific biomarkers (e.g., PD-
L1 expression) may increase treatment efficacy while reducing
side effects. In this regard, biomarker-based clinical trials and
advanced preclinical studies will provide critical data to support
the integration of magnetic field therapies into personalized
GBM treatment algorithms.
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ABSTRACT

Objective: Myeloid-derived suppressor cells (MDSCs) are immature myeloid progenitors,
including monocytic and granulocytic subgroups (M-MDSCs and PMN-MDSCs). They exhibit
immunoregulatory and immunosuppressive properties by limiting immune-mediated
pathology and protecting the host from destructive inflammatory damage. Graft-versus-
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immune balance between the recipient and the graft is
required to enable donor lymphohematopoietic cells (the
graft) to engraft (i.e., settle in the recipient and produce new
blood cells) while preventing tumor recurrence. Patients who
undergo allogeneic HSCT face a 30% risk of developing acute
graft-versus-host disease (GVHD)." GVHD comprises a series of
immune-mediated inflammatory events and tissue damage
driven by donor-derived T cells in the recipient’s body. It is
a complication of HSCT that can lead to graft failure, cause
severe organ damage, or even be fatal.

Myeloid-derived suppressor cells (MDSCs) are immature cells of
myeloid origin with predominant regulatory and suppressive
properties and incomplete development and differentiation.>?
MDSCs are often increased in immunocompromised conditions
such as cancer, chronic diseases, and inflammation. These cells
may be considered predictors of adverse outcomes because
they are associated with increased tumor growth through
angiogenesis and metastasis. On the other hand, MDSCs
suppress dynamic immune responses through the cytokines
they secrete, thereby limiting immune-mediated pathology and
protecting the host from destructive inflammatory damage.
Based on their phenotypic and morphological characteristics,
MDSCs are classified into monocytic (M-MDSC) and
polymorphonuclear/granulocytic (PMN-MDSC) subsets. These
cells are typically present at very low levels in peripheral blood
but can be induced and expanded with granulocyte colony-
stimulating factor (G-CSF) stimulation.* As their regulatory roles
and biology become better understood, in vitro production and
therapeutic applications may emerge as areas of interest.

This study aims to explore the relationship between GVHD
and MDSCs in patients undergoing allogeneic HSCT.

MATERIALS AND METHODS

Inthis prospective study, 15 patientswhounderwentallogeneic
HSCT at the Hematology and Bone Marrow Transplant Unit
of Erciyes University Hospital were included. The following
inclusion criteria were applied: age 18-65 years, Eastern
Cooperative Oncology Group (ECOG) performance score <1,
and adequate parenchymal organ function, defined as total
bilirubin <2x the normal value; AST, ALT, and ALP <5x the
normal value; creatinine <2x the normal value; and creatinine
clearance >35 mL/min. Acute GVHD was graded according to
the IBMTR/Keystone consensus criteria.’ Patients with grade
II-1V acute GVHD were classified as GVHD-positive. For GVHD
prophylaxis, all patients received immunosuppressive therapy
consisting of cyclosporine and a short course of methotrexate
according to institutional standard protocols.

During post-transplant follow-up, peripheral venous blood
samples were collected on days e0, 30, e60, and €90, starting

Erdem Kinas et al. Myeloid-Derived Suppressor Cells and GVHD

KEY MESSAGES

+ Myeloid-derived suppressor cells play a major role in
limiting inflammation.

«  Monocytic MDSC recovery occurs earlier than
that of other immunologic cells after allogeneic
transplantation.

+ The risk of GVHD is inversely proportional to the
recovery of monocytic MDSCs.

on thefirst day of neutrophil engraftment (e). Antibody markers
used to identify MDSCs were measured by flow cytometry: HLA-
DR (PB), CD11b (PE), CD45 (KrO), CD66b (FITC), CD15 (FITC),
CD33 (PE), and CD14 (PC5). The analysis was performed using
a Beckman Coulter Navios flow cytometer and Kaluza analysis
software. After flow cytometric analysis, neutrophils and
monocytes were selected, and the mean fluorescence intensity
(MFI) values of cells identified as MDSCs were obtained.

For PMN-MDSCs, CD14-negative cells were selected from
CDA45-positive cells. CD11b-positive cells were then isolated
from the CD14-negative population. The MFI of CD66b-
positive cells among CD11b-positive cells was measured, and
these cells were identified as PMN-MDSCs.5 For M-MDSCs,
CD11b-positive and CD15-negative cells were selected from
CDA45-positive cells. CD14-positive cells were also selected
from CD33-positive cells, and HLA-DR-negative cells were
defined as M-MDSCs.6 Figures 1 and 2 present representative
flow cytometry images from patient 9.

Chimerism analysis was performed at the Genetics Unit
of Erciyes University using a 3500 Genetic Analyzer for
fragment analysis following PCR, with subsequent analysis
using GeneMapper Generic software. Informed consent was
obtained from all patients.

The study was funded by the Scientific Research Projects (BAP)
Unit of Erciyes University (Project No: TYL-2017-7831), and
ethical approval was granted by the Erciyes University Clinical
Research Ethics Committee (Approval Number: 2017/441,
Date: 29.09.2017).

For statistical analysis, continuous variables were expressed
as meanzstandard deviation (SD) or median (minimum-
maximum), and categorical variables were presented as counts
and percentages (%). Histograms, Q-Q plots, and the Shapiro-
Wilk test were used to assess data normality. The Mann-
Whitney U test was applied to compare two independent
groups of quantitative variables. For comparisons involving
more than two repeated measurements, the Friedman test
was used, with Bonferroni adjustment applied to control for
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Flow cytometry graphics-patient 9 (PMN-MDSC)

Figure 1. Example of flow cytometry graphics of PMN-
MDSC (patient 9). Representative flow cytometry analysis
of polymorphonuclear myeloid-derived suppressor cells
(PMN-MDSCs) from a representative patient (patient
9). PMN-MDSCs were identified within the neutrophil
population based on surface marker expression.

multiple testing. Spearman’s correlation test was performed
to assess associations between continuous variables. Based
on repeated-measures analysis, the overall post hoc observed
power was calculated as 63%, using the observed effect size,
sample size, and an alpha level of 0.05. Data were analyzed
using TURCOSA Cloud (Turcosa Ltd Co, www.turcosa.com.
tr) statistical software’” A p-value<0.05 was considered
statistically significant.
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Table 1. Baseline demographic and clinical characteristics of
the study population

Total (n=15) n (%)

Gender (female) 7 (47)
Age, mean (years) £SD 39.13+£16.23
Underlying disease
AML 6 (40)
AA 3(20)
MDS 3(20)
HL 1(6.7)
MM 1(6.7)
ALL 1(6.7)
Donor type
Full-matched 12 (80)
Haploidentical 3(20)
Conditioning regimen
Myeloablative 12 (80)
Nonmyeloablative 3(20)
Acute GVHD (grade lI-IV) 5(33)
Survival (first 100 days) 12 (80)

Data are presented as number (%) or meanztstandard deviation, as appropriate.
AML: Acute myeloid leukemia; AA: Aplastic anemia; MDS: Myelodysplastic
syndrome; HL: Hodgkin lymphoma; MM: Multiple myeloma; ALL: Acute
lymphoblastic leukemia; GVHD: Graft-versus-host disease.

RESULTS

The study included 15 patients who underwent allogeneic
transplantation for various hematological diseases. The mean
age of the patients was 39 years, and 8 were male. The most
common underlying indication for transplantation was acute
leukemia, particularly acute myeloid leukemia (AML) (40%).
Patients’ demographic characteristics and transplantation
data are presented in Table 1.

The median engraftment times for neutrophils and platelets
were 19 and 17.5 days, respectively. Grade II-IV GVHD
developed in 5 (33%) patients (GVHD-positive) (P4, P6, P13,
P14, P15) during the 100-day follow-up period. Three of these
patients (P13, P14, P15) died of GVHD within the first 100 days.
Twelve patients completed the 100-day follow-up. All but one
patient had first-month chimerism ranging from 95-100%
(complete chimerism). Chimerism in P6 was 61.2; this patient
died 7 months after day €90 blood collection due to relapse
of the primary disease, diagnosed as MDS. Another patient,
P4, who developed GVHD, died from GVHD 6 months after
transplantation.
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Flow cytometry graphics- patient 9 (M-MDSC)

Figure 2.Example of flow cytometry graphics of M-MDSC (patient 9). Representative
flow cytometry analysis of monocytic myeloid-derived suppressor cells (M-MDSCs)
from a representative patient (patient 9). M-MDSCs were gated within the monocyte
population according to characteristicimmunophenotypic features.

Laboratory values, including flow cytometry, blood counts,
and chimerism parameters, as well as their changes over time,
are presented in Table 2. Changes in M-MDSC and lymphocyte
values over time were statistically significant (p=0.039 and
p=0.010). Changes in the remaining parameters did not
reach statistical significance (CD14/MFI p=0.183, CD15/MFI
p=0.896, PMN-MDSC/MFI p=0.071, M-MDSC/MFI p=0.039,
WBC p=0.183, neutrophils p=0.281, monocytes p=0.409,
lymphocytes p=0.010, thrombocytes p=0.689). Chimerism
was preserved in these patients.

In the correlation analysis, a moderate, statistically significant
positive correlation was observed between platelet engraftment
time (Plt-e) and CD14+ cells (r=0.556, p=0.039). Amoderate negative
correlation was observed between neutrophil engraftment time
(Neu-e) and CD15+ cells (r=-0.472, p=0.076); however, this did not
reach statistical significance. No statistically significant correlations
were observed between neutrophil or platelet engraftment times
and PMN-MDSCs or M-MDSCs (Plt-e and PMN-MDSC r=0.409,
p=0.147; Plt-e and M-MDSC r=0.152, p=0.603; Neu-e and PMN-
MDSC r=-0.074, p=0.793; Neu-e and M-MDSC r=-0.018, p=0.949).
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Table 2. Flow cytometry and blood count parameters across engraftment time points

P e0 (n=15) e30 (n=15) €60 (n=13) €90 (n=11) b
Median (IQR) Median (IQR) Median (IQR) Median (IQR)

CD14/MFI 14.8 (11.4-90.5) 21.7 (15.7-36.5) 25.0(18.2-71.3) 104.9 (34.2-143.0) 0.183
CD15/MFI 304 (23.4-74.8) 46.9 (28.3-99.9) 61.3 (30.3-86.3) 43.5 (18.9-88.9) 0.896
PMN-MDSC/MFI 147.3 (23.4-250.0) 201.6 (151.6-352.0) 189.2 (145.0-242.0) 191.4 (173.4-293.8) 0.071
M-MDSC/MFI 1.4 (0.9-1.8)° 2.0(1.8-2.6)° 2.1(1.2-2.3)® 1.7 (0.8-2.9)* 0.039
WBC (10%/uL) 3.3(1.8-4.9) 3.9 (3.5-4.9) 3.3(2.8-5.8) 53(3.3-5.7) 0.183
Neutrophils (10%/uL) 1.8 (1.1-3.2) 3.0(1.8-3.4) 1.7 (1.3-4.0) 3.5(1.8-3.7) 0.281
Monocytes (10*/uL) 0.6 (0.5-1.1) 0.5 (0.4-0.6) 0.4 (0.3-0.6) 0.5 (0.3-0.7) 0.409
Lymphocytes (10*/uL) 0.5 (0.3-0.7)° 0.8 (0.5-1.1)* 1.1 (0.9-1.4)° 0.9 (0.7-1.2)*® 0.010
Thrombocytes (10%/uL) 97.0 (42.0-161.0) 126.0 (111.0-159.0) 143.0 (121.0-186.0) 154.0 (115.0-177.0) 0.689

Longitudinal changes in flow cytometry parameters and peripheral blood counts at predefined engraftment time points (e0, €30, €60, and e€90). Data are presented as
median and interquartile range (IQR). P values indicate overall differences between time points. The same letters within a row indicate similarity between time points,
whereas different letters indicate statistically significant differences. e0: Engraftment day; e30: 30* day of engraftment; e60: 60" day of engraftment; e90: 90" day of
engraftment; CD: Cluster of differentiation; MFI: Mean fluorescence intensity; PMN-MDSC: Polymorphonuclear myeloid-derived suppressor cell; M-MDSC: Monocytic

myeloid-derived suppressor cell; WBC: White blood cell.

The median M-MDSClevel measured on day eO was significantly
higher in GVHD-negative patients than in GVHD-positive
patients (p<0.02). No statistically significant differences were
observed for the other parameters with respect to GVHD
status and time (p>0.05) (Table 3).

The change in lymphocyte levels over time in the GVHD-
negative group was statistically significant (p<0.01). The median
value on day e60 was higher than that on day e0 (Table 3).

DISCUSSION

In normal physiology, when a pathological threat arises—such
as infection, tissue damage, or malignant transformation—
myelopoiesis is stimulated, leading to myeloid expansion
aimed at eliminating the threat. As inflammation and myeloid
expansion persist, the morphology of myeloid cells shifts
toward a more immature state. These immature cells, defined
as MDSCs, possess immunosuppressive capacities and thus
prevent excessive tissue damage by suppressing the immune
response.®® MDSCs exert immunosuppressive and anti-
inflammatory effects through the cytokines they secrete. In
the pathogenesis of many solid tumors, an increase in the
MDSC population is observed, and elimination of MDSCs
enhances the immune response, strengthens anti-tumor
activity, and shifts the balance against the tumor. However, in
HSCT, suppression of the immune response may represent a
therapeutic target.

Notarantonio et al."® recently published a study examining
the effects of MDSCs on disease relapse in patients who
underwent allogeneic stem cell transplantation. In this study,
they suggested that MDSCs reduce GVHD development
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through their immunosuppressive effects and are associated
with relapse by impairing the immune system’s ability to
identify and eliminate blastic cells. Fan et al.'' demonstrated in
a study of allogeneic stem cell recipients with different primary
hematological malignancies that bone marrow-derived grafts
contained higher numbers of MDSCs than peripherally derived
stem cells and that the number of MDSCs in the graft was
negatively correlated with the incidence and severity of GVHD.
Li et al.’? conducted a study comparing pegylated G-CSF with
conventional G-CSF in relation to GVHD. In this study, severe
GVHD was less frequent in patients receiving peg-G-CSF, and
the beneficial effects of peg-G-CSF grafts were attributed to
increased numbers of M-MDSCs.

In another study investigating the role of MDSCs in immune
reconstitution after allogeneic HSCT, 26 patients were
followed during the first three months after transplantation.’
Both MDSC subsets were found to recover within 2—-4 weeks,
well before the recovery of T and B lymphocytes. MDSCs
have been shown to suppress the differentiation of Thi
cells and promote the development of regulatory T (Treg)
lymphocytes.”™ Functional MDSCs contribute to the early post-
transplant regulatory cell population after HSCT. Monocytes
are among the first cells to recover after successful allogeneic
transplantation, followed by granulocytes and platelets.
In contrast, lymphocyte recovery, along with coordinated
immune reconstitution, generally does not occur until
approximately 100 days after HSCT.'*'* The aforementioned
study demonstrated that MDSCs begin to recover within the
first month after HSCT, with M-MDSCs recovering 1-2 weeks
earlier than PMN-MDSCs. This finding is consistent with
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Table 3. Comparison of flow cytometry and blood count parameters according to GVHD status

GVHD positive (n=5)

GVHD negative (n=10)

Parameter Time p*
Median (IQR) Median (IQR)
CD14/MFI e0 21.7 (11.4-46.9) 16.8 (6.3-159.9) 0.859
e30 36.8 (21.2-132.5) 21.7 (7.2-80.5) 0.129
e60 18.1(15.5-119.9) 24.9(13.7-200.1) 0.573
€90 108.2 (74.5-141.9) 104.9 (14.2-257.8) 0.999
p 0.494 0.392
CD15/MFI e0 48.1 (15.3-79.4) 30.1 (14.7-85.1) 0.859
e30 38.0(9.8-107.6) 42.2 (9.5-108.6) 0.953
€60 66.2 (16.1-87.4) 46.3 (13.4-93.3) 0.692
€90 69.4 (43.5-95.2) 24.7 (12.1-111.4) 0.436
p 0.896 0.954
PMN-MDSC/MFI e0 169.8 (93.0-355.0) 141.0 (5.3-297.0) 0.513
e30 249.4 (170.0-446.0) 171.6 (101.8-352.0) 0.075
e60 216.8 (30.2-242.0) 177.0 (82.6-374.0) 0.811
€90 130.7 (35.4-226.0) 191.4 (101.0-377.2) 0.436
p 0.308 0.115
M-MDSC/MFI e0 0.8 (0.5-1.2) 1.6 (0.1-2.7) 0.028
e30 1.2 (0.7-2.6) 2.0(1.1-2.9) 0.440
e60 1.1(0.5-2.3) 2.1(0.7-3.3) 0.287
€90 1.0 (0.8-1.3) 1.9(0.7-3.0) 0.327
p 0.145 0.145
Neutrophils (10°/uL) e0 3.2(2.3-7.9) 1.6 (0.9-4.8) 0.055
e30 4.2(1.7-6.9) 3.0(1.8-4.3) 0.440
€60 1.2 (1.2-4.0) 1.7 (1.2-6.8) 0.217
€90 3.0 (2.5-3.6) 3.5(1.2-10.8) 0.999
p 0.896 0.268
Monocytes (10%/uL) e0 1.3 (0.6-2.6) 0.6 (0.2-2.0) 0.075
e30 0.5 (0.4-0.9) 0.5(0.2-1.2) 0.513
e60 0.2 (0.2-0.6) 0.4 (0.1-0.8) 0.371
€90 0.6 (0.3-0.8) 0.5(0.3-1.1) 0.582
p 0.308 0.706
Lymphocytes (10°/uL) e0 0.6 (0.0-0.7) 0.5 (0.2-2.0)* 0.953
e30 0.9 (0.4-1.6) 0.7 (0.2-1.7) 0310
€60 1.1(0.4-1.2) 1.2 (0.6-1.8)° 0.469
€90 0.7 (0.5-1.0) 0.9 (0.2-2.0) 0.727
p 0.112 0.013

Comparison of flow cytometry parameters and peripheral blood counts between patients with and without acute GVHD at different engraftment time points. Data are
expressed as median and interquartile range (IQR). p* indicates the significance of differences between groups, and p indicates the significance of differences over time.
The same letters within a column indicate similarity between time points, whereas different letters indicate statistically significant differences. # In the GVHD group, the
sample size was n=3 for e60 and n=2 for €90, as three patients died before the respective sampling time points. In the non-GVHD group, the sample size was n=9 for
€90, as one patient died before the sampling time point. e0: Engraftment day; e30: 30" day of engraftment; e60: 60" day of engraftment; €90: 90* day of engraftment;
CD: Cluster of differentiation; MFI: Mean fluorescence intensity; PMN-MDSC: Polymorphonuclear myeloid-derived suppressor cell; M-MDSC: Monocytic myeloid-derived

suppressor cell; WBC: White blood cell.
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previous data indicating that monocytes recover earlier than
granulocytes following HSCT. The study also emphasized
the potentially important role of PMN-MDSCs in HSCT. PMN-
MDSCs were noted to be more abundant numerically, to exert
stronger suppressive effects on lymphocyte proliferation, to
show a positive correlation with other components of the
immune system, and to potentially serve as predictors of
acute GVHD."3™

In the present study, neither neutrophil nor platelet
engraftment times correlated with MDSCs. However, the
number of M-MDSCs increased significantly earlier than that
of other subsets during the first month after transplantation
(p<0.05). A significant increase in lymphocyte counts was
observed at the end of the second month. Baseline M-MDSC
levels were higher in patients who did not develop GVHD
than in those who did. This finding is consistent with previous
data suggesting that M-MDSCs may serve as predictive
biomarkers for acute GVHD." However, unlike the findings
of Storek et al.,'* similar parameters were not found to be
significant for PMN-MDSCs.

The recovery of MDSCs during the early post-transplant
immune process is thought to depend on growth factors
and proinflammatory cytokines.* Therefore, changes in
clinical practice, such as post-transplant growth factor
administration, may influence both the quantity and function
of MDSCs in the microenvironment, potentially explaining
differences in GVHD outcomes associated with the use of
hematopoietic growth factors. A better understanding of
the physiological behavior of MDSCs in patients with GVHD
will provide valuable insights to guide future studies on the
use of these cells to limit the uncontrolled immune response
central to GVHD pathophysiology. As cellular therapies
continue to advance toward clinical application, MDSCs may
represent a promising therapeutic tool.

In addition, age-related immune changes may influence the
interpretation of MDSC dynamicsin the post-transplant setting.
Aging is associated with inflammaging, a chronic low-grade
inflammatory state that contributes to immunosenescence-
related alterations in hematopoiesis, including myeloid
skewing and increased generation of MDSCs in the bone
marrow.'® Consequently, age-related variability in MDSC levels
may represent a confounding factor when evaluating immune
profiles in transplant recipients. However, the age distribution
of our cohort was relatively narrow, as all patients were eligible
for allogeneic hematopoietic stem cell transplantation.
The mean age of the study population was 39.1£16.2 years,
reflecting a relatively young and selected patient population.
Therefore, the potential impact of age-related variation in
MDSC levels is likely to be limited in this cohort.
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The major limitation of this study was the relatively small
sample size, including only 15 patients, which inevitably
affected the statistical power of some analyses and the
generalizability of the findings. In addition, the relapse rate
was very low, limiting the ability to assess the potential impact
of MDSCs on disease relapse. The overall observed power
for the repeated-measures analysis was moderate (63%),
reflecting the limited number of cases. Therefore, the findings
should be interpreted with caution, considered preliminary,
and validated in larger prospective cohorts.

Despite these limitations, the prospective design and serial
measurements during the early post-transplant period
provide preliminary evidence that M-MDSCs may serve as an
early biomarker for acute GVHD.

CONCLUSION

In conclusion, the monocytic subtype of MDSCs plays a
predominant role in limiting GVHD and may represent a
potential therapeutic target for the prevention or treatment
of GVHD.
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Objective: This study aims to assess the impact of complications of the Fontan operation, such
as protein-losing enteropathy and thrombosis, on patients’ quality of life. We hypothesize that
alterations in the diameter and flow of the inferior vena cava (IVC) and femoral vein (FV) are
associated with these complications. The goal is to evaluate the influence of venous structural
modifications on Fontan operation outcomes by analyzing Doppler time measurements of the
IVC, FV, aorta (Ao), and femoral artery (FA).

Materials and Methods: We retrospectively analyzed the recorded images of patients who
had undergone Fontan palliation at least two years prior to presentation at our outpatient
clinic between January 2022 and January 2023. Patients with chest pain but no cardiac
pathology served as controls. Demographic and physical examination data were collected
retrospectively. In patients with a normal single-ventricular ejection fraction, we measured the
widest IVC diameter and Doppler values, the descending aortic diameter in systole, the widest
FV diameter and Doppler values, and the femoral artery diameter in systole.

Results: The study included 25 Fontan patients: 7 had an extracardiac Fontan, 4 had a
fenestrated extracardiac Fontan, and 14 had an intra-extracardiac fenestrated Fontan. A
significant difference (p=0.019) was found in the age at Fontan between patients with NYHA
stages 1-2 and those with NYHA stages 3-4. A pathologic microalbumin/creatinine ratio (>15)
was correlated with pre-Fontan pulmonary artery pressure >15 mmHg. The IVC/BSA (p=0.031)
and FV/BSA ratios differed significantly between groups with and without complications, with
lower ratios observed in the group with complications.

Conclusion: Age at Fontan palliation is a risk factor for complications. High pre-Fontan
pulmonary pressure is associated with microalbuminuria. IVC/BSA and FV/BSA are inversely
associated with mid- to long-term complications following Fontan palliation.

Keywords: Complication, congenital heart disease, echocardiography, femoral vein, Fontan
operation, inferior vena cava.
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INTRODUCTION

The Fontan operation, first described in 1971 by French
physician Dr. Francis Fontan, significantly alters the
hemodynamic profile of patients, affecting both the arterial
and venous systems. This procedure improves oxygenation in
patients with congenital heart disease who are not candidates
for biventricular correction, thus enhancing their quality of
life. The altered circulatory pattern, known as single-ventricle
physiology, warrants further investigation due to its diverse
physiological effects and consequences. The profound impact
of the Fontan operation on hemodynamics has been well
established after over five decades of clinical application in
advanced centers.' Long-term investigation and monitoring
of hemodynamic status in single-ventricle physiology are
crucial for understanding patient mortality and morbidity.
Complications are common in Fontan patients during long-
term follow-up.?

Existing literature indicates a strong association between
mortality and conditions such as osteoarthritis, protein-losing
enteropathy, cirrhosis, and renal failure. Fontan-associated
nephropathy, often identified by abnormal microalbumin-to-
creatinine ratios, has recently garnered significant attention,
although its specific markers remain unclear.3* Studies report
a 20% prevalence of nephropathy among young Fontan
patients.*® Although MRI and CT modeling have enhanced
our understanding of hemodynamics involving surgical
connections and energy loss,”® evidence concerning the
status of the inferior vena cava (IVC) and femoral vein (FV) in
long-term prognosis remains scarce. While the relationship
between IVC diameter and nephropathy development has
been investigated, its overall prognostic significance remains
unclear.*'® Therefore, this study aims to examine the potential
correlation between inferior vena cava diameter and long-
term complications following Fontan palliation.''?

In vitro and computational models, including MRI and CT,
have advanced our understanding of Fontan hemodynamics,
focusing on surgical connections and energy loss.”® However,
research on the relationship between IVC and FV and long-
term prognosis remains limited.*'° While IVC diameter is linked
to nephropathy, its comprehensive prognostic significance is
not fully understood. Although echocardiography effectively
assesses ventricular function, non-invasive evaluation of
venous and pulmonary circulation in single-ventricle patients
remains challenging. Monitoring these circulatory changes
is crucial due to serious risks such as Fontan-associated
nephropathy.’? However, the role of venous measurements
in predicting and monitoring post-Fontan complications
remains poorly defined, and their long-term clinical utility
requires further investigation.*™°

Ay et al. Fontan Complications; Venous Measurements

KEY MESSAGES

+ Unexpectedly, diminished IVC/BSA and FV/BSA ratios
suggest that chronic metabolic effects, rather than
elevated intravascular pressure, are the primary
drivers of long-term Fontan complications.

+ Angiography-measured  pre-Fontan  pulmonary
artery pressures greater than 15 mmHg predict an
increased risk of subsequent renal complications, as
demonstrated by an association with pathological
microalbuminuria.

+ Thesstudy highlights the need for thorough, long-term
monitoring of Fontan complications, such as protein-
losing enteropathy, arrhythmia, and thrombosis, in
patients with reduced IVC/BSA and FV/BSA ratios.

This study aims to investigate the potential correlation
between venous measurements (inferior vena cava diameter
and femoral vein diameter) and the occurrence of long-
term complications, including protein-losing enteropathy,
plastic bronchitis, thrombosis, and arrhythmia, in patients
undergoing Fontan palliation. Additionally, we examined
nephropathy, a chronic Fontan complication, by analyzing
spot urine microalbumin/creatinine ratios and correlating
these findings with venous diameter measurements (IVC, FV).

MATERIALS AND METHODS

We retrospectively collected data from images of Fontan
patients acquired in the previous year. All patients had
undergone Fontan palliation within the last 15 years and were
seenintheoutpatient clinicbetween January 2022 and January
2023 at the Ege University Faculty of Medicine, Department
of Pediatric Cardiology. The study protocol was approved by
Ege University Medical Research Ethics Committee (Approval
Number: 23-9T/31, Date: 07.09.2023).

Data Collection

Patient data, including age, height, weight, body surface
area (BSA), age at the time of operation, exercise capacity
(according to the New York Heart Association classification),
SpO,,  microalbumin/creatinine  ratios,  pre-Fontan
pulmonary arterial pressure measured during conventional
angiography, and complications such as protein-losing
enteropathy, plastic bronchitis, thrombosis, and arrhythmia,
were obtained from their medical records. Additionally,
measurements of the inferior vena cava (IVC), femoral vein
(FV), abdominal aorta, femoral artery, and Doppler times for
the IVC and FV were retrospectively obtained from recorded
echocardiography images.
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Study Groups

There is no standard for inferior vena cava measurements,
and in pediatric patients, these measurements vary with
height and weight. Therefore, a control group was included.
The control group consisted of patients presenting with chest
pain and no cardiac pathology; their images were evaluated.
Initially, measurements from Fontan patients were compared
with those from the control group. Subsequently, the patient
group was further divided into two subgroups: Fontan
patients with complications and those without. Protein-losing
enteropathy, plastic bronchitis, thrombosis, and arrhythmia
were considered long-term complications arising during
patient follow-up.”* These measurements were then compared
between these subgroups.

The exclusion criteria for the patient group were a history of
thrombosis both preoperatively and during the first month,
femoral vein thrombosis, low single-ventricle ejection fraction,
and severe valvular insufficiency.

Additionally, the spot urine microalbumin/creatinine ratio,
assessed during polyclinic visits in the Fontan patient group
as a marker for chronic nephropathy, was retrospectively
evaluated. While no patients presented with renal failure,
those with abnormal microalbumin-to-creatinine ratios were
classified as having renal dysfunction.>®

Echocardiography

In patients with a normal single-ventricular ejection
fraction on echocardiography, the widest inferior vena
cava (IVC) diameter in the systolic phase, IVC Doppler
measurements, and descending aortic diameter (Ao)
measurements were evaluated using subxiphoid short-
axis views with a GE Vivid €9 S5 probe (3-7 MHz frequency
range). Additionally, the widest femoral vein diameter and
Doppler measurements of femoral artery diameter were
assessed during the systolic phase using a GE Vivid €9 L11
probe (12 MHz frequency).

Given the lack of standardization for vein measurements
relative to age and weight in children, a solution was sought
to eliminate the variability described above. This solution
involved dividing the IVC and FV diameter measurements
by body surface area (BSA). Furthermore, IVC was calculated
as a proportion of the descending aorta (IVC/Ao) and as the
ratio IVC/FV. The shortest distance at which the FV and IVC
Doppler flow exhibited a zero line during the examination
was documented. This value was designated as the “Vein
Doppler Time.” These values were then compared with the
incidence of Fontan complications, including thrombosis,
arrhythmias, and protein-losing enteropathy. BSA was
calculated using the Mosteller formula.™
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Statistical Analysis

Statistical analyses were performed using IBM SPSS 23.0
software (SPSS Inc., Chicago, IL, USA). The normality of
continuous variables was assessed using the Shapiro-
Wilk test. Descriptive statistics for normally distributed
continuous variables are presented as meanzstandard
deviation, while non-normally distributed variables are
reported as median with their first and third quartiles
(median; Q1, Q3). Categorical variables are presented as
frequencies. Appropriate analyses were conducted to
compare groups. When continuous variables were not
normally distributed, the Mann-Whitney U test was applied
to compare distributions between groups. Fisher’s exact test
was used for categorical data. A p-value less than 0.05 was
considered statistically significant.

RESULTS
Patient Demographics and Clinical Characteristics

The youngest participant was 5 years old, while the oldest was
19. The median age was 13 years (range 11-17 years), with 6
females and 19 males participating. The median weight and
height percentiles were 14% (range: 6.55-26) and 44.83%
(range: 14.92-67), respectively. Saturation values ranged from
82% to 95%, with a median of 91% (range: 90-94).

The diagnoses of the patients were as follows: tricuspid
atresia, 9 (36%); pulmonary atresia, 6 (24%); large VSD
with unbalanced ventricle, 4 (16%); hypoplastic left heart
syndrome, 3 (12%); mitral atresia, 2 (8%); and Taussig—Bing
anomaly, 1 (4%).

A total of 72% of patients underwent MBT shunt, with the
procedure performed at a median of 2 months (IQR: 1.5-6.5
months). Pulmonary banding was performed in 12% (n=5)
within a time frame of 0-3 months, with a median duration
of 2 months. The Norwood procedure was performed in 8%
(n=2) of cases, with a median time to surgery of 1.5 months
(IQR: 0-2 months). All cases underwent the Glenn procedure,
with a median age at the Glenn procedure of 11.5 months
(IQR: 7-25 months). The Fontan procedure was performed at
a median age of 54 months (IQR: 48-83 months). The median
pulmonary artery pressure measured by angiography from the
Glenn shunts before Fontan operations was 14 mmHg (IQR:
12-15 mmHg), with a minimum of 7 mmHg and a maximum
of 18 mmHg.

Of the patients included in the study, seven underwent
extracardiac Fontan surgery, four underwent fenestrated
extracardiac Fontan surgery, and 14 underwent intra-
extracardiac fenestrated Fontan surgery. Among patients with
uncomplicated cases, 11 underwent a Fontan procedure with
an additional fenestration.
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Table 1. Comparison of measurements between the patient
and control groups

Patient group

Control group

Measurement P
(n=25) (n=25)

IVC/BSA 9.85(8.63-11.42) 8.49(7.15-11.4) 0.12
Ao/BSA 7.83 (6.95-8.85)  8.06 (6.55-10.45) 0.33
IVC/Ao 1.28 (1.20-1.50) 1.09 (1.03-1.17)  0.001
FV/FA 1.41 (1.05-1.57) 1.16 (1.09-1.25)  0.009
IVC/FV 2.05 (1.73-2.44) 1.83 (1.45-2.02) 0.079
FV/BSA 4.96 (3.86-5.58) 4.38 (3.99-6.44) 0.97
FA/BSA 3.78(3.51-4.12) 3.75(3.48-5.41) 0.6

IVC: Inferior vena cava diameter; BSA: Body surface area; Ao: Abdominal aorta
diameter; FV: Femoral vein diameter; FA: Femoral artery diameter.

Comparisons of Demographic Characteristics Between
the Control and Patient Groups

Comparisons between the control and patient groups revealed
that the control group included 25 participants (17 males,
8 females), and the patient group had an identical gender
distribution. Median values for age were 11 years (range: 8-14)
and 13 years (range: 11-17) (p=0.34); for weight, 42 kg (range: 29—
49 kg) and 44 kg (range: 33-50 kg) (p=0.497); and for BSA, 1.32 m?
(range: 1.03-1.44 m?) and 1.36 m” (range: 1.13-1.47 m?) (p=0.404).

Comparison of Patient and Control Groups

A comparison between the patient and control groups
revealed that IVC/Ao and FV/FA ratios were significantly
elevated in the patient group (p=0.001, r=0.57 and p=0.009,
r=0.29; Table 1). The patient group exhibited higher IVC/
Ao and FV/FA ratios. This finding aligns with expectations,
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Table 2. Comparison of Fontan age and NYHA staging

NYHA stage 1-2 NYHA stage 3-4
Measurement P
(n=21) (n=4)
Median (Q1-Q3):  Median (Q1-Q3):
50 (48-57) 143 (121-151)

NYHA: New York Heart Association.

Fontan age

(months)

as intravascular congestion that develops over time due to
passive flow within the Fontan circuit could contribute to the
observed differences. The lack of significant differences in
other venous-arterial measurements suggests that the Fontan
circulation maintains hemodynamics that approximate
normal physiology.

Fontan Operation Age and NYHA Staging

In accordance with the NYHA staging system, 19 patients were
classified as stage 1, 2 patients as stage 2, 2 patients as stage 3,
and 2 patients as stage 4. A comparison of the age at Fontan
operation between NYHA stage 1-2 and stage 3-4 patients
revealed that those who underwent the procedure at an older
age (median 143 months) were subsequently classified as NYHA
stage 3-4 (p=0.019, r=0.88) (Table 2). Furthermore, the age at
which the Fontan operation was performed was evaluated for
cases in which complications arose during the follow-up period.
The Fontan operation was performed at a relatively advanced
age (median 108 months) (p=0.018, r=0.30) (Table 3).

Venous Measurements and Complications

A statistically significant difference was found in the ratio
of vein measurements to body surface area between the
complication group and the non-complication group. The

Table 3. Comparison of measurements between the complicated and uncomplicated Fontan groups

Measurement

Uncomplicated Fontan group (n=17)

Fontan age (months)

IVC/BSA 11.04 (8.91-12.3)
Ao/BSA 8.1 (7.0-8.88)

IVC/Ao 1.28 (1.22-1.41)
FV/FA 1.41 (1.07-1.57)
IVC/FV 2.04 (1.64-2.22)
FV/BSA 5.55 (4.59-6.49)
FA/BSA 3.93 (3.56-4.39)
IVC Doppler time (ms) 1321 (762-3000)

Femoral vein Doppler time (ms) 2053 (1242-3000)

Median (Q1-Q3): 50 (48-57)

Complicated Fontan group (n=8) p

Median (Q1-Q3): 108 (47-148) 0.018
9.09 (8.56-9.91) 0.031

7.2 (5.53-7.68) 0.135
1.34(1.14-1.55) 0.75
1.31(1.01-1.53) 0.783

2.27 (1.78-2.49) 0.44

4.29 (3.58-5.06) 0.021

3.58 (3.30-3.85) 0.05

970 (637-1173) 0.204

2815 (1481-3000) 0.736

IVC: Inferior vena cava diameter; BSA: Body surface area; Ao: Abdominal aorta diameter; FV: Femoral vein diameter; FA: Femoral artery diameter. The complicated Fontan
group included patients with protein-losing enteropathy, plastic bronchitis, thrombosis, and arrhythmia.
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Table 4. Comparison of measurements between groups stratified by pathological and normal microalbuminuria

Measurement MCR normal (<20 pg/ml) (n=18) MCR high (220 pg/ml) (n=6) P

Pre-Fontan pulmonary artery pressure measurement 0.047
<15 mmHg (n=11) 15 (62.5%) 1(4.2%)
>15 mmHg (n=7) 3(12.5%) 5 (20.8%)

Fontan operation age (months; median, Q1-Q3) 81 (43-137) 57 (44-127) 0.77
IVC/BSA 10.8 (8.75-11.6) 10.4 (9.01-12) 0.93
Ao/BSA 7.81(6.79-8.72) 9(7.95-10.2) 0.36
IVC/Ao 1.42(1.21-1.49) 1.21(1.11-1.28) 0.21
FV/FA 1.31(1.04-1.55) 1.6 (1.45-1.71) 0.8
IVC/FV 2.23 (1.79-2.56) 1.96 (1.68-2.16) 034
FV/BSA 5.09 (3.99-6.14) 5.83 (5.36-5.95) 0.5
FA/BSA 3.85(3.57-4.28) 3.76 (3.14-3.94) 0.86

MCR: Microalbumin/creatinine ratio; IVC: Inferior vena cava diameter; BSA: Body surface area; Ao: Abdominal aorta diameter; FV: Femoral vein diameter; FA: Femoral

artery diameter.

p-value for IVC/BSA was 0.031 (r=0.36), and for FV/BSA, it
was 0.021 (r=0.54, Table 3). IVC/BSA and FV/BSA ratios were
lower in patients with complications. We concluded that the
other ratios—IVC/FV, IVC/Ao, FV/FA—and the IVC and FV
Doppler time values could not be used to distinguish between
complicated and uncomplicated cases.

In the patient cohort under investigation, observed
complications included ventricular extrasystoles severe
enough to warrant the initiation of antiarrhythmic therapy in
one patient during the fourth year after the Fontan operation.
A pacemaker was implanted in one patient following the
onset of complete AV block. Three patients developed protein-
losing enteropathy. Three patients are receiving continuous
low-molecular-weight heparin and antiplatelet therapy due to
a history of thrombosis.

Pre-Fontan Pulmonary Artery Pressure and Renal
Dysfunction

In routine spot urine microalbumin/creatinine (MCR) tests
performed at the outpatient clinic, MCR values above 20 mcg/
ml were considered pathological. MCR was assessed in 23 of
24 Fontan patients; one patient’s results were missing at the
time of application. No statistically significant associations
were found between pathological and normal MCR values in
the patient group and the ratios of IVC/BSA, FV/BSA, IVC/Ao,
and IVC/FV, nor with the age at which the Fontan operation
was performed (Table 4).

Six patients exhibited a pre-Fontan pulmonary artery pressure
of =15 mmHg, as determined by catheter angiography.In these
cases, the MCR was found to be pathological. A Chi-square
analysis revealed a significant difference in the microalbumin/
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creatinine ratio in spot urine between the group with pre-
Fontan Glenn shunt pressure <15 mmHg and the group with
pressure =15 mmHg (p=0.047) (Table 4).

DISCUSSION

The Fontan procedure, while life-saving for patients with
single-ventricle congenital heart disease, is associated with a
spectrum of long-term complications that significantly impact
morbidity and mortality.'>' These Fontan-associated diseases,
such as protein-losing enteropathy, plastic bronchitis, liver
disease, thrombosis, renal insufficiency, and arrhythmias, can
ultimately lead to Fontan failure over time.">'” The chronic
combination of elevated central venous pressure, non-pulsatile
pulmonary blood flow, and a preload-deprived systemic
ventricle contributes to this progressive deterioration.'® This
complex pathophysiology leads to chronic systemic venous
hypertension and reduced cardiac output, driving peripheral
stasis and congestion within the lymphatic system.* Persistent
venous congestion, particularly affecting the inferior vena
cava and its tributaries, often manifests as hepatomegaly,
hepatic congestion, and fibrosis, potentially progressing to
cirrhosis.’”? Indeed, a larger inferior vena cava diameter has
been associated with elevated Fontan pressures and increased
end-diastolic pressures, further exacerbating therisk of Fontan-
associated liver disease.’ These hemodynamic alterations
also predispose Fontan patients to renal dysfunction,
evidenced by increased microalbuminuria and decreased
estimated glomerular filtration rate (eGFR).*> Furthermore,
microalbuminuria, a marker of renalinjury, has a high incidence
among Fontan patients.”” The elevated central venous
pressure characteristic of Fontan circulation can increase renal
venous pressure and reduce renal perfusion pressure, thereby
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contributing to the development of nephropathy.’® Moreover,
chronic hypoxemia, an additional factor in Fontan patients, can
further impair renal function by promoting tubulointerstitial
damage and subsequent proteinuria, a mechanism distinct
from hepatorenal syndrome?® The persistent elevation of
systemic venous pressure, an obligate feature of the Fontan
circulation due to the absence of a sub-pulmonary ventricle,
demonstrably decreases venous capacitance and compliance,
thereby placing patients at increased risk of progressive renal
dysfunction.'®® This sustained venous congestion also plays a
critical role in the pathogenesis of protein-losing enteropathy
and plastic bronchitis, conditions arising from lymphatic
insufficiency and aberrant lymphatic channel formation,
directly attributable to chronically elevated central venous
pressures.'®

Itis crucial to monitor and assess the physical activity capacity
of patients who have undergone Fontan palliation.?* NYHA
stage 2 or higher in Fontan operation cases is associated with
increased mortality and the need for heart transplantation.?*
The findings of our study indicate that a later age at Fontan
palliation is associated with an increased incidence of
complications and reduced exercise capacity. This further
underscores the importance of the age at which Fontan
palliation is performed. Our findings show that the daily
physical capacity of patients who underwent Fontan surgery
aligns with NYHA stage 3-4 at a mean age of 143 months. The
mean age at which Fontan palliation was performed in patients
with complications was 108 months (9 years). In light of these
findings, it is recommended that Fontan patients aged 9 years
and older be monitored more closely for the development
of complications, including arthritis, thrombosis, protein-
losing enteropathy, plastic bronchitis, and microalbuminuria.
Early diagnosis and treatment of potential complications will
enhance patients’ quality of life.

One of the most significant findings of our study is the
association between microalouminuria and a pre-Fontan
pulmonary artery pressure of 15 mmHg or more, measured at
the Glenn shuntduring conventional angiography. Our analysis
demonstrated a significant difference in the microalbumin/
creatinine ratio between groups with pre-Fontan Glenn shunt
pressure <15 mmHg and those with pressure =15 mmHg,
with pathological microalbuminuria (MCR values above 20
mcg/ml) being significantly more prevalent in the latter
group. This association is independent of the time elapsed
since the operation. The presence of pathological MCR results
serves as a critical indicator of future renal damage, a finding
supported by literature that highlights microalbuminuria—
highly prevalent in Fontan patients—as a marker of renal
injury. In a systematic review, T. Alsaied and colleagues
further emphasized the significance of late mortality and renal
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injury.® Given that pre-Fontan pulmonary artery pressures
exceeding 15 mmHg are significantly associated with
pathological MCR, such elevated pressures are important for
predicting the risk of subsequent renal injury and potential
mortality.’”?>* Therefore, patients with pre-Fontan pulmonary
artery pressure exceeding 15 mmHg should undergo periodic
assessment of their microalbumin-to-creatinine ratio for early
detection and management of renal complications.

Patel et al.’”® demonstrated a significant association between
a IVC/BSA ratio exceeding 1 cm/m? and the presence of
pathological microalbuminuria, underscoring its utility as
an indicator for evaluating late nephropathy. In contrast
to these findings, our study did not find a significant
correlation between the IVC/BSA ratio and the pathological
microalbumin/creatinine ratio. This divergence may be
attributable to inherent variability in IVC/BSA and femoral vein
measurements in the pediatric population, particularly given
dynamic growth parameters. The development of robust,
standardized venous measurement protocols remains a critical
challenge. Establishing clear and reliable reference values will
necessitate comprehensive studies involving a substantial
number of cases, precise delineation of physiological limits,
and mitigation of subjective assessment biases. Further
research is needed to refine diagnostic criteria and establish
universal thresholds for venous parameters that reliably
predict long-term Fontan complications, particularly in the
context of renal dysfunction.*

Significant differences in the IVC/Ao and FV/FA ratios were
observed between the patient and healthy control groups.
Subsequent analysis, in which the patient group was further
stratified into complication and no-complication subgroups
and compared with the healthy control group, revealed
that the healthy control group had lower IVC/Ao and FV/FA
ratios. This observation not only suggests progressive venous
congestion within the passive circulation of the Fontan shunt
over time but also underscores a critical pathophysiological
mechanism underlying many of the adverse long-term
outcomes in these patients. This persistent venous congestion,
particularly evident in the inferior vena cava and its tributaries,
profoundly influences long-term hemodynamics and the
overall prognosis in Fontan patients and contributes to the
development of serious complications such as progressive
renal dysfunction, protein-losing enteropathy, and plastic
bronchitis.'%'62

Our study revealed a statistically significant correlation
between the IVC/BSA and FV/BSA ratios and the incidence
of complications. In contrast to the existing literature, which
often associates an increased indexed inferior vena cava
(IVC) diameter with complications such as pathological
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microalbuminuria,’® we observed a paradoxical decrease in
IVC/BSA and FV/BSA in complicated cases. This unexpected
outcome suggests a unique pathophysiological mechanism
within the Fontan circulation, characterized by chronically
elevated systemic venous pressures and reduced cardiac
output, leading to multifactorial complications.’®??¢ We
postulate that this decrease may serve as an early indicator
of reduced intravascular volume in the venous compartment,
potentially leading to compensatory redistribution of fluid into
extravascular (or “third”) spaces. Fluid shifts and issues with
fluid balance are recognized challenges in Fontan patients,*3°
often exacerbated by lymphatic dysfunction and multiorgan
sequelae.’®®' These changes could stem from mechanisms
affecting metabolically compromised states, a known aspect
of chronic Fontan physiology, which impacts various end
organs, including the hepatic and renal systems.'®9% The
consistent, parallel alterations observed in both the femoral
vein and inferior vena cava measurements strongly suggest
that factors beyond isolated hemodynamic pressures, such
as systemic metabolic effects and fluid balance dysregulation,
significantly influence these venous parameters.

Toachieve comprehensive conclusions regarding these venous
measurements and ratios, further research is imperative,
particularly with larger patient cohorts and the establishment
of standardized measurement protocols, considering the
complex and multifactorial nature of Fontan circulation.3?
We recommend longitudinal follow-up for every Fontan
patient, with regular comparative assessments of [IVC/BSA and
FV/BSA ratios at each visit. This approach is critical for the early
identification of these potentially subtle indicators of long-
term complications.

Study Limitations

The present study is subject to several limitations. Although
the cohort was relatively small, this reflects the rare nature of
the disease under investigation. Future multi-center studies
with larger sample sizes would strengthen the validity and
generalizability of the findings. It was not feasible to measure
current pulmonary artery and Fontan shunt pressures due
to the absence of clinical indications for angiography, thus
precluding their inclusion in this study. Furthermore, reliance
on retrospectively collected microalbumin/creatinine ratios
from spot urine samples obtained at clinical presentation
constitutes an additional limitation

CONCLUSION

Effective long-term management following Fontan palliation
is crucial for significantly improving patients’ quality of life and
reducing mortality rates. We strongly advocate for rigorous
monitoring of patients aged nine years or older, with particular
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attention to complications such as protein-losing enteropathy,
arrhythmia, thrombosis, and plastic bronchitis. Furthermore,
patients presenting with a pre-Fontan pulmonary artery
pressure of 15 mmHg, as measured by angiography, require
diligent surveillance for renal complications using the
microalbumin-to-creatinine ratio. Our findings underscore
the importance of longitudinally tracking IVC/BSA and FV/
BSA ratios: a decrease in these ratios—contrary to prior
assumptions—emerged as a significant and unexpected
indicator of potential future complications. This necessitates a
re-evaluation of how these venous parameters are interpreted;
adecreaseintheseratiosinany patient should now beregarded
as a critical warning sign, potentially reflecting diminished
intravascular volume and fluid accumulation in third spaces.
Implementing such comprehensive monitoring strategies is
vital for early detection and intervention, ultimately improving
long-term outcomes for Fontan patients.
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ABSTRACT

Objective: In this single-center, tertiary-care coronary CT angiography (CCTA) series, we
aimed to report the prevalence of coronary origin anomalies and describe the characteristics
of their proximal course.

Materials and Methods: This retrospective study included 3,181 consecutive CCTA
examinations performed between January 1, 2020, and June 30, 2025. All scans were
acquired using a 64-slice multidetector CT system (SOMATOM Definition AS+, Siemens
Healthineers) with retrospective ECG gating. Two radiologists reviewed the studies,
and examinations with suspected coronary origin anomalies were re-evaluated by
consensus. Anomalies were classified according to the Angelini framework, and the
proximal course was categorized as interarterial, retroaortic, transseptal/intraseptal, or
prepulmonic.

Results: Coronary artery origin anomalies were identified in 41 of 3,181 patients (1.29%).
The largest subgroup was opposite-sinus origin (n=24, 0.76%), which included the right
coronary artery (RCA) originating from the left sinus (n=12, 0.38%), the left circumflex
artery (LCX) originating from the right coronary sinus (n=8, 0.26%), and the left main
coronary artery (LMCA) originating from the right coronary sinus (n=4, 0.13%). An
absent LMCA configuration—defined by separate left-sinus ostia for the left anterior
descending artery (LAD) and LCX—was identified in 5 patients (0.16%). Single coronary
artery anatomy was observed in 3 cases (0.09%), all of which had a common origin from
the right coronary sinus. In one case (0.03%), the RCA arose from the noncoronary sinus.
High take-off coronary artery origins were observed in 8 patients (0.26%). Regarding the
course patterns, interarterial courses were observed in 20 patients, retroaortic courses in
10, and prepulmonic courses in 2. The interarterial LAD and LCX cases also demonstrated
a transseptal/intraseptal segment.

Conclusion: CCTA reliably delineates coronary ostial origin and proximal trajectory,
supporting a comprehensive anatomic assessment of suspected congenital coronary
variants.

Keywords: Computerized tomography, congenital anomalies, coronary angiography,
coronary vessel anomalies, coronary vessels.
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INTRODUCTION

Coronary artery anomalies are a diverse group of congenital
variants that involve atypical coronary origin, proximal course,
or termination. While most of these variants are benign
and discovered incidentally, some anomalous patterns—
especially those in which the left coronary arteries arise from
the contralateral sinus and follow a malignant interarterial
course between the aorta and the main pulmonary artery—
pose a risk of myocardial ischemia and, in rare cases, sudden
cardiac death.'?

The prevalence of coronary artery origin anomalies reported
in studies varies significantly depending on participant
characteristics and assessment methods. Autopsy series show
relatively low incidence rates, ranging from approximately
0.17% to 0.3%. In contrast, angiographic studies of large
cohorts evaluated for coronary artery disease generally
report higher incidence rates, ranging from approximately
0.6% to 1.2%."7

In studies based on coronary CT angiography (CCTA), reported
frequencies are slightly higher, with prevalence rates ranging
from approximately 1.04% to 2.33%, depending on the cohort
examined.®?

Identifying the origin and course of anomalous coronary
arteries with invasive coronary angiography (ICA) can be
challenging, particularly when selective catheterization is
difficult or the vessel follows an unusual trajectory. In contrast,
CCTA, with its inherent three-dimensional data acquisition, is
exceptionally well-suited to detectanomalous coronary origins
and determine their anatomic course and spatial relationship
to adjacent cardiac and non-cardiac structures.®'%'2 Therefore,
CCTA has become the preferred first-step imaging technique
for defining coronary origin anomalies when they are known
or clinically suspected.

In this study, we examined CCTA studies conducted at our
institution to determine the frequency of coronary artery
origin anomalies and the types of anomalies observed in our
population.

MATERIALS AND METHODS
Study Site and Design

This retrospective, single-center study, conducted at a tertiary-
care institution, evaluated the prevalence and anatomic
patterns of coronary artery origin anomalies using CCTA.

Ethical Approval

The study protocol was approved by the Non-Interventional
Clinical Research Ethics Committee at Kayseri City Training and
Research Hospital (Approval Number: 553, Date: 26.08.2025).

138

J Clin Pract Res 2026;48(2):137-144

KEY MESSAGES

+ In 3,181 CCTA examinations from a single-center
tertiary-care cohort, coronary artery origin anomalies
were identified in 1.29% of patients.

+ Theclinical significance of origin anomalies is primarily
determined by the proximal course; interarterial
trajectories were most frequently observed in RCA-
related opposite-sinus variants.

« Opposite-sinus anomalies predominated (0.76%);
all cases of RCA originating from the left coronary
sinus and all cases of LMCA originating from the right
coronary sinus showed aninterarterial course, whereas
all LCX-from-right-sinus cases were retroaortic.

Informed consentwas notrequired, as the study retrospectively
analyzed anonymized CCTA datasets. The conduct of the study
adhered to the ethical principles outlined in the Declaration of
Helsinki.

Patients and Data Collection

All CCTA examinations performed at our institution between
January 1, 2020, and June 30, 2025, were reviewed. A total of
3,755 CCTA examinations were identified during the study
period. After excluding repeated examinations from the same
individuals, 3,388 examinations remained.

Inclusion Criteria

Examinations were included when the image quality allowed
reliable assessment of the coronary ostia and proximal
coronary segments.

Exclusion Criteria

Examinations were excluded if they showed severe motion
artifacts, inadequate contrast opacification, significant flare
artifacts due to widespread calcification, or if the patient had
prior aortic root or congenital heart surgery that could alter
the natural coronary anatomy. After applying these criteria,
the final study cohort consisted of 3,181 patients.

Clinical, Surgical, and Laboratory Investigations

Not applicable. This study was based solely on CCTA-derived
anatomic evaluation.

CCTA Acquisition Protocol

All CCTA studies were performed using a 64-slice multidetector
CT system (SOMATOM Definition AS+, Siemens Healthineers)
with retrospective ECG gating. Scan protocol parameters
are summarized in Table 1. For contrast enhancement,
iodinated contrast material (=350 mg I/mL) was administered
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Table 1. Scan protocol parameters for CCTA

Parameter Value

Acquisition type Spiral

ECG gating Retrospective

120 kV
ECG-based tube current

Tube voltage

Tube current

modulation
Nominal single collimation width 0.6 mm
Nominal total collimation width 38.4 mm
Gantry rotation time 0.33s
Reconstruction increment 0.33 mm

ECG: Electrocardiogram; kV: Kilovolt; mm: Millimeter; s: Second.

intravenously at a flow rate of 5 mL/s, with a total volume
ranging from 50 to 70 mL. This was followed by a 20-30 mL
saline flush to optimize coronary arterial opacification.

Image Reconstruction and Post-Processing

For image reconstruction, a slice thickness of 0.6 mm and a
0.33-mm overlap were used to create near-isotropic volumes.
The coronary tree was then analyzed using workstation-based
post-processing.

Diagnostic Criteria and Definitions

Coronary origin anomalies were classified according to the
framework proposed by Angelini et al." The absence of the
left main coronary artery (LMCA) was defined as the separate
ostial origins of the left anterior descending (LAD) and left
circumflex (LCX) arteries. A high take-off origin was defined
as the location of the coronary ostium above the sinotubular
junction. In anomalous cases, the proximal course was
classified as retroaortic, interarterial, transseptal/intraseptal,
or prepulmonic/precardiac.

Image Evaluation

All eligible CCTA examinations performed between January
1,2020,and June 30, 2025, were evaluated for coronary artery
origin anomalies on a dedicated post-processing workstation
(syngo.via, Siemens Healthineers). CCTA examinations were
distributed to two radiologists experienced in cardiovascular
imaging, who independently reviewed their assigned studies.
All cases suspected of coronary artery origin anomalies were
subsequently re-evaluated, and consensus classification
and proximal course assignments were made. As part of
the descriptive dataset, we recorded coronary dominance,
the ramus intermedius variant, and a separate origin of the
conus artery.

Karatoprak et al. Coronary Artery Origin Anomalies on CCTA

Table 2. Distribution of coronary artery origin anomalies
detected on CCTA (n=3,181)

Type of coronary anomaly n %

Coronary ostium from non-coronary sinus

RCA from non-coronary sinus 1 0.03
Anomalous origin from opposite sinus

RCA from left sinus 12 0.38

LCX from right sinus 8 0.26

LAD from right sinus 0 0

LMCA from right sinus 4 013
Absent LMCA (separate LAD & LCX origin from left sinus) 5 0.16
Single coronary artery

From right coronary sinus 3 0.09

From left coronary sinus 0 0
High take-off coronary artery origins

High take-off LMCA 1 0.03

High take-off RCA 6 0.18

High take-off LMCA and RCA 1 0.03
Total number of anomalies 41 1.29

CCTA: Coronary computed tomography angiography; RCA: Right coronary
artery; LCX: Left circumflex artery; LAD: Left anterior descending artery; LMCA:
Left main coronary artery.

Statistical Analysis

Statistical analyses were performed using SPSS (version 24.0;
IBM, Armonk, NY, USA). Numerical variables are expressed as
meanzstandard deviation or median (range), while categorical
data are presented as frequencies and percentages. Prevalence
estimates were calculated for the entire cohort, and no
inferential statistical tests were applied.

RESULTS

A total of 3,181 patients formed the study population:
2,187 (68.7%) were men, and 994 (31.3%) were women.
The average age was 45.5+15.9 years, with a median of 46
years (range: 0-96). Among the 3,181 patients, 86.1% (2,738
patients) had right coronary dominance, 10.9% (347 patients)
had left coronary dominance, and 3.0% (96 patients) had
co-dominance. A separate conus artery was present in
approximately 493 patients (15.5%), and a ramus intermedius
was identified in approximately 1,001 patients (31.5%).

Coronary origin anomalies were detected in 41 patients,
corresponding to 1.29% of the cohort. The distribution of
these anomalies is summarized in Table 2.

An RCA origin from the left coronary sinus was observed in 12
patients; all of these cases displayed an interarterial (malignant)
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Figure 1. CCTA in a 62-year-old man demonstrates an
anomalous origin of the right coronary artery (RCA)
(arrows) from the left coronary sinus (asterisk). A) (axial
oblique multiplanar reformat) shows the RCA coursing
interarterially between the ascending aorta (a) and the
pulmonary trunk (P). (b) (three-dimensional volume-
rendered image) demonstrates the same anomalous
origin and proximal interarterial trajectory. The left main
coronary artery (LMCA) arising from the left coronary sinus
is indicated by the curved arrow.

proximal trajectory (Fig. 1). Separately, one patient had an RCA
arising from the noncoronary sinus, with a unique course.

The absence of LMCA was observed in 5 patients; in these cases,
the LAD and LCX followed a normal proximal course (Fig. 2).

The LMCA ostium was located in the right coronary sinus in
four patients, distinct from the RCA ostium in all cases. The
proximal LMCA then followed an interarterial course (Fig. 3).

Eight patients had an LCX origin in the right coronary sinus,
and all demonstrated a proximal retroaortic course.

Three patients exhibited a single coronary artery configuration,
each with a solitary ostium in the right coronary sinus and
variable proximal courses. In the first case, the left main
coronary artery originated from a right-sided common trunk
and reached the left side via a prepulmonic route before
dividing into the LAD and LCX. In the other two cases, the
common trunk gave rise to the LAD and LCX on the right side
of the heart. In the second patient, the LAD demonstrated
a proximal interarterial course, followed by a transseptal/
intraseptal trajectory, whereas the LCX coursed retroaortically
(Fig. 4). In the third patient, the LAD followed a prepulmonic
trajectory, while the LCX followed an interarterial proximal
course, followed by a transseptal/intraseptal course.

High take-off origins of the coronary arteries were identified
in eight patients. One patient demonstrated simultaneous
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Figure 2. CCTA in a 38-year-old woman demonstrates the
absence of the left main coronary artery. (a) (axial oblique
multiplanar reformat) shows the separate origins of the
left anterior descending artery (LAD) (arrow) and the
left circumflex artery (LCX) (curved arrow) from the left
coronary sinus (asterisk). (b) (three-dimensional volume-
rendered image) confirms the absence of a common left
main trunk and the independent ostial origins of the LAD
and LCX.

Figure 3. CCTA in a 40-year-old man demonstrates an
anomalous origin of the left main coronary artery (LMCA)
(arrows) from the right coronary sinus (asterisk) with an
interarterial course between the ascending aorta (A) and
the pulmonary trunk (P). (a) (axial oblique multiplanar
reformat) depicts the separate ostial origins, with the
LMCA arising from the right coronary sinus and the right
coronary artery indicated by the curved arrow. (b) (axial
oblique multiplanar reformat) highlights the interarterial
trajectory of the LMCA between the ascending aorta and
the pulmonary trunk.

high take-off origins of both the LMCA and RCA; the RCA
originated at the level of the right-left commissural junction,
just above the sinotubular junction, and followed a proximal
interarterial course, while the LMCA maintained a normal
trajectory. Another patient had an isolated high take-off
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Figure 4. CCTA in a 35-year-old man demonstrates a single coronary artery arising from the right coronary sinus. (a) (coronal
oblique multiplanar reformat) shows the common right-sided origin (asterisk) with trifurcation: the LAD (arrow), the LCX
(curved arrow), and the RCA (arrowhead). (b) (axial oblique multiplanar reformat) demonstrates the LAD (arrow) with an
interarterial proximal course; a thin accessory diagonal branch arising from the left coronary sinus is also noted (notched
arrow), while the RCA (arrowhead) follows a normal course. (c) (axial oblique multiplanar reformat) shows the LCX (curved
arrow) coursing retroaortically, and the LAD (arrow) continuing with an intraseptal course at the midlevel.

Figure 5. CCTA in a 65-year-old man demonstrates a high take-off origin of the RCA. (a) 3D volume-rendered image, (b)
coronal oblique multiplanar reformat show the RCA (arrows) arising above the sinotubular junction. The LMCA originates
normally from the left coronary sinus (curved arrow). (c) Axial oblique multiplanar reformat demonstrates the RCA (arrows)
with an interarterial proximal course between the ascending aorta (A) and the pulmonary trunk (P).

LMCA arising above the left sinus and following a normal
course. The remaining six patients had high take-off RCA
origins: five arose above the right sinus and followed a normal
proximal course, while one originated superior to the right-
left sinus commissure, above the sinotubular junction, and
demonstrated an interarterial proximal course (Fig. 5).

When coronary origin anomalies were stratified by proximal
course, the interarterial variant was found in 20 patients: RCA

(n=14), LMCA (n=4), LAD (n=1), and LCX (n=1). A retroaortic
course was observed in 10 patients (LCX n=9, RCA n=1), and
a prepulmonic course was seen in 2 patients (LMCA n=1, LAD
n=1). In addition, the interarterial courses of the LAD and LCX
included a proximal transseptal/intraseptal segment.

DISCUSSION

In this single-center, tertiary-care cohort, CCTA datasets
from 3,181 patients were analyzed to define the prevalence
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and proximal-course characteristics of coronary artery
origin anomalies.

In cohorts evaluated with invasive coronary angiography or
CCTA, reported prevalence rates generally range from 0.6% to
1.2%, whereas autopsy-based series typically report markedly
lower rates of approximately 0.17% to 0.3%. This difference
likely reflects the referral pattern of imaging-based cohorts,
which predominantly include patients with chest pain or
suspected coronary artery disease, rather than an unselected
population.”*In our study, the prevalence of coronary artery
origin anomalies, including high take-off variants, was 1.29%,
consistent with prior imaging-based literature.3'2

Origins arising from the contralateral sinus represent a
clinically important subset of coronary origin anomalies.
Although most courses are benign, interarterial variants are
associated with an increased risk of myocardial ischemia
and, in rare cases, sudden cardiac death. In contrast, origins
from the non-coronary sinus are extremely uncommon
and are generally considered incidental imaging findings
without hemodynamic consequence.” A cardiac MRI study
of 5,169 healthy children reported an overall prevalence
of contralateral sinus origins of 0.44%, with right coronary
arteries arising from the left sinus (0.33%) more frequently
than left coronary arteries arising from the right sinus
(0.12%)."* Other studies similarly report that anomalous
coronary arteries originating from the opposite sinus and
exhibiting an interarterial course occur in less than 0.5% of
the population, with the anomaly more often affecting the
right coronary artery (0.23%) than the left (0.03%).'

In our cohort, the prevalence of contralateral or non-
coronary sinus origins was 0.79%. RCA originating from
the left sinus and left coronary arteries (LMCA or LCX)
originating from the right sinus were each observed in 0.38%
of patients. An additional case (0.03%) demonstrated the
RCA originating from the non-coronary sinus and coursing
retroaortically, consistent with the rarity of this variant in
previous literature. In our cohort, every RCA with a left-sinus
origin and every LMCA with a right-sinus origin followed a
proximal interarterial course, whereas all right-sinus LCX
variants followed a retroaortic course.

A single coronary artery is likewise a rare anomaly; in
one report, 12 cases (0.27%) were found among 4,445
individuals." We identified three patients (0.09%) with a
single coronary artery, each arising from the right coronary
sinus. In this subgroup, an interarterial segment with
subsequent transseptal/intraseptal extension was seen
in the LAD of one patient and the LCX of another (each
representing 0.03% of the cohort).
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Overall, the pattern of interarterial courses in our series—
particularly their greater representation in RCA-related
variants—paralleled previously described distributions.
Notably, among patients in whom left-sided coronary
arteries originated from the contralateral sinus, two patients
demonstrated an interarterial proximal segment accompanied
by a transseptal (intraseptal) component, a combination that
may increase the clinical relevance of the anomalous origin.

Absence of the left main coronary artery, resulting in
separate LAD and LCX origins from the left coronary sinus, is
a well-described benign anatomical variant, with a reported
prevalence ranging from 0.41%1t0 0.67% in previous studies.'*'®
In our cohort, this configuration was observed in 0.16% of
patients, which is at the lower end of the reported range.
Although usually regarded as clinically inconsequential, this
variant should be recognized—particularly before invasive
coronary angiography—because separate LAD and LCX ostia
can influence catheter choice, ostial engagement strategy,
and interpretation of the coronary origins.

Anomalous coronary origin from the pulmonary artery
is exceptionally rare but represents a clinically significant
congenital anomaly, most often manifesting in early life with
heart failure and, in severe cases, sudden death. While the
overall incidence in the general population is estimated to
be approximately 0.01%,*'® no such cases were identified in
our cohort. This absence may be related to the predominantly
adult cohort studied, as these anomalies are typically
detected in infancy or early childhood and frequently become
symptomatic during that time.

In a large cohort of 12,899 patients, the prevalence of high
take-off coronary arteries was reported to be approximately
0.20%, with the majority of cases (0.17%) originating from the
right coronary artery.” In our cohort, high take-off anatomy
was detected in 8 patients (0.26%). Of these, one had both
the LMCA and the RCA with high take-off, one had an isolated
LMCA with high take-off, and six had RCA origins with high
take-off. Notably, two high take-off RCA cases exhibited a
proximal interarterial course. This finding may increase their
potential clinical significance even in the absence of additional
anomalies. High take-off variants are important to consider
when planning invasive coronary angiography, where catheter
placement may be challenging, and in identifying high-risk
proximal courses.

This study has several limitations. First, similar to other CCTA-
and ICA-based investigations, our cohort does not fully
represent the general population, as CCTA is predominantly
performed in patients with chest pain or suspected coronary
artery disease. For this reason, the frequency reported in our
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series should be interpreted as representative of a CCTA-
referred population rather than the general community.
Furthermore, the single-center nature of the study may limit
the broader applicability of the results. Third, due to the large
number of examinations included, it was not feasible for
both observers to review every CCTA dataset; consequently,
interobserver variability could not be assessed.

CONCLUSION

Our analysis of 3,181 CCTA scans demonstrated that both
the overall rate and the anatomic distribution of anomalous
coronary origins were consistent with those in previously
published CT angiography series. In our cohort, proximal
course patterns—particularly interarterial trajectories—were
common among opposite-sinus anomalies and represent an
important anatomic feature to document when reporting
coronary origin variants. Although most findings were
incidental variants, accurate recognition remains crucial
for procedural planning and for identifying anomalies
with potentially high-risk proximal courses. CCTA provides
noninvasive depiction of coronary ostial origin and proximal
trajectory, reinforcing its role as a first-line imaging approach
for suspected congenital coronary variants.
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Objective: Accurate and timely diagnosis in emergency departments is crucial due to the
high patient volume and time-sensitive nature of care. Intern doctors, who are nearing
the completion of medical school, frequently work in emergency departments in many
countries. However, after graduation, physicians are often expected to assume critical
patient care responsibilities despite limited experience. Artificial intelligence models
can quickly analyze patient data and generate diagnoses, thus assisting inexperienced
physicians in enhancing diagnostic accuracy. This study aims to evaluate the diagnostic
performance of ChatGPT-4 in emergency department case scenarios and compare its
accuracy with that of intern doctors.

Materials and Methods: This study involved intern doctors participating in the internship
program during the 2024-2025 academic year. A total of 36 case-based questions,
categorized by difficulty level, were administered to 155 interns and subsequently presented
to artificial intelligence. Descriptive statistics were used to summarize the data, and a one-
sample t-test was conducted to compare the diagnostic accuracy between intern doctors
and ChatGPT. Statistical significance was set at p<0.05.

Results: Intern doctors achieved an overall correct response rate of 58.3%, while ChatGPT
achieved a rate of 97.2%. A statistically significant, moderate negative correlation was
found between question difficulty and interns’ performance (r=-0.684; p<0.001), indicating
decreased accuracy as question difficulty increased. ChatGPT consistently demonstrated
significantly higher performance across all difficulty levels.

Conclusion: ChatGPT-4 may serve as a valuable diagnostic support tool in emergency
departments, particularly for newly graduated physicians with limited clinical experience.

Keywords: Artificial intelligence, ChatGPT, emergency department, intern doctors, medical
education.
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INTRODUCTION

Medical education is a long and demanding process that
requires sustained effort and perseverance. Its final phase is
the internship period, during which medical students serve
as intern doctors (IDs). In contrast to the predominantly
theoretical training received throughout their academic
years, the internship provides a structured opportunity
for experiential learning, allowing students to apply their
knowledge in real clinical settings.! Throughout the year,
IDs rotate through multiple clinical departments, including
emergency medicine. The emergency medicine rotation,
however, has several distinguishing features compared with
other specialties. Patients typically present to the emergency
department (ED) with acute and potentially life-threatening
conditions, requiring clinicians to rapidly generate differential
diagnoses and initiate timely management. This environment
necessitates the development of strong clinical decision-
making skills under pressure.?

Secondly, and perhaps more importantly, most newly
graduated physicians are required to work in EDs for
a designated period before selecting a specialty. This
requirement stems from the mandatory service obligation
implemented by the Ministry of Health in our country. The
primary assignments for this compulsory service are EDs and
prehospital ambulance services. As a result, newly graduated
doctors—often with limited clinical experience—are expected
to provide critical patient care immediately after completing
medical school. Therefore, it is essential that intern doctors
receive comprehensive, high-quality training to adequately
prepare them for these responsibilities.?

The artificial intelligence (Al) program utilized in our study is
ChatGPT, a GPT-based Al model developed by OpenAl, which
has made substantial progress in natural language processing.*
This model is distinguished by its capacity to deliver a human-
like experience in text-based communication. Although Al
systems have not yet been integrated into routine clinical
practice, they have been the focus of experimental research
for several years. Their ability to accurately interpret user
inputs and generate rapid, coherent outputs indicates strong
potential for future applications in the healthcare domain.®

In the context of the ED, despite the rising volume of patient
visits, several studies have shown that Al can be implemented
as early as the triage stage to facilitate the efficient progression
of diagnostic and therapeutic processes.’ Furthermore, when
data from patients diagnosed and admitted by ED residents
were input into Al programs, the Al generated diagnostic
suggestions consistent with those of the physicians.” Studies
have also indicated that Al can support the diagnostic
process, particularly in the interpretation of medical tests. It
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+  ChatGPT can serve as a valuable guide for newly
graduated doctors who are theoretically well-
equipped, helping them apply their knowledge until
they gain sufficient practical experience.

« Although artificial intelligence appears successful in
case scenarios, presenting these cases to it requires a
certain level of medical expertise and knowledge.

« In critical situations, such as patient care, artificial
intelligence cannot be given full responsibility. It can
only serve as a guide for healthcare professionals.

has shown high efficacy in analyzing radiological images and
electrocardiography (ECG) results.®?

In this context, it can be confidently asserted that
integrating Al-driven technologies into time-sensitive
clinical environments such as EDs will enhance patient care
and support inexperienced physicians in the near future. By
facilitating more accurate and timely diagnoses in critical and
complex cases, Al not only promotes public health and the
efficient use of healthcare resources but also helps safeguard
physicians against malpractice claims.

This study aims to assess ChatGPT's ability to accurately predict
diagnoses in ED cases based on provided clinical findings, in
comparison with IDs.

MATERIALS AND METHODS

This study is a single-center, cross-sectional observational
study. The study population included intern doctors (IDs) who
were enrolled in the emergency department (ED) rotation
during the 2024-2025 academic year and consented to
participate. Ethical approval was obtained from the Erzincan
Binali Yildinm University Non-Interventional Clinical Research
Ethics Committee (Approval Number: 2024-13/05, Date:
03.10.2024). This study was conducted in accordance with the
principles of the Declaration of Helsinki.

The hospital where the study was conducted is a university
hospital, serving as the only public hospital in the city and
providing care to a population of approximately 500,000,
including patients from surrounding provinces and districts.
The ED receives between 1,500 and 2,000 patient visits daily.

The questions were developed by a panel of five faculty
members from different medical schools, each with at least
five years of professional experience in emergency medicine.
This expert panel (EP) designed 36 multiple-choice questions
based on scenarios relevant to ED practice. The development
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process—including question formulation, arrangement of
answer options, and determination of the correct answer—
was guided by current literature, clinical guidelines, and the
panelists’ professional experience. For each question, a single
correct answer was established as the gold standard (GS).
Participants were subsequently asked to select the “most likely
diagnosis” for each case. Their responses were then compared
with the GS answers.

Twelve questions were categorized as easy, 12 as moderate,
and 12 as difficult. The difficulty level of each scenario was
determined by the EP based on consensus, taking into account
factors such as presenting complaints, physical examination
findings, diagnostic methods used, and the interpretability of
test results in relation to the clinical presentation. Participants
answered the questions without knowledge of their assigned
difficulty levels, ensuring blinding with respect to question
difficulty.

To ensure the validity of the difficulty classification, inter-
rater reliability among the EPs who categorized the questions
was assessed using Fleiss’ kappa, an appropriate method
for evaluating agreement among multiple raters. Each
specialist independently assigned all 36 questions to the
easy, moderate, or difficult category. The overall inter-rater
agreement was substantial (Fleiss’ k=0.85), indicating a high
level of consistency across raters in difficulty classification.

Considering that completing all 36 questions could be time-
consuming and to minimize participant fatigue, the questions
were distributed evenly according to difficulty level, and
two separate evaluation forms were prepared using Google
Documents (Fig. 1). To ensure even distribution, six questions
from each of the three difficulty levels determined by the
expert panel (EP) were selected, resulting in two evaluation
forms, each containing 18 questions.

’

A total of 155 IDs were included in the study. Participants
personal information was not recorded. The IDs completed the
ED rotation in groups over two-month periods throughout the
one-year academic calendar, with each group comprising 25-
30 IDs. The study was conducted during the final two weeks of
each group’s two-month ED rotation.

The same questions were subsequently posed to ChatGPT.
For the Al component of our study, ChatGPT 4.0 (GPT-4-
based, 2025 version) developed by OpenAl was used. Prior
to presenting the questions, ChatGPT was provided with
contextual information, including the fact that the questions
were based on cases presenting to the ED. It was instructed to
respond concisely using medical terminology, assuming that
the questions were asked by a healthcare professional.
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Question 23.

A 57-year-old male patient is brought to the emergency department with
fever, headache, behavioral changes, and altered level of consciousness. His
symptoms reportedly began a few days earlier and have progressively
worsened. His temperature is 38.8 °C, and he is found to be drowsy. During
the examination, he has a seizure. Contrast-enhanced brain CT is normal
Cerebrospinal fluld analysis shows normal opening pressure, lymphocyte
count of 100/mm?, protein 120 mg/dL, and normal glucose. His blochemical
parameters are also normal. Which of the following Is the most likely
diagnosis for this patient?

20 40 60 80 100

Figure 1. Example of a question completed by intern
doctors using Google Documents.

The study was conducted throughout the academic year. Data
were collected from IDs during each two-month ED rotation.
Initially, a WhatsApp group was created exclusively for IDs on
rotation that month, and the link to the Google Documents
evaluation form was sent to them. Although the process was
conducted online via Google Documents, data collection
occurred during the weekly routine ED teaching sessions, with
all IDs present and supervised by several proctors, to prevent
participants from discussing the questions or consulting
written or digital resources. Participants were seated in
the classroom in an exam-style arrangement to prevent
communication with one another or access to reference
materials. Each ID accessed and completed the form using their
personal email address, with the form link configured to allow
a single view only. Before completing the digitally distributed
Google Documents forms, each ID was assigned a unique
code, which they entered in the designated field. The same
code was used when answering the questions in the second
section, ensuring consistency and integrity in data collection.
Saving or revisiting the questions was disabled. Subsequently,
the questions and correct answers were not shared with any
IDs to prevent subsequent groups from becoming aware of
the content, thus maintaining optimal blinding.

Responses were evaluated using two different methods. In the
first method, all IDs were considered as a single group, and
their answers were assessed proportionally. The 50% threshold
was used only as a descriptive indicator of how commonly
each question was recognized by the intern cohort. This
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threshold reflects clinical interpretability rather than statistical
classification. In emergency medicine education and Objective
Structured Clinical Examination (OSCE)-style.'®"" competency
assessments, a case vignette is typically considered clinically
recognizable when at least half of the trainees can identify the
correct diagnosis. In the second method, IDs were evaluated
individually. Each question was assigned one point (for selecting
the correct answer as defined by the gold standard, GS), and
scores from each question category were evaluated separately.

Two different approaches were also applied when posing the
questions to ChatGPT. Initially, questions were presented in
an open-ended format without answer options. The Al was
asked to determine the most appropriate diagnosis for each
case, and its ability to reach the GS answer was assessed. This
section was designated as “GPT-a” (Fig. 2). Subsequently, the
questions were presented in a multiple-choice format, similar
to how they were posed to IDs, and ChatGPT was asked to
select the “most likely diagnosis” from the provided options.
Selecting the answer corresponding to the GS was considered
a correct response. The results obtained from this phase were
designated as “GPT-b” (Fig. 3).

Responses obtained from Google Documents and ChatGPT
were collected and compared with the GS answers. The easy,
moderate, and difficult question categories were analyzed
separately using statistical methods.

Statistical Analysis

Assuming a Type 1 error (a) of 0.05 and a power of 0.95, with
an expected joint correct response rate of 0.5 based on expert
opinionand amargin of error (d) of 0.2, the sample size required
for the study was calculated as 104 intern doctors (IDs) using
the confidence interval method. The PASS 11-2025 - Power
Analysis and Sample Size Software (v25.0.x) program was used
to calculate the sample size. Data analysis was performed
using IBM SPSS 25.0 (SPSS Inc., Chicago, IL, USA). Descriptive
statistics were presented as mean =+ standard deviation and
median (min-max) for numerical variables, and as frequency
and percentage for categorical variables.

Scores obtained by IDs from easy, moderate, and difficult
question categories were compared with scores obtained by
ChatGPT in both open-ended and multiple-choice formats
using a one-sample t-test. A p-value of <0.05 was considered
statistically significant. ChatGPT outputs are deterministic
and do not constitute a statistical sample. Since no variance
or repeated measurements exist for the Al model, group-to-
group comparison tests (e.g., independent-samples t-test) are
not statistically appropriate. Thus, intern doctors’ mean scores
were compared to ChatGPT'’s fixed score using a one-sample
t-test, which evaluates whether a sample mean differs from a
fixed, non-random reference value.

148

J Clin Pract Res 2026;48(2):145-152

A 57-year-old male patient is brought to the emergency department
with fever, headache, behavioral changes, and altered mental status.
His symptoms reportedly began a few days earlier and have
progressively worsened. His temperature is 38.8 °C, and he is found to
be somnolent. During the examination, he experiences a seizure.
Contrast-enhanced brain CT is normal. Cerebrospinal fluid analysis
reveals normal opening pressure, lymphocyte count of 100/mm®,
protein level of 120 mg/dL. and normal glucose. His biochemical
parameters are also within normal limits. Which of the following is the
most likely diagnosis for this patient?

Mast likely diagnasis: Herpes simplex virus (HSV) encephalitis.

Brief explanation:
The patient presents with acute febrile iliness, altered mental status, behavioral changes, and a seizure. which
are hallmark features of encephalitis. CSF analysis shows lymphocytic pleccytosis and elevated protein with
narmal glucase, consistent with viral eticlegy. Normal CT does not exclude HSV encephalitis, as early
imaging can be unremarkable; MRI and CSF PCR for HSV DNA are diagnostic. Early initiation of IV acyclovir
is eritical to reduce morbidity and mortality.

<+

OPLO -

Figure 2. Example of a case presented to Chat-GPT in an
open-ended format and its response.

A 57-year-old male patient is brought to the emergency department
with fever, headache, behavioral changes, and altered level of
consciousness. His symptoms reportedly began a few days earlier and
have progressively worsened. His temperature is 38.8 °C, and he is
found to be drowsy. During the examination, he has a seizure.
Contrast-enhanced brain CT is normal, Cerebrospinal fluid analysis
shows normal opening pressure, lymphocyte count of 100/mm?,
protein 120 mg/dL, and normal glucose. His biochemical parameters
are also normal. Which of the following is the most likely diagnosis for
this patient?

a, Intracranial abscess

b Acute bacterial meningitis

. Acute viral meningitis

d. Acute viral encephalitis

. Subacute sclerosing panencephalitis

Most likely diagnosis: d. Acute viral encephalitis

Brief explanation (medical jargon):

The patient presents with subacute febrile illness, altered mental status, behavioral changes, and seizure,
consistent with encephalitic syndrome. CSF shows lymphecytic pleocytosis, moderately elevated protein,
and normoglycorrhachia, which favors viral (typically HSV) encephalitis over bacterial meningitis (which

usually shows neutrophilic pleocytosis, low glucose, and higher protein), Normal CT does not exclude early

viral encephalitis. Intracranial abscess would typically show focal logical deficits and imaging
abnormalities. S5PE is chronic-progressive, not acute. Acute viral meningitis usually lacks significant

behavioral changes or seizures.

Figure 3. Example of a case presented to Chat-GPT in a
multiple-choice format and its response.
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Table 1. Comparison of responses given by intern doctors
and Chat-GPT based on question difficulty

Kantar et al. ChatGPT versus Interns in Emergency Cases

Table 2. Evaluation of intern doctors’ responses based on a
percentage system

Intern doctors  GPT-a GPT-b Easy case Moderate case Difficult case
n (%) n (%) n (%) questions (%) questions (%) questions (%)
Easy case questions 1 63.9% 13 54.8% 25 36.8%
True 11 (30.5) 8(222) 12(333) 2 93.5% 14 45.8% 26 12.9%
False 1(28) 4(11.1) 000 3 63.9% 15 45.8% 27 26.5%
Moderate case questions 4 63.9% 16 51.6% 28 39.4%
True 8(22.2) 12(33.3) 12(33.3) 5 53.50 17 43.2% 29 36.1%
Fal 4111 0(0 0(0
anse % © = 6 94.8% 18 60.0% 30 31.0%
Difficult case questions
7 61.9% 19 63.2% 31 28.4%
True 2(5.6) 8(22.2) 11 (30.5)
[0 0, ()
False 10(27.8) 4011.0) 12.8) 8 58.1% 20 43.2% 32 21.3%
9 78.7% 21 57.4% 33 38.1%
Total
35 10 93.5% 22 60.0% 34 52.3%
True 21(58.3)  28(77.8) . 787% 23 535% 35  555%
False 15 (41.7) 8(22.2) 1(2.8) 12 49.0% 24 70.3% 36 41.9%
RESULTS answer when presented in the multiple-choice format, and

The responses collected from intern doctors (IDs) via Google
Documents were compared with the data obtained from
ChatGPT 4.0. It was observed that as question difficulty
increased, the accuracy of IDs decreased. In the easy question
category, more than 50% of the IDs correctly answered 11 out
of 12 questions, whereas this number decreased to 2 out of 12
questions in the difficult category.

When questions were presented to ChatGPT in an open-ended
format (GPT-a), it correctly answered all moderate-difficulty
questions but provided correct responses for 8 of 12 questions
in both the easy and difficult categories. However, in the
multiple-choice format (GPT-b), ChatGPT correctly answered
all easy and moderate questions, making only one incorrect
response in the difficult category.

Overall, the correct response rate for IDs across all questions
was 58.3%. In comparison, ChatGPT achieved an accuracy rate
of 77.8% in the open-ended format (GPT-a) and 97.2% in the
multiple-choice format (GPT-b) (Table 1).

In the easy question category, IDs answered 11 questions
correctly, of which ChatGPT correctly answered 8 in the open-
ended format and all 11 in the multiple-choice format. The one
question answered incorrectly by IDs was correctly identified
by ChatGPT when presented in the multiple-choice format. In
the moderate category, ChatGPT correctly answered all four
questions that IDs had answered incorrectly, in both the open-
ended and multiple-choice formats. In the difficult category,
ChatGPT correctly answered all 10 questions that IDs failed to

correctly answered 6 of these questions in the open-ended
format (Table 1).

The correct response rates for each question among intern
doctors (IDs) were analyzed. It was observed that as question
difficulty increased, the number of IDs providing correct
answers decreased. Correct response rates for difficult
questions were significantly lower than those for easy
questions. In the easy category, the lowest correct response
rate was 49%, while this rate progressively declined with
increasing difficulty, with one difficult question being correctly
answered by only 12.9% of participants (Table 2).

The data were also analyzed on a question-by-question basis,
with one point assigned for each correct answer across the 36
questions. This analysis confirmed that as question difficulty
increased, the correct response rate among IDs decreased. A
statistically significant, moderate, and negative correlation
was observed between IDs' scores and question difficulty
(r=-0.684; p<0.001). Furthermore, the average scores of IDs
according to question difficulty were compared with those
obtained by ChatGPT in both the open-ended (GPT-a) and
multiple-choice (GPT-b) formats, with ChatGPT demonstrating
significantly higher performance (p<0.001) (Table 3).

DISCUSSION

Our study suggests that ChatGPT-4 could be a valuable tool in
the diagnostic process within emergency departments (EDs).
It may play a particularly supportive role for newly graduated
physicians who lack sufficient clinical experience.
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Table 3. Evaluation of intern doctors’ responses based on the scoring system and statistical comparison with ChatGPT scores

Easy case questions Moderate case questions Difficult case questions Total

Intern doctors

Mean 8.5 6.5 4.2 19.2

(£SD) 1.96 1.81 2.04 4.44

Median 9 4 19

Minimum 4 0 6

Maximum 12 1 30
GPT-a

Point 8 8 28

p value 0.001 <0.001 <0.001 <0.001
GPT-b

Point 12 11 35

p value <0.001 <0.001 <0.001 <0.001

SD: Standard deviation.

In a previous study, data from patients admitted from the ED to
various departments were retrospectively collected, and both
ED residents and ChatGPT-4 were asked, “What could be the
diagnosis for these patients?” The results demonstrated that
Al provided significantly more accurate responses compared
to ED residents (p<0.05).” In our study, ChatGPT showed
statistically significantly higher diagnostic accuracy than
intern doctors (IDs) (p<0.001). While proportional differences
were minimal in easier cases, ChatGPT correctly answered 90%
of the questions that IDs had answered incorrectly in more
difficult cases.

In another study, ChatGPT-3 was evaluated using 30 case
scenarios, presented to both Al and physicians based on
limited symptom categories such asabdominal pain, shortness
of breath, and vomiting. When ChatGPT-3 was asked to select
one diagnosis from ten differential diagnoses in a multiple-
choice format, it achieved an accuracy rate of 93.3%. However,
when the number of differential diagnoses was reduced to five,
its accuracy dropped to 83.3%. When presented with only two
answer choices and asked, “What is the most likely diagnosis?*,
Al correctly answered only 53.3% of the questions.™

Our study differs from the aforementioned research. ChatGPT-4
achieved a 97.2% accuracy rate, correctly answering 35 out of
36 multiple-choice questions spanning a wide range of case
categories, including varying difficulty levels, traumatic cases,
pediatric cases, chronic diseases, and life-threatening clinical
conditions. In the previous study, reducing the number of
differential diagnoses negatively affected Al's accuracy. In
contrast, in our study, ChatGPT-4 achieved a 77.8% accuracy
rate even in the open-ended format, without provided answer
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choices. Considering that IDs achieved a 58.3% success rate
in the multiple-choice format, ChatGPT’s performance in the
open-ended setting can be regarded as highly successful.

The marked improvement of ChatGPT-4 over ChatGPT-3, as
observed in our study, underscores the rapid advancements
in Al and suggests its potential for even more effective clinical
applications in the near future.

In a study by Giinay et al.”® in 2024 on ECG interpretation,
ECG findings were converted into text format and presented
in a multiple-choice format to experienced ED specialists,
cardiologists, and ChatGPT. Al provided more accurate
responses than both ED specialists and cardiologists, with
statistical significance (p<0.001). As the difficulty of the ECG
questions increased, the accuracy rates of both physician
groups decreased, as did ChatGPT's performance. However,
despite this decline, Al remained statistically significantly more
successful than both physician groups overall. This study shares
similarities with our research in terms of question preparation.
In our study, Al was also found to be statistically significantly
more successful than intern doctors (IDs) (p<0.001). However,
whereas no statistically significant difference was observed
between cardiologists and ChatGPT in the difficult ECG category
in the previous study, we found a statistically significant,
moderate, and negative correlation between IDs and ChatGPT
as question difficulty increased (r=-0.684; p<0.001).

Although ChatGPT outperformed IDs overall in our study, it
failed to correctly answer 3 questions in the easy category. This
may be explained by IDs utilizing their theoretical knowledge
to select the correct option from multiple choices, whereas
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ChatGPT, applying a more complex reasoning process,
sometimes provided multiple possible causes rather than
directly stating the correct answer.

As in many areas of life, the potential applications of Al in
healthcare have been explored and demonstrated in various
experimental studies.®'* Al has been shown to be beneficial
in clinical settings for tasks such as assigning triage codes,
interpreting ECG findings, and analyzing radiological
images.®*'> However, studies investigating the use of Al
specifically in the diagnostic process of ED cases remain
limited.'® We believe that our study will make a meaningful
contribution to the existing literature on this topic.

Although the data on case evaluation in the ED are promising,
standardization of ethical considerations, patient consent,
and data privacy must be ensured before Al-assisted patient
management can be implemented as routine practice."”

This study has several important limitations. The most
significant limitation is that while one group consisted of scores
from 155 intern doctors (IDs), the other group included only a
single set of responses obtained from ChatGPT. Since ChatGPT
provided a single output per question, its performance does
not form a statistical distribution. This required the use of a
one-sample comparison approach rather than two-sample
methods. Although this is a methodological limitation, it
reflects how large language models operate in real clinical use
by generating a single diagnostic suggestion.

Another limitation relates to the timing of IDs’ ED rotations.
Since the study was conducted during the ED rotation,
participants joined the study in two-month periods
throughout the academic year. Consequently, there was no
uniformity regarding the completion of non-ED rotations.

CONCLUSION

It is believed that Al could be a useful tool in the diagnostic
phase in EDs. A foundational level of medical knowledge
remains essential to correctly input and interpret patient data
within Al systems. Therefore, it is essential to recognize that Al
should not be considered a standalone diagnostic tool for the
general public.
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Objective: This study aimed to assess the demographic, clinical, histological
classifications, and anterior segment optical coherence tomography (AS-OCT)
features of conjunctival malignancies. The goal was to identify factors associated with
tumor malignancy.

Materials and Methods: This retrospective analysis included 37 patients with
conjunctival tumors. Data collected comprised age, gender, tumor coloration,
histological type, location, corneal involvement, subepithelial reflectivity of the
lesion on AS-OCT, lesion homogeneity on AS-OCT, and the presence of intralesional
cysts on AS-OCT. Statistical analysis was performed using chi-square and t-tests,
with a significance level of a<0.05. The study protocol was approved by the Erciyes
University Health Sciences Research Ethics Committee (Approval Number: 2025/365,
Date: 09.07.2025).

Results: Malignant tumors were identified in significantly older patients. No significant
gender differences were found regarding malignancy. Amelanotic appearance was
significantly more common in malignant tumors. The types of tumors identified
included conjunctival nevus, conjunctival ocular surface squamous neoplasia
(OSSN), conjunctival lymphoma, conjunctival melanoma, and conjunctival cyst. No
significant relationship was found between tumor location and malignancy. Corneal
involvement was significantly associated with malignancy. On AS-OCT, malignant
tumors exhibited a hyporeflective subepithelial lesion with homogeneous internal
reflectivity. Although benign tumors contained more intralesional cysts on AS-OCT,
this finding was not statistically significant.

Conclusion: Conjunctival tumors exhibit various characteristics. Advanced age,
amelanotic pigmentation, corneal involvement, and a hyporeflective homogeneous
lesion on AS-OCT are significant indicators of malignancy, highlighting theimportance
of detailed examination and increased vigilance.

Keywords: Anterior segment optical coherence tomography, conjunctival melanoma,
conjunctival neoplasms, optical coherence tomography imaging, ocular oncology,
predictors of tumor malignancy
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INTRODUCTION

Conjunctival tumors span a wide spectrum, ranging from
benign lesions that require follow-up to highly malignant
invasive neoplasms. If left untreated, these tumors can lead
to vision loss, aesthetic concerns, and, in cases of malignancy,
potentially fatal complications.” Despite the availability of
advanced diagnostic and therapeutic methods in tertiary
hospitals, early detection and treatment of malignant
conjunctival tumors remain challenging.

Malignant conjunctival tumors are predominantly
found in older populations and exhibit distinct clinical
characteristics, including amelanotic lesions and corneal
involvement. Research indicates that the prevalence and
severity of these lesions vary across different communities,
emphasizing the need for localized investigations to tailor
diagnostic and therapeutic strategies."? Recent studies
suggest that 61.2% of conjunctival tumors are premalignant
or malignant, with squamous cell carcinoma (SCC) and
conjunctival intraepithelial neoplasia (CIN) being the most
common types.?

Histopathological and anatomical analysis of these
tumors offers valuable insights for clinical management
and prognostic assessments. For instance, although
conjunctival melanomas are rare, they exhibit aggressive
behavior with a high recurrence rate and potential for
metastasis.* Additionally, genetic and immunohistochemical
investigations are increasingly recognized as essential tools
for the accurate diagnosis and classification of malignant
tumors. Recent research has underscored the importance of
genetic alterations, immunological checkpoint markers, and
ultraviolet light signatures in the etiology of conjunctival
cancers.’

High-resolution anterior segment optical coherence
tomography (AS-OCT) has become an increasingly
important adjunct to slit-lamp examination, enabling
better characterization of conjunctival lesions and more
precise delineation of their extent. Previous reports have
described specific imaging patterns that can support
clinical impressions in certain entities—such as epithelial
thickening with increased epithelial reflectivity and an
abrupt transition zone in ocular surface squamous neoplasia,
a smooth, homogeneous subepithelial hyporeflective lesion
with internal “dot-like” infiltrates in lymphoproliferative
disease, and variable posterior shadowing that can limit the
assessment of heavily pigmented lesions.

However, clinicians often encounter a broad spectrum of
conjunctival lesions in daily practice, and the literature
provides relatively limited guidance on applying a
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KEY MESSAGES

» Advanced age and amelanotic appearance are strong
predictors of malignancy in conjunctival tumors
(mean age 64.1 years; 93.75% amelanotic).

« Tumor invasion into the cornea is significantly
associated with malignant behavior and should raise
clinical suspicion.

« On AS-OCT, a hyporeflective, homogeneous
subepithelial lesion supports malignancy, while
intralesional cysts suggest benign lesions.

standardized set of AS-OCT descriptors across various
diagnoses within a single cohort, especially when interpreted
alongside routine clinical variables.” A pragmatic analysis of
these features in a tertiary-care series may help clarify which
descriptors are most consistently observed and how they
correlate with histopathologic diagnosis and malignancy risk
in real-world settings.5®

This study aims to analyze the demographic, clinical, and
histological parameters of conjunctival cancers diagnosed
at Erciyes University Ophthalmology Clinic, alongside lesion
characteristics observed through high-resolution anterior
segment OCT imaging. By examining patient age, gender,
tumor coloration, location, size, and anterior segment OCT
lesionimages, the study seeks to identify predictive markers for
malignancy and contribute to the existing body of knowledge
in ocular oncology. The goal is to improve early detection and
management strategies for conjunctival cancers, ultimately
enhancing patient outcomes. A pragmatic analysis of these
features within a tertiary care setting may help clarify which
descriptors are most consistently observed and how they
correlate with histopathological diagnosis and malignancy
risk in real-world conditions.

MATERIALS AND METHODS
Study Design and Setting

This retrospective cohort study examined the demographics,
clinical features, histological classifications, and anterior
segment optical coherence tomography (AS-OCT)
characteristics of conjunctival malignancies in the Ocular
Oncology Division of Erciyes University Ophthalmology
Clinic. The study included patients who visited the clinic
during a 6-month period from August 2024 - June 2025.
Anterior segment OCT imaging was performed using the
ANTERION system (Heidelberg Engineering, Heidelberg,
Germany), operated on the HEYEX platform. Since the
lesions were confined to the conjunctival surface, internal
fixation was not used. The imaging area, scan length, and
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the number of cross-sectional B-scans were selected based
on lesion size to ensure complete coverage of the lesion and
its clinically relevant margins. To optimize image clarity while
balancing rapid acquisition and minimizing motion-related
degradation, B-scan averaging was set to ART=2. Images
with inadequate quality due to motion or poor alignment
were excluded from the analysis.

On AS-OCT, conjunctival lesions were systematically assessed
for epithelial and subepithelial “signature” features to assist
with the differential diagnosis of various ocular surface
entities, including ocular surface squamous neoplasia (OSSN),
conjunctival melanoma, conjunctival lymphoma/benign
reactive lymphoid hyperplasia, primary acquired melanosis
(PAM), conjunctival nevus, conjunctival papilloma, and
other simulating lesions. Specifically, we documented: (i)
epithelial thickness and epithelial reflectivity (e.g., thickened
hyperreflective epithelium), (ii) the transition pattern
between adjacent normal and abnormal epithelium (abrupt
vs. gradual), and (iii) the presence of a distinct tissue plane/
cleavage plane between the lesion and underlying tissue.
Additional descriptors included internal reflectivity and
homogeneity, intralesional cystic or hyporeflective spaces
(indicative of benign melanocytic or papillomatous lesions),
posterior optical shadowing (more prominent in heavily
pigmented lesions), and subepithelial patterns such as a
smooth, homogeneous hyporeflective mass with “dot-like”
infiltrates (suggestive of lymphoproliferative lesions). These
parameters were interpreted in conjunction with the slit-lamp
examination and clinical context.®®

The study adhered tothe STROBE (Strengthening the Reporting
of Observational Studies in Epidemiology) guidelines to
ensure transparency and scientific rigor in observational
research.’ The study protocol was reviewed and approved
by the Erciyes University Health Sciences Research Ethics
Committee (Approval Number: 2025/365, Date: 09.07.2025).

Study Population

A retrospective review was conducted on 102 patients
diagnosed with ocular oncology-related conditions, including
orbital, intraocular, eyelid, and conjunctival cancers. From
this group, 37 conjunctival malignancies were selected for
examination.

Inclusion Criteria

« Patients diagnosed with conjunctival tumors during the
study period.

+ Histopathological confirmation of the conjunctival tumor
diagnosis.

+ Availability of comprehensive medical records.
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Exclusion Criteria

+ Patients diagnosed with other ocular oncology cancers,
such as orbital, intraocular, or eyelid malignancies.

- Individuals with insufficient medical documentation.

« Patients with previously managed recurrent conjunctival
neoplasms.

« Patients lost to follow-up before biopsy confirmation.

Data Collection Methods and Sources

Patient data were collected retrospectively from the following
sources:

+  Medical documentation: including clinical history and
examination results.

« Pathology reports: for histopathological confirmation of
tumor diagnosis.

« Anterior segment photos: used to characterize tumor
attributes, including dimensions, color, and corneal
involvement.

+ Anterior segment optical coherence tomography (AS-OCT)
images: to assess lesion reflectivity, homogeneity, the
presence of intralesional cysts, and the abrupt transition
zone in the lesion epithelium.

The data covered the period from August 2024, to June 2025.
The following variables were documented:

- Demographics: Age, sex.

« Clinical Features:

o  Tumor pigmentation (classified as amelanotic or
pigmented).

o Tumor localization (bulbar, forniceal,

caruncle).

palpebral,

o  Corneal involvement (present or absent).

« Tumor Size: Measured in millimeters (mm) using slit-lamp
biomicroscopy.

« Histopathological Diagnosis: Tumor categorization based on
biopsy results.

« AS-OCT Characteristics:

o  Reflectivity of the lesion (hyporeflective or
hyperreflective).
o Homogeneity of the lesion (homogeneous/

heterogeneous).
o) Presence of intralesional cysts (present or absent).

o  Abrupt transition zone in the lesion epithelium.
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Statistical Analysis

Statistical analysis was performed using NCSS version 21.
Descriptive statistics, including mean, standard deviation,
frequency, and percentage distributions, were calculated
for clinical and demographic data. The Shapiro-Wilk test
was used to assess the normal distribution of continuous
variables. Variables that exhibited a normal distribution
were analyzed using parametric tests (independent t-test),
while categorical variables were compared using the chi-
square test. Statistical significance was defined as a p-value
of less than 0.05.

RESULTS

Of the 37 conjunctival tumors examined in this study, 16
were malignant, and 21 were benign. Patients with malignant
tumors were significantly older, with a mean age of 64.1£16.6
years (p<0.01), compared to 26.6+16.4 years for patients with
benign tumors. The tumor types identified were conjunctival
nevus (48.64%, n=18), ocular surface squamous neoplasia
(27.02%, n=10), conjunctival lymphoma (10.81%, n=4),
conjunctival melanoma (8.10%, n=3), and conjunctival cyst
(5.40%, n=2) (Fig. 1).

Analysis of Tumor Size

Benign tumors had an average diameter of 6.4+5.4 mm,
while malignant tumors had an average diameter of 12.7+8.4
mm. However, this difference was not statistically significant
(p=0.09).

Tumor Characteristics

Pigmentation: A statistically significant difference (p<0.01)
was observed in the likelihood of malignancy between
amelanotic tumors (93.75%, n=15) and pigmented tumors
(6.25%, n=1) (Table 1).

Location: Most tumors were located on the bulbar
conjunctiva (78.37%, n=29), but no significant association
between tumor location and malignancy was found
(p=0.27) (Table 1).

« Corneal Involvement: Malignant tumors showed
considerably higher rates of corneal involvement (56.25%,
n=9) compared to benign tumors (4.76%, n=1) (p<0.01)
(Table 1).

« AS-OCT Subepithelial Lesion Reflectivity: In malignant
tumors, the lesion was significantly more hyporeflective
(72.73%, n=8) (p=0.01) (Table 1, Fig. 2).

« AS-OCT Lesion Homogeneity: The lesion was
significantly more homogeneous in malignant tumors
(54.5%, n=6) compared to benign tumors (15.79%, n=3)
(p=0.02) (Table 1, Fig. 2).
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Figure 1. (a) Conjunctival nevus, (b) Conjunctival OSSN (c)
Conjunctival melanoma, (d) Conjunctival lymphoma.

Figure 2. (a) Anterior segment OCT image of a hyperreflective,
homogeneous lesion in a case of conjunctival melanoma
(arrow), (b) Anterior segment OCT image of a hyporeflective,
homogeneous lesion seen in conjunctival lymphoma (arrow)
(note that the epithelium over the lesion is hyporeflective in
both images).

« AS-OCT Intralesional Cyst: Although benign tumors
(63.16%, n=12) contained more cysts than malignant
tumors (27.27%, n=3), the difference was not statistically
significant (p=0.05) (Table 1, Fig. 3, 4).

« AS-OCT Abrupt Transition Zone in the Lesion Epithelium:
An abrupt transition from normal epithelium to
hyperreflective, thickened epithelium was observed in
37.50% (n=3) of patients with ocular surface squamous
neoplasia. However, since this finding was absent in other
conjunctival tumor patients, statistical evaluation could
not be performed (p=n/a) (Table 1).

In the anterior segment OCT examination, the distribution
of subepithelial lesion reflectivity, lesion homogeneity, and
the presence of intralesional cysts varied according to tumor
types (Table 2).
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Table 1. Distribution of benign vs. malignant lesion characteristics

- Benign Malignant b
(n=21, 56.75%) (n=16, 43.24%)

Age (years) 26.6 + 16.4 (95% Cl: 19.4-35.0) 64.1 £16.6 (95% Cl: 50.9-71.5) <0.01
Size (mm) 6.4 +5.4(95% Cl: 4.0-9.1) 12.7 + 8.4 (95% Cl: 7.7-16.5) 0.09
Gender (male/female) 11 (52.38%) / 10 (47.62%) 10 (62.50%) / 6 (37.50%) 0.53
Pigmentation (amelanotic/pigmented) 8(38.10%) / 13 (61.90%) 15 (93.75%) / 1 (6.25%) <0.01
Location

Exclusively bulbar conj. 17 (80.95%) 12 (75.0%) 0.27

Bulbar conj. and caruncle 2(9.52%) 1(6.25%)

Fornix and tarsus 1(4.76%) 2(12.50%)

Fornix and caruncle 0 1(6.25%)

Plica 1(4.76%) 0
Corneal involvement (present/absent) 1(4.76%) / 20 (95.24%) 9(56.25%) / 7 (43.75%) <0.01
AS-OCT subepithelial lesion reflectivity 5(26.32%) / 14 (73.68%) 8(72.73%) / 3 (27.27%) 0.01
AS-OCT lesion homogeneity (homogeneous/heterogeneous) 3(15.79%) / 16 (84.2%) 6 (54.5%) / 5 (45.45%) 0.02
AS-OCT intralesional cyst (present / absent) 12 (63.16%) / 7 (36.84%) 3(27.27%) / 8 (72.73%) 0.05
AS-OCT abrupt transition zone in the lesion epithelium 0(0%) / 19 (100%) 3(37.50%) / 8 (62.50%) n/a

AS-OCT: Anterior segment optical coherence tomography. The first number in each cell indicates the number of patients, while the percentage indicates the proportion

of patients.

Table 2. AS-OCT characteristics of conjunctival tumors

Variables Conj. lymphoma

Conj. MM

Conj. nevus Conj. OSSN Conj. Cyst

AS-OCT subepithelial lesion reflectivity
3(100%)/0
(hyporeflective/hyperreflective)

0/1(100%)

2(12.5%) /14 (87.5%) 5 (62.5%) /3 (37.5%) 2(100%) /0

AS-OCT lesion homogeneity
3(100%) /0
(homogeneous/heterogeneous)

1(100%) /0

1(6.25%) /15 (93.75%) 3 (37.5%)/5(62.5%) 1(50%) /1 (50%)

AS-OCT intralesional cyst (present/
0/3(100%)
absent)

0/1(100%)

10(62.5%) /6 (37.5%) 3(37.5%)/5 (62.5%) 2(100%) /0

AS-OCT abrupt transition zone in the
. o 0/3(100%)
lesion epithelium (present/absent)

0/1(100%)

0/16 (100%) 3(37.5%) /5 (62.5%) 0/2(100%)

AS-OCT: Anterior segment optical coherence tomography; Conj. lymphoma: Conjunctival lymphoma; Conj. MM: Conjunctival malignant melanoma; Conj. OSSN:

Conjunctival ocular surface squamous neoplasia; Conj. Cyst: Conjunctival cyst.

DISCUSSION

A precise clinical and histological assessment is essential for
the diagnosis and treatment of conjunctival tumors, which
encompass a diverse range of lesions. Malignant conjunctival
tumorsweressignificantly associated with cornealinvolvement,
amelanotic pigmentation, and advanced age. In the anterior
segment OCT examination, malignant tumors showed a
notable association with a hyporeflective, homogeneous
lesion appearance and were absent of cysts. Although larger

lesion diameters were not statistically significant, they tended
to be more common in malignant tumors.

As individuals age, their risk of developing a malignant
conjunctival tumor increases. Conjunctival tumors in
adolescents and young adults are almost always benign, with
malignancies being rare. The average age at which benign
tumors are discovered is approximately 11 years, while
malignant tumors are typically identified at an average age
of 14 years. This suggests that the likelihood of malignancy
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Figure 3. Anterior segment OCT image of a case of
conjunctival nevus showing lesion heterogeneity, including
cyst formations within the lesion.

increases slightly with age.’® Although malignant tumors
remain uncommon in young adults, benign tumors such as
nevi are more frequent."

Malignant conjunctival tumors are far more prevalent in
middle-aged and older individuals, with the risk of developing
cancer increasing substantially after the age of 40.'%"2 Ocular
surface squamous neoplasia, in particular, is common in
individuals over 60 years, often presenting with larger and
more aggressive lesions compared to benign tumors.’0'
Conjunctival melanoma is also more frequently diagnosed
in older patients,'>'*"> with a higher risk of recurrence and
visual acuity loss."*'® Lymphoid lesions, including lymphoma,
are more common in older adults and tend to present with
larger tumor sizes and diffuse involvement.'"'” Additionally,
malignant conjunctival tumors, particularly ocular surface
squamous neoplasia and melanoma, are more frequently
observed in males than females.'0'318

Studies have shown that conjunctival melanomas with
low pigmentation are associated with a worse prognosis.
Specifically, low tumor pigmentation is linked to higher risks of
metastasis and death. This association is particularly significant
in primary conjunctival melanomas, where low pigmentation
correlates with increased metastasis and mortality rates."

Malignant conjunctival tumors, such as melanoma and ocular
surface squamous neoplasia, typically exhibit larger basal
diameters and thicknesses compared to benign lesions, with a
median basal diameter of 8 mm." In conjunctival nevi, a larger
basal tumor diameter has been statistically associated with
an increased likelihood of surgical excision due to concerns
about malignant transformation, although histopathological
malignancy was not observed in excised cases."”
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Figure 4. (a) Anterior segment OCT image showing
intralesional cysts in a case of conjunctival nevus (arrow), (b)
Anterior segment OCT image of a case of conjunctival SCC with
corneal involvement and hyperreflective epithelium (arrow).

Corneal involvement plays a crucial role in the management of
conjunctival tumors. Malignant lesions, including conjunctival
squamous intraepithelial neoplasia (CSIN), can exhibit
corneal growth, complicating their clinical presentation and
necessitating thorough diagnostic evaluation.! Similarly,
conjunctival melanomas can invade the cornea, sometimes
without other conjunctival involvement, emphasizing the
need for precise surgical intervention to minimize the risk of
recurrence.®

Anterior segment optical coherence tomography (AS-OCT) is
useful for clearly imaging conjunctival nevi, delineating the
lesion’s boundaries, and identifying cysts within the lesion.
However, a challenge with AS-OCT is the potential for visual
ghosting in colored nevi? Shousha et al.?’ demonstrated
thicker hyperreflective epitheliumandasudden transition from
normal to hyperreflective epithelium in AS-OCT assessments
of conjunctival and corneal intraepithelial neoplasia (CCIN)
cases. Kieval et al.2 observed significantly thicker epithelium
in cases of epithelial ocular surface squamous neoplasia
compared to pterygium when epithelial thickness measured
using AS-OCT was compared. Shousha et al.® also showed
that AS-OCT images offer valuable diagnostic insights when
the clinical diagnosis of ocular surface lesions is unclear.
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To diagnose corneal and conjunctival disorders, particularly
malignant lesions, Nanji et al.” investigated the use of high-
resolution, spectral-domain optical coherence tomography
(HR-OCT). Their study of 82 lesions indicated that HR-OCT
can be used to evaluate treatment efficacy, determine the
cause of certain ocular surface lesions (such as melanoma,
pterygium, nevus, and ocular surface squamous neoplasia),
and more. However, pigmented lesions were not as well
assessed using this imaging technique. Ocular surface
pathology can be identified, and disease resolution can be
evaluated with this technology, making it a valuable adjunct
to clinical examination and histological diagnosis. A literature
review by Janssens et al.** demonstrated that AS-OCT and
ultrasound biomicroscopy (UBM) are highly effective and
complementary modalities for assessing and monitoring
corneal and conjunctival tumors, though they cannot
replace histological investigation for diagnostic purposes.
One drawback of AS-OCT is its limited ability to penetrate
pigmented lesions or reach deeper than 1-3 mm. However,
AS-OCT offers a more precise technique for small lesions by
providing detailed images of the intact cornea, identifying
cysts, and aiding in the detection of tumor recurrence. For
larger or pigmented lesions, ultrasound biomicroscopy (UBM)
provides a more accurate way to assess tumor thickness and
define tumor borders.

Venkateswaran et al?® demonstrated that high-resolution
optical coherence tomography (HR-OCT) can reliably
differentiate between epithelial ocular surface tumors,
such as ocular surface squamous neoplasia (OSSN), and
subepithelial tumors, including conjunctival lymphoma and
conjunctival melanoma, in a clinical context. Karp et al.*
utilized AS-OCT in the surgical treatment of OSSN and showed
that the conjunctival tumor margin identified by HR-OCT
matched the pathologically confirmed margin in all cases.
The high-resolution OCT images of conjunctival lymphoma
in Venkateswaran et al's?’ research revealed homogeneous,
black subepithelial lesions with smooth edges, typically
exhibiting monomorphic dot-like infiltrates. These findings
provide a foundation for promising areas of future research
and potential updates to clinical guidelines.

One of the main barriers to the clinical adoption of AS-OCT as a
definitivediagnostictoolisthelackof standardized terminology
and reporting protocols.?® The ongoing development of the
Advised Protocol for OCT Study Terminology and Elements for
the Anterior Segment (APOSTEL-AS) aims to create a consensus
nomenclature. Future studies should use this standardized
framework to ensure that findings across different institutions
and imaging platforms are comparable. This would facilitate
the creation of large, multicenter registries to overcome the
sample size limitations of current single-center research.?
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The application of artificial intelligence (Al) and machine
learning (ML) to AS-OCT image analysis represents a frontier
with immense potential. Future diagnostic protocols could
incorporate Al models trained to automatically segment
lesions, measure epithelial thickness with micron-scale
precision, and classify internal reflectivity patterns.? AS-OCT is
increasingly being used intraoperatively to ensure that surgical
margins are free of sub-clinical disease. Research has shown
that margins identified by high-resolution OCT often coincide
with pathologically verified margins, which can reduce the
need for repeat surgeries and lower the rate of local recurrence
in aggressive malignancies like melanoma and invasive
squamous cell carcinoma (SCC). Integrating intraoperative OCT
into standardized surgical protocols for ocular surface tumors
would represent a significant step toward improving patient
outcomes and preserving healthy ocular tissue.®

Future protocols may involve a dual-modality approach,
using structural AS-OCT to evaluate lesion depth and internal
homogeneity, while OCT Angiography (OCTA) assesses
metabolic activity and aggressive potential based on vessel
density. The transition from a “biopsy-centric” to an “imaging-
centric” management model is a key area for development.
Future clinical guidelines could leverage AS-OCT for the
objective monitoring of treatment response in medically
managed OSSN.

This research has several limitations. The retrospective design
introduces potential biases associated with incomplete
or absent data. The small sample size (37 cases) limits
statistical power and generalizability. Additionally, as a
single-center study, the findings may not be applicable
to broader populations. Another limitation is the absence
of conjunctival intraepithelial neoplasia (CIN) cases in our
cohort. This likely reflects institutional treatment practices
and selection bias rather than a true absence of CIN in the
population. At our center, clinically suspected CIN or early
ocular surface squamous neoplasia cases are often managed
with topical chemotherapeutic agents rather than primary
excisional biopsy and histopathological confirmation. As a
result, our study population is skewed toward more advanced,
invasive, or clinically ambiguous lesions that required surgical
intervention, potentially overestimating the prevalence of
invasive squamous cell carcinoma (SCC) within the ocular
surface squamous neoplasia (OSSN) spectrum. Consequently,
such cases may be underrepresented in pathology-based
retrospective surgical series. Furthermore, by including only
histopathologically confirmed surgical cases, our study does
not fully represent the entire spectrum of ocular surface
tumors, limiting the generalizability of the results. The single-
center design and relatively small sample size also restrict
the applicability of our findings regarding tumor distribution
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patterns. Only histopathologically confirmed tumors were
included, potentially excluding clinically diagnosed cases. The
study also lacks long-term follow-up, preventing an assessment
of recurrence and metastasis rates. More comprehensive
and multicenter studies are needed to establish a consensus
on the use of next-generation diagnostic tools in managing
conjunctival tumors.

CONCLUSION

This study provides valuable insights into the demographic,
clinical, histopathological types, and anterior segment optical
coherence tomography (AS-OCT) features of conjunctival
tumors in a tertiary care hospital. Our findings indicate that
malignant tumors are associated with several factors, including
older age, amelanotic pigmentation, larger lesion diameters,
and the presence of corneal involvement. Additionally, the
presence of homogeneous and hyporeflective lesions on AS-
OCT suggests the potential diagnostic value of this technology
in the context of ocular malignancies. These findings highlight
the importance of early and detailed clinical evaluations to
improve the detection and management of conjunctival
malignancies.

Key predictors of malignancy, such as amelanotic pigmentation
and corneal involvement, should be considered critical red
flags during clinical assessments. The observed trend of larger
lesion diameters in malignant cases further emphasizes the
need for heightened vigilance when encountering large
conjunctival tumors. By promptly identifying and addressing
theserisk factors, clinicians can enhance patient outcomes and
potentially reduce the morbidity associated with malignant
conjunctival lesions.

For clinicians, the primary takeaway is the importance of a
multimodal approach. While AS-OCT serves as an exceptional
tool for identifying high-risk structural features, it cannot
yet replace histopathology, especially in thick or pigmented
lesions where shadowing limits posterior visualization.
The future of the field lies in the refinement of these non-
invasive “optical biopsies” through standardization, artificial
intelligence, and vascular biomarkers. By integrating these
advanced tools into clinical practice, the ophthalmological
community can move toward a more precise, individualized
approach to the diagnosis and management of conjunctival
malignancies, ultimately improving both visual outcomes and
patient survival.
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ABSTRACT

Objective: Syphilis and human immunodeficiency virus (HIV) are sexually transmitted
infections that share common risk factors and may facilitate each other’s transmission. This
study aimed to evaluate the frequency of syphilis coinfection among individuals living with
HIV over a five-year period.

Materials and Methods: In this retrospective study, anti-HIV, rapid plasma reagin
(RPR), Treponema pallidum hemagglutination assay (TPHA), Treponema pallidum total
immunoglobulin, and HIV confirmatory test results of individuals aged >18 years were
evaluated between 2020 and 2024. Patients who had both HIV- and syphilis-related tests
during the period of HIV positivity were included. Syphilis seropositivity was defined according
to the institutional diagnostic algorithm based on the combination of treponemal and non-
treponemal tests. Active infection was defined as concurrent positivity of treponemal and
RPR tests, whereas isolated treponemal positivity was considered a past infection.
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Results: Among 200 individuals living with HIV, 162 underwent syphilis testing. Of these,
85.5% were male. Syphilis seropositivity was detected in 41 patients (25.3%), including 24

(14.8%) with active infection and 17 (10.5%) with past infection. No significant differences
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were observed based on age, sex, or year (p>0.05). During the same period, syphilis
seropositivity among HIV-negative individuals was 0.96%. HIV positivity was strongly
associated with syphilis seropositivity (OR: 34.8; 95% Cl: 23.1-52.6; p<0.001).

Conclusion: The high rate of syphilis seropositivity among HIV-positive individuals
underscores the importance of routine screening at diagnosis and during follow-up.
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INTRODUCTION

Syphilis is a sexually transmitted disease caused by Treponema pallidum that can lead to
multisystem involvement and serious health problems.! Human immunodeficiency virus (HIV)
infection is also a sexually transmitted disease and results in a chronic condition characterized by
acquired immunodeficiency syndrome (AIDS), which is associated with immunosuppression and
the development of opportunistic infections.?
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Sexually transmitted infections (STls) are highly prevalent
among sexually active individuals and may progress silently,
facilitating their spread within the community.?

Syphilisand HIV are two systemic sexually transmitted infections
that share common risk factors. The World Health Organization
(WHO) estimates that there were 7.1 million new syphilis
cases worldwide in 2020.* According to UNAIDS 2024 data, an
estimated 40.8 million people worldwide were living with HIV
in 2024, with 1.3 million new infections and approximately
630,000 AIDS-related deaths reported during the same period.®

There is a bidirectional epidemiological and biological
interaction between these two infections. First, HIV infection
may increase the risk of syphilis transmission by weakening the
immune system. Conversely, syphilis causes mucosal damage,
and syphilitic ulcers provide a portal of entry for HIV, potentially
increasing the risk of HIV transmission by approximately
twofold. Syphilitic lesions lead to the recruitment of
activated immune cells, including macrophages and CD4* T
lymphocytes, to the site of infection, thereby increasing the
number of HIV target cells and facilitating HIV acquisition and
transmission.5 All of these interactions make HIV and syphilis
coinfection a significant public health concern.'’#

The aim of this study was to evaluate the frequency of syphilis
coinfection among HIV-positive individuals followed at a
tertiary care hospital over a five-year period.

MATERIALS AND METHODS
Study Design and Setting

This retrospective, observational, single-center study was
conducted in the microbiology laboratory of Sivas Cumhuriyet
University Hospital between January 1, 2020, and December
31, 2024. This date range was selected to ensure more
complete access to patient data from the hospital system. The
study protocol was designed to evaluate syphilis coinfection
among HIV-positive individuals aged 18 years and older.

Participants and Data Collection

The study included unique HIV-positive patients who had
both HIV-related and syphilis-related serological test results
during the period of confirmed HIV positivity. Anti-HIV, rapid
plasma reagin (RPR), Treponema pallidum hemagglutination
assay (TPHA), Treponema pallidum total immunoglobulin, and
HIV confirmatory test results were retrospectively collected
from laboratory records. Cases without documented syphilis
testing were excluded from the primary analyses.

Diagnostic Criteria

HIV positivity was defined based on confirmatory testing
according to the standard protocols of the General Directorate

Firtina Topcu and Akbulut. HIV and Syphilis Coinfection

KEY MESSAGES

+ Syphilis seropositivity was significantly higher among
individuals living with HIV compared to HIV-negative
individuals, indicating a strong epidemiological
association between the two infections.

- Routine and systematic syphilis screening for
individuals living with HIV is essential, as coinfection
may remain undetected without regular testing at the
time of diagnosis and during follow-up.

+ Observed differences in HIV/syphilis coinfection
rates are influenced by screening practices and
population characteristics, emphasizing the need for
standardized screening strategies and multicenter
data to guide clinical and public health interventions.

of Public Health. Syphilis seropositivity was determined by
serological testing, including RPR, TPHA, and T. pallidum total
immunoglobulin results. ATPHA titer of >1/80 was considered
positive. Syphilis seropositivity was defined as reactivity in at
least one treponemal test, and infection status was classified
based on the combination of treponemal and non-treponemal
results. Cases with reactive treponemal tests (TPHA and/
or T. pallidum total immunoglobulin) and non-reactive
RPR were interpreted as consistent with past or previously
treated infection. Concurrent positivity of treponemal and
RPR tests was classified as active infection. The term “syphilis
seropositivity” encompassed both active and past infections
based on the combined interpretation of treponemal and
non-treponemal test results.

Inclusion and Exclusion Criteria

Inclusion criteria encompassed all individuals aged =18 years
with confirmed HIV infection and available syphilis serological
test results during the study period. Patients with only a single
visit and no subsequent syphilis testing were excluded from
the comparative analysis.

Laboratory Methods

Anti-HIV and T. pallidum total immunoglobulin tests were
performed using enzyme-linked immunosorbent assay
(ELISA). The tests were conducted on the Roche cobas 6000
device (Roche Diagnostics, Switzerland) between 2020 and
2022, and on the Architect i2000 device (Abbott Diagnostics,
Illinois, USA) between 2023 and 2024. RPR testing was
performed using agglutination-based flocculation methods,
and TPHA testing was carried out using hemagglutination
techniques. The RPR test was performed with Plasmatec test
kits from the UK between 2020 and 2022, and with Carbogen
and Tulip Diagnostic test kits from India between 2023 and
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2024. Omega Diagnostics (UK) and Dialab (Austria) branded
kits were used for the TPHA test during the study years. All
assays were interpreted according to the manufacturers’
instructions.

Syphilis Testing Algorithms

Syphilis serological results were evaluated using both
the conventional algorithm (non-treponemal testing
followed by treponemal confirmation) and the reverse
algorithm (treponemal testing followed by non-treponemal
confirmation), depending on the laboratory’s available testing
strategy. RPR was considered a non-treponemal test, whereas
TPHA and T. pallidum total immunoglobulin were considered
treponemal tests. The use of both algorithms reflected
temporal changes in testing strategy and kit availability during
the five-year study period. Regardless of the initial screening
method, final interpretation was based on the combined
assessment of treponemal and non-treponemal test results.

Individuals living with HIV were screened for syphilis as
recommended in the HIV-AIDS diagnosis and treatment
guidelines of the Ministry of Health of the Republic of Turkiye.?
When HIV positivity was detected, initial screening for syphilis
was performed. If the individual remained at risk, periodic
screening (generally once a year) was conducted thereafter.
In individuals with multiple partners, a history of unprotected
sexual intercourse, those who engage in sex while using drugs,
or those with a partner exhibiting these behaviors, screening
was performed more frequently (every 3-6 months).

Statistical Analysis

Statistical analyses were conducted using IBM SPSS Statistics
for Windows, Version 23.0 (IBM Corp., Armonk, NY, USA).
Continuous variables were assessed for normality using the
Shapiro-Wilk test. Variables that did not follow a normal
distribution were presented as medians with interquartile
ranges (IQR), while categorical variables were expressed
as counts (n) and percentages (%). Associations between
categorical variables were evaluated using the chi-square test
or Fisher’s Exact Test, as appropriate. Odds ratios (ORs) with
95% confidence intervals (Cls) were calculated to assess the
association between HIV status and syphilis seropositivity. A
p-value<0.05 was considered statistically significant.

Ethical Approval

Ethics approval for this study was obtained from the Sivas
Cumhuriyet University Health Sciences Research Ethics
Committee (Approval Number:2025-11/41,Date: 20.11.2025).
The study was conducted in accordance with the principles
of the Declaration of Helsinki. Due to the retrospective
design of the study, the requirement for informed consent
was waived.
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Table 1. Distribution of syphilis seropositivity by age group
and sex among individuals living with HIV (n=162)

Syphilis Syphilis
Variable positive negative Total P
n (%) n (%)
Age group 0.766*
18-24 4 (26.7) 11(73.3) 15
25-44 21 (23.1) 70 (76.9) 91
>45 16 (28.6) 40 (71.4) 56
Sex 0.176**
Male 38(27.1) 102 (72.9) 140
Female 3(13.6) 19 (86.4) 22
Total 41 (25.3) 121(74.7) 162

*: Fisher's Exact test; **: Pearson Chi-square test.

RESULTS

During the study period, a total of 226,228 anti-HIV tests
were performed in the laboratory, and HIV positivity was
confirmed by confirmatory tests in 200 distinct individuals
(0.09%). Of these individuals, 171 were male (85.5%) and 29
were female (14.5%). The median age of the study population
was 38 years (IQR: 29-48.8).

Of the 200 individuals identified as HIV-positive, 162 (81%)
underwent syphilis screening during follow-up in accordance
with the HIV-AIDS diagnosis and treatment guidelines after
their HIV-positive status was confirmed. The remaining 38
individuals, who were not screened for syphilis, had only a
single visit to our hospital during which HIV positivity was
detected and did not return thereafter.

Among the 162 individuals who underwent syphilis
screening, syphilis seropositivity was detected in 41 patients
(25.3%). There was no statistically significant difference in
syphilis positivity based on sex (p=0.176) or age group (18-
24, 25-44, and =45 years) (p=0.766). Among HIV-positive
individuals who underwent syphilis serological testing
(n=162), no significant difference in syphilis seropositivity
was observed across the study years (Fisher’s Exact Test,
p=0.740). The analysis of a linear trend across years did not
demonstrate a significant increase or decrease in syphilis
seropositivity (Chi-square test for trend, p=0.764). The
relevant data are presented in Tables 1 and 2. The distribution
of disease activity status according to the serological results
of individuals screened for syphilis is shown in Table 3.

During the same study period, a total of 9,393 non-duplicated
patients who underwent both HIV and syphilis testing were
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Table 2. Syphilis seropositivity by year (n=162)

Year Positive, n (%) Negative, n (%) Positivity rate (%)
2020 16 (26.2) 45 (73.8) 26.2
2021 8(25.8) 23 (74.2) 25.8
2022 9(19.6) 37 (80.4) 19.6
2023 3(30.0) 7 (70.0) 30.0
2024 5(35.7) 9 (64.3) 35.7
Total 41 (25.3) 121 (74.7) 253

This table includes HIV-positive individuals who underwent serological testing
for syphilis (n=162). No statistically significant difference in syphilis seropositivity
was detected across years (p>0.05). The p-value was calculated using Fisher’s
Exact Test. A chi-square test for trend (linear-by-linear association) was performed
to evaluate temporal trends.

Table 3. Disease activity according to serological results in
individuals living with HIV who underwent syphilis screening

Serological status (n=162) n (%)

Syphilis positive 41
Active infection 24 (14.8)
Previous infection 17 (10.5)

Syphilis negative 121 (74.7)

HIV: Human immunodeficiency virus.

Table 4. Results of patients tested simultaneously for HIV
and syphilis

Syphilis positive Syphilis negative
Group
n (%) n (%)
HIV positive 41 (25.3) 121 (74.7)
HIV negative 89 (0.96) 9,142 (99.04)

Chi-square test: p<0.001; Odds ratio (OR)=34.8 (95% Cl: 23.1-52.6); HIV: Human
immunodeficiency virus.

evaluated. Of these patients, 162 were HIV-positive, and
syphilis seropositivity was detected in 41 of them (25.3%).
Among the 9,231 HIV-negative patients, syphilis seropositivity
was identified in 89 individuals (0.96%). Syphilis seropositivity
was significantly higher inindividuals living with HIV compared
to HIV-negative individuals (Chi-square test, p<0.001). An
approximately 35-fold increased association was observed
between HIV positivity and syphilis seropositivity (OR: 34.8;
95% Cl: 23.1-52.6). The relevant data are shown in Table 4.

Abinary logistic regression analysis was performed to evaluate
potential independent predictors of syphilis seropositivity.
Age and sex were included as independent variables in the
model. Neither age (OR: 0.99; 95% Cl: 0.96-1.02; p=0.390) nor
sex (OR: 2.48; 95% Cl: 0.69-8.91; p=0.165) was independently
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Table 5. Binary logistic regression analysis of factors
associated with syphilis seropositivity

Variable OR 95% CI P
Age (per year increase) 0.99 0.96-1.02 0.390
Male (vs female) 248 0.69-8.91 0.165

OR: Odds ratio; Cl: Confidence interval.

Table 6. Studies investigating HIV/syphilis coinfection in
Turkiye

Syphilis
HIV-positive
Study coinfected
Study individuals
period ) individuals
n
n (%)
Yagci Caglayik etal?  1985-2024 1,042 259 (24.9)
Korkusuz et al. 17 2015-2019 1,057 194 (18.3)
Sarigiil et al.”’ 2015-2018 384 97 (25)
Arici et al.’® 2015-2023 284 103 (36.2)
Oztiirk'® 2016-2020 201 47 (23.3)
Aliravci et al.* 2018-2024 142 26 (18.3)
Sahin et al.”® 2019-2022 44 11 (25)
Present study 2020-2024 162 41 (25.3)

HIV: Human immunodeficiency virus.

associated with syphilis seropositivity. The results of the
logistic regression analysis are presented in Table 5.

An evaluation of the syphilis diagnostic algorithms used
during the study period revealed that 65 results (40.1%) were
assessed using the conventional algorithm, while 97 results
(59.9%) were evaluated using the reverse algorithm.

DISCUSSION

In this study, the rate of syphilis seropositivity was significantly
higher in individuals living with HIV compared to HIV-negative
individuals. Syphilis seropositivity was detected in more
than one-quarter (25.3%) of individuals living with HIV who
underwent syphilis screening, which is considerably higher
than the prevalence observed among HIV-negative individuals
(0.96%). The strong association between HIV positivity and
syphilis seropositivity appears to be consistent with the
shared routes of transmission and common risk factors for
both infections. Additionally, recent surveillance reports
indicate that syphilis remains a growing public health concern
in many regions, particularly among key populations, further
underscoring the importance of integrated HIV-syphilis
screening strategies.’®"
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Treponema pallidum and HIV can coexist in the same host,
as both are sexually transmitted pathogens. The Ministry
of Health’s HIV/AIDS diagnosis and treatment guidelines
recommend periodic screening for sexually transmitted
infections at the initial visit and during follow-up for
individuals infected with HIV.? HIV and syphilis coinfection
rates vary depending on the prevalence of infections in
the community and individual risk factors. In a multicenter
study reported from Tirkiye,'? the HIV/syphilis coinfection
rate was 8%, and rates reported from different centers are
summarized in Table 6.

Variable rates have also been reported in international studies.
In a study from Spain, in which individuals living with HIV were
followed for 38 months, the baseline syphilis seroprevalence
was reported as 13%, and new syphilis cases were detected
at a rate of 4% during follow-up.” In an eight-year study
conducted in Japan, syphilis seropositivity among individuals
living with HIV was reported to be 2%.'* The coinfection rate
of 25.3% observed in the present study is comparable to some
of the rates reported in the literature but higher than those
reported in other studies. These differences may be related
to variations in screening strategies across centers and the
characteristics of the study populations.

Furthermore, it should not be overlooked that individuals
who do not maintain continuity in healthcare access after
diagnosis may be at increased risk, both due to delays in
syphilis screening and the potential for ongoing transmission.
These findings support the importance of regular syphilis
screening in individuals living with HIV, both for individual
patient management and public health.

Mutagoma et al.” reported a sixfold increased association of
syphilis seropositivity in individuals living with HIV compared
to HIV-negative individuals. Similarly, in the present study,
syphilis seropositivity was found to be significantly higher
among individuals living with HIV than among HIV-negative
individuals, with an approximately 35-fold increased
association for syphilis positivity. Several factors may explain
this difference. First, individuals living with HIV are routinely
screened for syphilis, whereas HIV-negative individuals may be
tested primarily when clinicallyindicated, potentially leading to
detection bias. Second, the tertiary care setting may represent
a population with higher baseline risk behaviors or referral
bias. Third, regional differences in sexual network structures
and transmission dynamics may contribute to higher local
coinfection rates. Therefore, the observed odds ratio should
be interpreted cautiously in light of differential screening
practices and study setting characteristics. Consistent with this
interpretation, binary logistic regression analysis in our cohort
did notidentify age or sex asindependent predictors of syphilis
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seropositivity, suggesting that the observed coexistence may
be driven primarily by unmeasured behavioral factors rather
than demographic characteristics alone.

In a multicenter study conducted by Sarigil et al.,'> 96%
of coinfected cases were reported to be male. Arici et al.’®
reported that all cases in their study were male, while
Korkusuz et al.”7 reported a rate of 97.9% and Oztiirk'®
reported a rate of 95.8% among males. According to the
Ministry of Health’s HIV/AIDS statistics in Turkiye, a total of
54,472 individuals living with HIV were reported between
1985 and November 2025, of whom 82.1% were male.” In the
present study, 92.7% of coinfected cases were male, which is
consistent with the literature. Although a lower proportion
was observed compared to some similar studies, differences
in the number of patients included and the sexual contact
patterns of the studied populations may explain this variation.
The predominance of HIV positivity among males further
supports this finding. The literature reports that unprotected
sexual intercourse among men who have sex with men
(MSM) has contributed to an increase in syphilis cases.? In
the United States, one-third of MSM reported having sexual
intercourse with women, while this proportion has been
reported as 28% in China, 47% in Peru, and 79% in Russia.?®
This suggests that the MSM population may potentially act
as a bridge for transmission between high-risk men and
lower-risk women. Although data on MSM status could not
be obtained in the present study, the current findings are
valuable in terms of guiding screening strategies. We believe
that assessing sexual behaviors in individuals diagnosed
with HIV, performing relevant investigations, and providing
counseling on behavior-related transmission prevention
methods may help interrupt the transmission cycle.

Sarigll et al.*' reported that 55% of coinfected individuals
were in the 25-44 age group, while Koksal et al.?? reported a
rate of 53.2%. In the present study, a similar proportion (51.2%)
was observed. This distribution may be related to the fact that
the 25-44 age group represents a sexually active period with
potentially higher exposure to sexually transmitted infections,
as well as more pronounced shared risk behaviors among
individuals living with HIV, such as unprotected intercourse,
multiple partners, and MSM relationships.

From a clinical perspective, undiagnosed syphilis in
individuals living with HIV may lead to delayed treatment,
ongoing transmission, and potential complications. Regular
and repeated screening facilitates early diagnosis and timely
management. From a public health standpoint, strengthening
integrated HIV-syphilis surveillance systems, routine screening
policies, and behavioral risk assessment strategies is essential
to control coinfection at the population level.
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This study has several limitations due to its retrospective
and single-center design. The lack of data on behavioral risk
factors and routes of transmission limited a more detailed
analysis of coinfection dynamics. The results are limited in their
generalizability because the study only includes data from a
single center. Additionally, the relatively limited number of HIV-
positive individuals may have reduced the statistical power to
detect small differences between subgroups (e.g., age strata
and sex). Therefore, nonsignificant findings in subgroup
analyses should be interpreted cautiously. Nevertheless, data
obtained from a center that follows individuals living with HIV
provide important information regarding the frequency and
demographic characteristics of coinfection.

CONCLUSION

In conclusion, syphilis seropositivity was found to be 25.3% in
a tertiary care center where individuals living with HIV were
followed. It is important not to overlook syphilis coinfection
in individuals living with HIV, and regular syphilis screening
should be maintained at the time of diagnosis and throughout
follow-up. Data obtained from different centers will better
elucidate the epidemiology of HIV and syphilis coinfection
and contribute to the development of screening strategies.
Multicenter studies with larger populations are needed to
better clarify the epidemiology of HIV and syphilis coinfection
and optimize screening strategies.
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ABSTRACT

Objective: Epilepsy involves dysregulated inflammatory pathways and oxidative stress
(OS). Nitric oxide (NO), an endogenous vasodilator, may exert neurotoxic effects under
OS. D-limonene, a monoterpene with antioxidant and anti-inflammatory properties, can
modulate these processes. This study addressed the neuroprotective effects of D-limonene
by assessing its influence on NO levels in serum and brain tissue and its interaction with
sodium valproate (VPA) in a penicillin-induced epilepsy model in rats.

Materials and Methods: Thirty-five male Wistar albino rats (12-16 weeks, 200+50 g) were
clustered into 5 groups (n=7): control (penicillin 500 IU, 2.5 pL, i.c.); D-limonene 50 mg/kg +
penicillin 500 1U; D-limonene 100 mg/kg + penicillin 500 1U; VPA 300 mg/kg + penicillin 500
IU; and combination (D-limonene 100 mg/kg + VPA 300 mg/kg + penicillin 500 IU). Treatments
were administered intraperitoneally. NO levels were determined using a commercial
colorimetric assay kit. Data were analyzed using one-way ANOVA followed by Sidak’s multiple
comparisons test and are presented as mean=SD, with statistical significance set at p<0.05.
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Results: Serum NO peaked in the penicillin group (568.0+84.95 umol/L) and decreased dose-
dependently with D-limonene (490.5+86.12; 347.6+25.39 umol/L). VPA further reduced NO
(259.0+20.04 umol/L), whereas the combination modestly increased it (390.6+74.95 umol/L).
Tissue NO showed a similar trend, with the lowest level observed with VPA (120.4+12.60
pmol/L) and partially restored by combination treatment (168.8+20.85 umol/L).

Conclusion: D-limonene reduced NO levels dose-dependently. VPA had a strongerinhibitory
effect, whereas their combination attenuated this inhibition, suggesting that D-limonene
may modulate NO metabolism and confer neuroprotection in experimental epilepsy.

Keywords: D-limonene, epilepsy, neuroprotection, nitric oxide, oxidative stress, sodium
valproate.

INTRODUCTION

Epilepsy is a complex neurological disorder characterized by spontaneous and recurrent seizures
arising from abnormal neuronal hyperexcitability and hypersynchronization.! The cellular and
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molecular mechanisms underlying the disease have been
extensively investigated through clinical observations and
experimental animal models. During seizures, increased
neuronal activity and metabolic demand lead to mitochondrial
dysfunction and excessive production of reactive oxygen and
nitrogen species (ROS and RNS). This process overwhelms the
brain’s antioxidant defense capacity, resulting in oxidative and
nitrosative stress (OS and NS), which contributes to neuronal
damage and the progression of epileptogenesis. Furthermore,
findings from status epilepticus models, including elevated
lipid peroxidation, decreased antioxidant enzyme activity,
and disruptions in mitochondrial membrane integrity, provide
strong evidence supporting these mechanisms.?

Nitric oxide (NO) plays a pivotal role as both a physiological
neuromodulatorandapathologicaleffectorwhenoverproduced
during seizure-induced neuronal hyperexcitability. Excessive
NO production via inducible nitric oxide synthase (iNOS) leads
to the formation of peroxynitrite, a highly reactive oxidant that
exacerbates mitochondrial dysfunction, protein nitration, and
neuronal injury, ultimately increasing seizure susceptibility and
contributing to epileptogenesis.?

Current antiepileptic drugs (AEDs), including valproic acid
(VPA) and carbamazepine, provide symptomatic control by
targeting ion channels or synaptic transmission. However, their
efficacy in addressing redox balance and neuroinflammation
remains limited.* Furthermore, long-term AED use may induce
hepatic oxidative stress (OS) or impair antioxidant enzyme
activity.> Consequently, identifying natural compounds with
antioxidant and anti-inflammatory properties represents a
promising adjunctive approach to reducing seizure-related
neuronal damage and improving outcomes.5’

D-limonene is a naturally occurring monoterpene (Fig. 1) that
is abundant in citrus essential oils and recognized for its wide
range of biological activities. A growing body of evidence
indicates its capacity to modulate oxidative and inflammatory
processes within the nervous system, thereby contributing
to neuronal protection. In preclinical studies, D-limonene
has been associated with reduced oxidative damage and
improved redox homeostasis, indicating its potential value as
a natural compound in neurological disorders characterized
by OS and NS, such as epilepsy.?

In view of the limitations of current antiepileptic
pharmacotherapy and the need for safer, multi-target agents,
exploring the potential of D-limonene to mitigate OS and
regulate NO metabolism in epilepsy models may offer
valuable translational insights. Therefore, this study aimed
to examine the neuroprotective and NO-modulating effects
of D-limonene in a penicillin-induced experimental epilepsy
model in rats and to compare its efficacy with that of VPA.
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KEY MESSAGES

« D-limonene modulates nitric oxide levels in exper-
imental epilepsy. D-limonene reduces nitrosative
stress in a dose-dependent manner.

+ Valproic acid produces stronger suppression of NO
levels. Co-administration reveals a regulatory rather
than additive interaction.

+ Findings support D-limonene as a potential adjunct
neuroprotective agent.
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Figure 1. Chemical structure of D-limonene. D-limonene
is a monocyclic monoterpene hydrocarbon widely
distributed in citrus fruits and known for its antioxidant and
neuroprotective properties.

MATERIALS AND METHODS
Study Design and Ethical Approval

The study protocol was approved by the Tokat Gaziosmanpasa
University Animal Experiments Local Ethics Committee
(Approval Number: 51879863-35; Date: 07.03.2025). All
experimental procedures were conducted in accordance
with the principles outlined in the European Union Directive
for the protection of animals used for scientific purposes
(2010/63/EV).

Experimental Animals and Housing

Thirty-five male Wistar albino rats aged 12-16 weeks and
weighing approximately 200+50 g were used in the study.
The animals were housed under controlled laboratory
conditions at 23+2 °C with a 12-hour light/dark cycle and
had free access to standard laboratory chow and water. Rats
that did not meet the inclusion criteria were excluded from
the study.

Experimental Groups

The remaining animals were randomly allocated into five
experimental groups (n=7 per group):

Group 1 (control + penicillin): received intracortical (i.c.)
penicillin (500 IU in 2.5 plL) together with intraperitoneal
(i.p.) saline (1 mL).?
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Group 2: received D-limonene (50 mg/kg, i.p.) combined with
penicillin (500 IU in 2.5 pL, i.c.).’

Group 3:received D-limonene (100 mg/kg, i.p.) combined with
penicillin (500 IU in 2.5 pL, i.c.)."

Group 4 (positive control-VPA): received sodium valproate
(VPA, 300 mg/kg, i.p.) together with penicillin (500 IU in 2.5
pL, i.c.).M

Group 5: received D-limonene (100 mg/kg, i.p.) and sodium
valproate (VPA, 300 mg/kg, i.p.) together with penicillin
(500 1U in 2.5 L, i.c.).

Drug Administration

Penicillin (Sigma-Aldrich, USA), D-limonene [(R)-(+)-limonene,
97%, Sigma-Aldrich; Cat. No. 183164-500ML], and sodium
valproate (Sanofi, France) were used in this study. Penicillin
was dissolved in physiological saline before administration.
All chemicals were administered via the intraperitoneal (i.p.)
route 30 minutes after penicillin injection. All drugs were
freshly prepared immediately before administration and
administered under sterile conditions. The selected doses
were based on previously published studies demonstrating
anticonvulsant and neuroprotective effects.®"

Electrocorticographic Recording Procedure

After anesthesia with urethane, the rats were positioned in a
stereotaxic apparatus (Harvard Stereotaxic Instrument, USA).
A rostrocaudal scalp incision (~3 cm) was made, and the soft
tissue covering the left somatomotor cortex was carefully
removed. The skull was thinned using a rotary drill.

Electrocorticographic (ECoG) recordings were obtained using
two Ag/AgCl ball electrodes, and an Ag/AgCl clamp electrode
served as the ground. The positive electrode was placed 1
mm anterior to the bregma and 2 mm lateral to the sagittal
suture, whereas the negative electrode was positioned 5 mm
posterior to the bregma and 2 mm lateral to the sagittal suture.
A grounding electrode was attached to the right ear.

Body temperature was maintained at 37 °C using a
homeothermic heating blanket connected to a rectal probe
(Harvard Instruments, USA). Cortical electrophysiological signals
were amplified and recorded using an MP150 data acquisition
system with an EEG-100C amplifier (Biopac Systems, USA).

After intracortical penicillin administration, the development
of epileptiform activity was confirmed by the appearance of
characteristic spike discharges in the ECoG recordings. ECoG
recordings were used solely to verify the successful induction
of epileptiform activity, and quantitative ECoG parameters
were not evaluated as outcome measures in the present study.

Ozsahin Delibas et al. Influence of Limonene on NO in Epilepsy

Biochemical Analysis

Brain tissue samples were rinsed three times with cold saline
and dried using filter paper. Fresh tissues were weighed using
a precision balance and homogenized at a ratio of 1:9 (w/v)
in phosphate-buffered saline (PBS; Sigma-Aldrich, P4417,
Lot #SLCH5832; pH 7.2-7.6) on ice using a Teflon-tipped
homogenizer (Bandelin, Germany).

The homogenates were centrifuged at 5000xg for 5 minutes
at 4 °C. Supernatants were collected and stored at —80 °C until
analysis.

For biochemical analyses, plasma and tissue homogenates
were thawed on ice, and all measurements were normalized to
total protein content. Protein concentrations were determined
using the Thermo Scientific™ Pierce™ BCA Protein Assay Kit
(Catalog Nos. 23225 and 23227).

NO levels in plasma and tissue samples were quantified using
a commercially available colorimetric assay kit (Elabscience,
Catalog No. E-BC-K035-S) according to the manufacturer’s
instructions.

Statistical Analysis

Statistical analyses were performed using SPSS software
(version 26.0;IBM Corp., Armonk, NY, USA). Differences between
groups were analyzed using one-way analysis of variance
(ANOVA) followed by Sidak’s multiple comparisons test. Data
are presented as mean+SD, and statistical significance was set
at p<0.05.

RESULTS

Biochemical analyses were performed to evaluate the dose-
dependent effects of D-limonene (50 and 100 mg/kg, i.p.) and
compare them with those of the reference anticonvulsant VPA
(300 mg/kg, i.p.) on NO levels in penicillin-induced epileptic
rats. VPA was used as a positive control because of its well-
documented anticonvulsant efficacy. The results are presented
as mean=SD.

Table 1 presents the effects of D-limonene and VPA on serum
and brain NO levels in penicillin-induced epileptic rats. The
PEN-G group showed the highest NO concentrations in both
serum and tissue, confirming enhanced nitrosative stress after
penicillin administration. Treatment with D-limonene resulted in
a dose-dependent decrease in NO levels, which was significant
at 50 mg/kg (*p<0.01) and more pronounced at 100 mg/kg
(**p<0.001). VPA administration caused the most substantial
reduction in NO concentrations (***p<0.0001), whereas the
combination of D-limonene (100 mg/kg) and VPA slightly
increased NO levels compared with VPA alone but remained
significantly lower than those in the PEN-G group (Fig. 2).
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Table 1. Effects of D-limonene and VPA on serum and brain
tissue NO levels in epileptic rats

Serum NO Brain tissue NO

Groups
(pmol/L) (nmol/g protein)

PEN-G 568.0+84.95 310.2+30.11
PEN-G + D-LIM 50 490.5+86.12°* 244.9+29.16%*
PEN-G + D-LIM 100 347.6+25.39** 238.5+32,19%*
PEN-G + VPA 259.0+20.04*** 120.4+12.60%**
PEN-G + D-LIM 100 + VPA 390.6+74.95* 168.8+20.85***

PEN-G: Penicillin; D-LIM: D-limonene; VPA: Valproic acid; NO: Nitric oxide; SD:
Standard deviation. Values are expressed as mean+SD (n=7 per group). Data
were analyzed using one-way ANOVA followed by multiple comparisons tests.
Overall one-way ANOVA indicated significant differences among groups for
serum NO (p=0.0011) and brain tissue NO (p<0.0001). Statistical significance is
indicated as follows: ***p<0.0001, **p<0.001, and *p<0.01 vs. the PEN-G group;
#p<0.05 vs. the PEN-G + D-LIM 100 group; #p<0.001 vs. the PEN-G + VPA group;
*p<0.01 vs. the PEN-G + D-LIM 100 + VPA group.

Serum NO
Tissue NO
* g P
@ - : = 3 400 E
= = =1 EEE
£ 500 | —‘ &
= p
] 1
i 200~
200 e ‘ ‘
(1] T T T - T

Groups Groups
PEN G

PEN G + d-LIM 50

PEN G + d-LIM 100

PEN G +VALP

Figure 2. Effects of D-limonene and valproic acid (VPA) on
serum and brain nitric oxide (NO) levels in penicillin-treated
rats. Data are presented as mean+SD (n=7 per group).
Data were analyzed using one-way ANOVA followed by
Sidak’s multiple comparisons test. Overall ANOVA showed
significant differences in serum (p=0.0011) and tissue NO
levels (p<0.0001).

*p<0.01, **p<0.001, ***p<0.0001 vs. PEN-G.

A comparable pattern was observed in brain tissue. The
highest tissue NO level was recorded in the PEN-G group
(310.2+30.11 umol/g protein), whereas VPA treatment
yielded the lowest value (120.4+12.60 pmol/g protein;
**¥*5<0.0001). Both doses of D-limonene significantly
reduced NO levels compared with PEN-G, and the combined
treatment produced intermediate levels, indicating partial
attenuation of VPA's inhibitory effect.
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Furthermore, the intergroup comparisons denoted by #
(p<0.001) and - (p<0.01) revealed that D-limonene, either
alone or in combination with VPA, significantly modulated NO
concentrations relative to the VPA and combination groups,
respectively. Collectively, these findings demonstrate the
distinct and dose-dependent effects of D-limonene and VPA
on NO metabolism in serum and brain tissue.

DISCUSSION

Epilepsy is a complex neurological disorder involving OS
and neuroinflammation. Recurrent seizures can lead to
increased metabolic demand and mitochondrial dysfunction,
resulting in higher levels of ROS and RNS, which can disrupt
neuronal homeostasis and redox equilibrium. This imbalance
between pro-oxidant and antioxidant systems can lead to
excitotoxicity.”* As Basha et al.'? suggest, this interplay is
important for understanding oxidative and inflammatory
cascades as therapeutic targetsin epilepsy. Natural compounds,
particularly terpenes and other constituents of essential oils
(EOs), have attracted interest because of their ability to restore
redox balance, inhibit microglial activation, and preserve
mitochondrial integrity, thereby reducing epileptogenesis.'>"

EOs are biologically active hydrocarbons comprising
oxygenated derivatives and complex mixtures. These natural
compounds have notable properties and, as such, are used in
cosmetics, hygiene products, and food preservation. Recent
research has highlighted their antioxidant and neuroprotective
properties, with investigations into their use in the treatment
of neurological disorders. A large number of plant-derived
EOs have been reported to cross the blood-brain barrier with
minimal toxicity, indicating their potential as therapeutic
agents for conditions such as epilepsy and depression.™

The findings indicate that the antioxidant and anti-inflammatory
properties of D-limonene may provide neuroprotection
against seizure-induced oxidative damage and neuronal
hyperexcitability. Because of its lipophilic structure, D-limonene
can easily penetrate cellular membranes. This property
contributes to the preservation of mitochondrial integrity
and the mitigation of ROS-mediated neuronal injury. As
demonstrated in previous studies, the anticonvulsant properties
of EOs are predominantly attributed to their capacity to
modulate OS." Similarly, Rani et al.”® and Zhu et al.” emphasized
that monoterpenes such as limonene, linalool, thymol, and
eugenol possess notable antioxidant, anti-inflammatory,
neuroprotective, and anticonvulsant properties that contribute
to the maintenance of neuronal redox balance. In addition, plant-
derived EOs rich in limonene and a-pinene have been reported
to reduce seizure duration and mortality in pentylenetetrazol
(PTZ)-induced animal models.” Collectively, these observations
suggest that D-limonene mitigates epileptogenesis by
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suppressing OS and inflammatory responses, offering a plausible
mechanistic basis for its therapeutic potential in epilepsy.'>® In
addition to its antioxidant properties, previous experimental
studies indicate that D-limonene may regulate NO production
by suppressing inflammatory signaling pathways. Specifically,
inhibition of INOS expression and reduction of pro-inflammatory
cytokines such as IL-1B and TNF-a have been reported after
limonene administration, suggesting that attenuation of
neuroinflammation may contribute to the observed decrease in
NO levels.8'¢

Evidence shows that mitochondrial dysfunction, OS and NS,
and neuroinflammation are interrelated and play key roles
in the development of epilepsy. In drug-resistant epilepsy
(DRE), mitochondrial impairment and redox imbalance can
directly contribute to neuronal hyperexcitability and disease
progression.'” Disruptions in mitochondrial redox homeostasis
also compromise energy metabolism, leading to recurrent
seizures and epileptogenesis.'® These findings suggest that OS
is not merely an outcome but functions as a self-perpetuating
“vicious cycle” that triggers neuronal damage in epilepsy.
Consistent with this concept, experimental and clinical studies
have demonstrated that excessive production of reactive
oxygen and nitrogen species contributes to neuronal injury
and seizure propagation in epilepsy models. Therefore,
therapeutic strategies aimed at restoring redox balance and
limiting nitrosative stressare considered importantapproaches
for reducing seizure-related neuronal damage.'"”18

In parallel, Alshehri et al.2 demonstrated that status epilepticus
(SE) involves several factors, including mitochondrial
dysfunction, OS and NS, and inflammation. Li et al.* described
epilepsy as a multifactorial disorder involving the interplay of
0S, neuroinflammation, and ion channel dysfunction. These
authors also suggested that natural antioxidant compounds
may serve as adjunctive agents alongside AEDs to restore
redox and neuroinflammatory balance.

The study by Banach et al. revealed that NO plays an important
neuromodulatory role in the pathophysiology of epilepsy.
According to their findings, NO regulates neuronal excitability
and synaptic transmission within the nervous system, exhibiting
either proconvulsant or anticonvulsant effects depending on
physiological conditions. This bidirectional profile suggests
that NO may act as both a trigger and a modulator in
epileptogenesis. Therefore, in the development of NO-targeted
therapeutic strategies, careful optimization of variables such
as dose, timing, and target region is crucial to achieving an
effective balance between its dual actions. This study aimed
to address the neuroprotective potential of D-limonene in an
experimental penicillin-induced epilepsy model through the
assessment of NO levels in brain tissue and serum.

Ozsahin Delibas et al. Influence of Limonene on NO in Epilepsy

Seo et al.?® reported that D-limonene exhibited a remarkable
anticonvulsant effect in a PTZ-induced epilepsy model. The
study revealed that D-limonene decreased seizure severity in
a dose-dependent manner by enhancing GABA synthesis and
decreasing neuronal excitability. These findings are consistent
with the NO-regulating effects of D-limonene observed in the
present study, supporting its potential role as a protective
mechanism during epileptogenesis. In the study by Tang et
al.'® D-limonene was reported to reverse corticosterone-
induced NO elevation and reduce iNOS expression, thereby
restoring NO balance. These findings provide further evidence
for the NO-regulating effects of D-limonene, as observed
in the present study. In the present study, ECoG recordings
were performed solely to verify the successful induction of
epileptiform activity and were not analyzed as quantitative
outcome parameters.

Jiang et al?' reported that D-limonene exerted a marked
neuroprotective effect in an LPS-induced neuroinflammation
model, primarily through the suppression of inflammatory
responses. They also observed that the lower dose was
more effective than the higher dose, suggesting a dose-
response relationship linked to the pharmacokinetic profile
of D-limonene. In line with these findings, the present study
investigated two different doses of D-limonene to evaluate
its dose-dependent effects. The results demonstrated that
the 100 mg/kg dose had a stronger regulatory effect on NO
levels, indicating that higher concentrations of D-limonene
may enhance the control of oxidative and inflammatory
mechanisms associated with epileptogenesis.

Eddin et al.? reported that D-limonene reduced NO levels in
models of PTZ- and maximal electroshock (MES)-induced
epilepsy and consequently alleviated OS and NS. These
findings are consistent with the NO-suppressing and redox-
stabilizing effects of D-limonene observed in the present
study. Furthermore, Zhu et al? highlighted the importance
of neuronal iINOS-expressing cells in the development of
temporal lobe epilepsy (TLE). A decrease in iNOS and NO
production has been linked to abnormal changes in synaptic
activity, highlighting the vital role of NO as a signaling
molecule and a key player in network activity and stability.
Importantly, NO has a dual role in the nervous system, acting
as both a neuroprotective signaling molecule and a mediator
of neuronal injury depending on its concentration and cellular
context. This bidirectional role may help explain why the
combination of D-limonene and VPA resulted in moderately
higher NO levels compared with VPA alone in the present study,
suggesting a potential modulatory effect of D-limonene on
physiological NO signaling rather than a simple antagonistic
interaction 3"
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Kadam et al® reported that VPA induces OS and mitochondrial
dysfunction through increased ROS formation and glutathione
depletion. In agreement with these findings, the present
study demonstrated that VPA markedly reduced NO levels,
indicating a disruption in redox signaling linked to mitochondrial
impairment. Moreover, D-limonene modulated this reduction
in a dose-dependent manner, suggesting that its antioxidant
and mitochondrial-protective properties may contribute to the
restoration of physiological NO homeostasis and redox balance.
Although the combination group showed numerically higher
NO levels than the VPA group, the difference was not statistically
significant; therefore, this finding does not support a definitive
antagonistic effect of D-limonene on VPA but rather suggests a
possible modulatory interaction that warrants further investigation.

Collectively, the evidence highlights a shared mechanism
linking OS, mitochondrial dysfunction, and NO dysregulation
in epileptogenesis. Within this framework, the present study
demonstrates that D-limonene restores redox balance by
modulating NO metabolism. By combining antioxidant,
antinitrosative, and  mitochondrial-protective  actions,
D-limoneneemergesasapromisingadjunctiveneuroprotective
candidate that may enhance the therapeutic efficacy of
conventional antiepileptic drugs and alleviate their redox-
related adverse effects. Taken together, the present findings,
together with previous experimental evidence, suggest that
D-limonene may exert neuroprotective effects in epilepsy
through modulation of OS, suppression of neuroinflammatory
pathways, and regulation of NO homeostasis.52°2'

This study has several limitations that should be considered when
interpreting the findings. First, the absence of a sham control
group limits the evaluation of baseline NO levels independent
of penicillin administration. Second, electrocorticographic
recordings were used only to confirm the induction of
epileptiform activity and were not analyzed as quantitative
outcome parameters. In addition, seizure severity, behavioral
assessments, and additional OS markers were not evaluated in
the present study. Future studies including these parameters
may provide a more comprehensive understanding of the
neuroprotective effects of D-limonene in experimental epilepsy.

CONCLUSION

This study revealed that D-limonene exerted a dose-
dependent neuroprotective effect by reducing NO levels in a
penicillin-induced epilepsy model. Although VPA produced
stronger inhibition of NO synthesis, coadministration with
D-limonene partially reversed this suppression, suggesting that
D-limonene helps maintain physiological NO balance. Overall,
these findings indicate that D-limonene’s modulation of NO
metabolism contributes to reduced OS and preservation of
redox homeostasis, supporting its potential as a complementary
agent alongside VPA in epilepsy management.
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Objective: To evaluate the diagnostic accuracy and reliability of closed-source, multimodal
large language models (LLMs)—ChatGPT-40, ChatGPT-4.5, and Gemini 2.5 Pro—in detecting
acute knee fractures on radiographs compared with an emergency medicine specialist and
a radiologist.

Materials and Methods: This retrospective study included 252 patients who underwent
both knee radiography and CT between September 2023 and July 2025. Fracture status was
determined by CT and reviewed by radiologists. Anteroposterior and lateral radiographs
were independently assessed by an emergency medicine specialist, a radiologist, and three
LLMs. Diagnostic performance was evaluated using sensitivity, specificity, predictive values,
likelihood ratios, accuracy, and area under the curve (AUC). Reliability was assessed using
Cohen’s kappa and McNemar’s tests.

Results: According to CT findings, fractures were present in 23.08% (n=58) of patients. The
LLMs demonstrated low sensitivity: ChatGPT-40, 37.9%; ChatGPT-4.5, 13.8%; and Gemini 2.5
Pro, 10.3%, with moderate overall accuracy (72-77%). In contrast, the radiologist achieved
92.1% accuracy, with high sensitivity (77.6%) and specificity (96.4%), whereas the emergency
medicine specialist showed 83.7% accuracy. AUC comparisons revealed significantly higher
diagnostic performance for clinicians, particularly radiologists, than for all LLMs (p<0.05).
Consistency analysis showed moderate agreement for ChatGPT-40, slight agreement for
ChatGPT-4.5, and substantial agreement for Gemini 2.5 Pro.

Conclusion: Closed-source LLMs performed worse than clinicians in diagnosing acute knee
fractures on radiographs, with a high risk of missed fractures. Although they may support
triage by reliably identifying normal cases, they are not sufficient for standalone diagnostic use.

Keywords: Fracture, knee trauma, large language models, radiology, X-ray.

INTRODUCTION

Acute knee injury, one of the most common reasons for emergency department admission, is a
musculoskeletal condition that is generally not difficult to diagnose. Early detection and accurate
diagnosis are critically important for preventing limited mobility, instability, and deformity.'*
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Because the knee has a complex structure, its components
may be damaged either individually or in combination.?
Conventional X-ray is usually sufficient for imaging®
Anteroposterior (AP) and lateral views are preferred; however,
oblique imaging may sometimes be required.® In cases of
suspected fracture, additional imaging with computed
tomography (CT) is a rapid and effective modality. However,
similar to X-ray, CT involves ionizing radiation and should
therefore be reserved for selected cases.”®

In recent years, advances in artificial intelligence (Al)
and deep learning have begun to transform radiology
practice. Al-based programs designed to detect acute
fractures on radiographs have been developed, but their
clinical application remains limited because they require
subscription-based access.’ In addition to these Al-supported
programs, large language models (LLMs) have been
reported to have significant potential in many healthcare
applications.’®'2 Although initially developed for text-based
tasks, LLMs have subsequently gained new multimodal
capabilities, such as lesion recognition and classification in
radiological images.'*"®

However, the use of LLMs such as ChatGPT and Google Gemini
in the diagnosis of acute knee fractures remains largely
unexplored. By combining image encoding with reasoning,
these models may have the potential to facilitate workflow in
emergency departments and radiology practice. Furthermore,
understanding their performance in comparison not only
with image-focused Al applications but also with clinicians is
important.

In this study, we aimed to evaluate the accuracy and
reliability of closed-source multimodal LLMs in predicting
fractures in acute knee trauma by comparing them with
an emergency medicine specialist and a radiologist and
to assess whether they can be integrated into daily clinical
practice.

MATERIALS AND METHODS
Study Design

This retrospective study was conducted in patients with
isolated knee trauma or multiple trauma who were admitted
to the emergency department of a tertiary hospital. The
study was carried out in accordance with the Declaration of
Helsinki and was approved by Gaziantep City Hospital Non-
Interventional Clinical Research Ethics Committee (Approval
Number: 211/2025, Date: 18.06.2025). Patients who presented
between September 2023 and July 2025 and underwent both
knee radiography and knee CT on the same day were included.
The decision to perform imaging was made by the attending
emergency medicine specialist.

Konukoglu et al. A comparative study

KEY MESSAGES

+ Large language models showed lower sensitivity
and accuracy than clinicians in detecting acute knee
fractures on radiographs.

« They performed relatively well in identifying normal
cases but frequently missed fractures, limiting their
standalone clinical use.

+ LLMs may support triage and decision-making;
however, further development and validation with
larger, diverse datasets are essential.

CT scans were evaluated independently by two radiologists,
andthefinaldiagnosisoffracture was established by consensus.
In cases of disagreement, a third radiologist reviewed the case
to reach the final decision. Radiologists were allowed to use
3D-reformatted CT images during their assessment. Patients
with a history of knee surgery or prosthesis were excluded.

Atotal of 252 patients were included. According to CT findings,
76.98% (n=194) had no fracture and 23.08% (n=58) had a
fracture. The distribution of fracture sites was as follows: tibia,
43.1% (n=25); femur, 22.41% (n=13); fibula, 6.9% (n=4); and
patella, 27.59% (n=16). After anonymization, anteroposterior
(AP) and lateral radiographs were converted into JPEG format
and presented to both clinicians and LLMs.

Study Protocol

The emergency medicine specialistand the radiologist, each with
more than 10 years of professional experience, independently
evaluated all images without access to CT findings. The
anonymized images were uploaded in JPEG format to ChatGPT-
40, ChatGPT-4.5, and Gemini 2.5 Pro. Standardized prompts
were used for each model to minimize variation in wording. The
primary instruction was as follows: “Please analyze the following
post-traumatic knee X-ray images (anteroposterior and lateral).
Is there any fracture? If the answer is yes, which bone is broken?”
No additional clinical information other than the patient’s age,
sex, and a history of acute knee trauma was provided. Each
question was repeated once to test output stability. The same
wording and order were maintained for all models. No iterative
prompting or feedback-based refinement was performed to
preserve comparability among the models (Fig. 1).

To assess model reliability, the same images were uploaded
again 2 weeks later, and the same questions were asked.'®

ChatGPT models (GPT-40 and GPT-4.5; OpenAl, San Francisco,
CA, USA) and Gemini 2.5 Pro (Google LLC, Mountain View, CA,
USA) were used under licensed subscriptions in accordance
with their respective terms of use.
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The following images show post-traumatic knee lateral and anterior-
posterior radiographs of a 46-year-old female patient. Can you spot a
fracture? Yes or No. if the answer is yes, which bone s broken?

Sure, | can help with that. Please upload the radiograph images so | can analyze them for any signs of
fracture. Once the images are uploaded, I'll review them and provide a clear answer.

Yes, there is a fracture visible in the radiographs,

The fracture involves the proximal fibula (head/neck of the fibula) on the left knee. On both the lateral and

anterior-posterior [AP) views, a clear break in the continuity of the fibular cortex can be seen—suggestive of

a proximal fibular fracture.

Figure 1. A 44-year-old woman presented with a history of knee trauma. A proximal fibular fracture is visible (arrows).

ChatGPT-40 provided the correct answer.

The following images show post-traumatic knee lateral and anterior

posteior radiographs of a 33-year-old male patient. Can you spot a
fracture? Yes or No. If the answer is yes, which bone is broken?

Please upload the images you'd like me to examine, and Il gladly help determine if there's a fracture and

identify which bone is imvolved

Based on the provided radiographs (lateral and anterior-posterior views), there is a fracture.

The fractured bo

is the patefla (kneecap). Specifically, it appears to be a transverse fracture across the

patella, clearly visible in the lateral radiograph view

Figure 2. A 39-year-old male patient presented with a history of knee trauma. A tibial plateau fracture is visible (arrows).

ChatGPT-4.5 provided an incorrect answer.

Statistical Analysis

Data analysis was performed using SPSS (Statistical Package
for the Social Sciences for Windows, version 27.0). Descriptive
statistics for continuous variables were expressed as means
and standard deviations, whereas categorical variables were
presented as frequencies and percentages.

Receiver operating characteristic (ROC) curve analysis was used
to determine cutoff values. Based on these values, chi-square and
McNemar tests were applied to categorical variables. Diagnostic
performance was evaluated using sensitivity, specificity, positive
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predictive value (PPV), negative predictive value (NPV), positive
and negative likelihood ratios (LR+ and LR-), and accuracy. The
Delong test was used to compare the areas under the ROC
curves (AUCs) between each pair of raters (LLMs, emergency
medicine physician, and radiologist) to determine statistically
significant differences in diagnostic performance. Model
reliability was assessed using Cohen’s kappa statistic.

Using an alpha level of 0.05, a power of 80%, and a small
effect size (Cohen’s d=0.115) based on previous studies, the
minimum required total sample size was calculated to be
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0.022 3793 8196 039 0.82

159(81.96) 36(62.07) 10.092 0.001 0.599(0.512-0.687)

Absent

ChatGPT-40

35(18.04) 22(37.93)

Present

13.79 9639 0.53 079 382 089 7738

0.239

50(86.21) 8.274 0.004 0.551(0.463-0.639)

187 (96.39)

Absent

ChatGPT-4.5

8(13.79)

7 (3.61)

Present

0.97 74.52

1.41

0.120 1034 92,68 0.29 0.79

0.567 (0.478-0.656)

190 (97.94) 49(84.48) 16.523 <0.001

Absent

Gemini 2.5 Pro

9(15.52)

4 (2.06)

Present

77.59 9639 087 094 215 023 92.06

<0.001

<0.001 0.870 (0.804-0.936)

149.211

187 (96.39) 13(22.41)
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83.73

11.47 061

<0.001 4138 96.39 0.77 0.85

<0.001 0.689 (0.601-0.777)

59.047

187 (96.39) 34(58.62)

Absent
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Figure 3. ROC curves of the LLMs and clinicians for the
detection of knee fractures.

approximately 142 patients.'® All consecutive eligible patients
who met the inclusion criteria during the study period
(September 2023-July 2025) were included to maximize
statistical power, resulting in a total of 252 patients, including
58 fracture-positive cases.

RESULTS

The mean age of the patients was 33.87+20.85 years. Of the
total patients, 69.84% (n=176) were male and 30.16% (n=76)
were female.

The diagnostic performance of clinicians and LLMs is
presented in Table 1.

ChatGPT-40 demonstrated a sensitivity of 37.93%,
misclassifying most fracture cases, but achieved a specificity
of 81.96%, successfully identifying normal radiographs. Its
PPV was 0.39, indicating low reliability for positive predictions,
whereas its NPV was 0.82, indicating moderate reliability for
negative predictions. The LR+ of 2.1 and LR— of 0.76 indicated
limited diagnostic strength. Overall accuracy was 71.83%,
reflecting poor diagnostic performance and high rates of
both false negatives and false positives.

ChatGPT-4.5 showed very low sensitivity (13.79%),
misinterpreting most fracture cases (Fig. 2). Its specificity
was 96.39%, effectively ruling out fractures. The PPV (0.53)
indicated that approximately half of the positive predictions
were correct, whereas the NPV (0.79) demonstrated moderate
reliability for negative predictions. With an LR+ of 3.82 and an
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Table 2. Comparison of areas under curves

J Clin Pract Res 2026;48(2):176-182

Difference in AUC (95% CI) 753 p*
Emergency medicine specialist - ChatGPT-40 0.0894 (0.001-0.178) 1.981 0.048
Emergency medicine specialist - ChatGPT-4.5 0.138 (0.053-0.223) 3.184 0.002
Emergency medicine specialist - Gemini 2.5 Pro 0.122 (0.042-0.202) 2.975 0.003
Radiologist - ChatGPT-40 0.27 (0.185-0.356) 6.191 <0.001
Radiologist — ChatGPT-4.5 0.319 (0.242-0.396) 8.145 <0.001
Radiologist — Gemini 2.5 Pro 0.303 (0.225-0.380) 7.663 <0.001
ChatGPT-40 — ChatGPT-4.5 0.0485 (-0.024-0.121) 1.316 0.188
ChatGPT-40 - Gemini 2.5 Pro 0.0322 (-0.038-0.102) 0.900 0.368
ChatGPT-4.5 — Gemini 2.5 Pro 0.0164 (-0.025-0.0579) 0.771 0.441
Emergency medicine specialist - Radiologist 0.181 (0.116-0.246) 5.442 <0.001

Cl: Confidence interval; *DeLong test for comparing the statistical significance between two correlated ROC curves; p: Significance (<0.05).

LR— of 0.89, the model exhibited only moderate discriminative
capacity. Accuracy was 77.38%, indicating moderate overall
reliability. Although it accurately recognized normal cases, its
poor fracture detection resulted in a high risk of false negatives.

Gemini 2.5 Pro had the lowest sensitivity (10.34%) but a
specificity of 92.68%. Its PPV was 0.29, indicating that most
positive results were incorrect, whereas its NPV was 0.79,
indicating moderate reliability for negative findings. The LR+
(1.41) and LR- (0.97) values confirmed weak discriminative
performance. Its overall accuracy was 74.52%.

In contrast, the radiologist achieved a sensitivity of 77.59%,
specificity of 96.39%, PPV of 0.87, NPV of 0.94, LR+ of 21.5,
LR- of 0.23, and accuracy of 92.06%, demonstrating excellent
diagnostic performance. The emergency medicine specialist
achieved a sensitivity of 41.38%, specificity of 96.39%, PPV of
0.77, NPV of 0.85, LR+ of 11.47, LR— of 0.61, and accuracy of
83.73%, indicating above-moderate overall accuracy. The ROC
curves comparing clinicians and LLMs are shown in Figure 3.

Pairwise AUC comparisons revealed significantly higher diagnostic
performance for clinicians, particularly radiologists, than for
all LLMs (p<0.05). When the emergency medicine specialist
was compared with the LLMs, the performance difference
was statistically significant for ChatGPT-4o (difference=0.089,
95% Cl: 0.001-0.178; Z=1.981; p=0.048), ChatGPT-4.5
(difference=0.138, 95% Cl: 0.053-0.223; p=0.002), and Gemini 2.5
Pro (difference=0.122, 95% Cl: 0.042-0.202; p=0.003).

The radiologist’s AUC values were much higher than those of
all LLMs, with differences ranging from 0.27 to 0.32 (p<0.001
for all). These results confirm that LLMs cannot yet provide
diagnostic accuracy comparable to that of human experts. No
significant AUC differences were observed among the three
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LLMs (p>0.05). Between clinicians, the radiologist’s AUC was
significantly greater than that of the emergency medicine
specialist (difference=0.181; 95% Cl: 0.116-0.246; Z=5.442;
p<0.001) (Table 2).

Cohen’s kappa analysis showed moderate agreement
for ChatGPT-40 (k=0.487, p<0.001), slight agreement for
ChatGPT-4.5 (k=0.104, p<0.001), and substantial agreement
for Gemini 2.5 Pro (k=0.717, p<0.001). ChatGPT-40 exhibited
moderate repeatability, with some inconsistency between
repeated evaluations. ChatGPT-4.5 showed limited consistency,
whereas Gemini 2.5 Pro demonstrated high repeatability but
not complete stability.

McNemar’s test yielded significant results for all three LLMs
(p<0.001), indicating systematic error or imbalance in their
classification tendencies.

DISCUSSION

In this study, we evaluated the performance of three closed-
source LLMs in diagnosing fractures on knee radiographs
and compared their performance with that of clinicians.
ChatGPT-40 showed an accuracy of 72% and an AUC of 60%,
ChatGPT-4.5 showed an accuracy of 77% and an AUC of 55%,
and Gemini 2.5 Pro showed an accuracy of 75% and an AUC
of 57%. The performance of all LLMs lagged behind that of
clinicians. Moreover, because of their very low sensitivity,
the risk of missed fractures was high. Therefore, the results
demonstrated that these models cannot be used alone for
fracture diagnosis.

LLMs have begun to be used frequently in daily life. In addition,
interest in LLMs among healthcare professionals is steadily
increasing. A recent study showed that ChatGPT's performance
in differential diagnosis was similar to that of clinicians.”
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In a previous study, Mohammadi et al."®* compared the
performance of different versions of ChatGPT with that of
clinicians in diagnosing tibial plateau fractures on 111 knee
radiographs. They found that the models’ performance was
similar to that of clinicians. The findings of our study did
not support these results. The performance of all models
lagged behind that of clinicians. Unlike their study, we also
included lateral radiographs. Nevertheless, the performance
of the models in fracture diagnosis was low. In this study,
we also evaluated the performance of Gemini 2.5 Pro. Its
performance was largely similar to that of the other models,
and the small differences among the models were not
clinically decisive.

Oztiirk et al.,’ in their study of 25 traumatic radiographs
obtained from radiopaedia.org, found that the sensitivity of
ChatGPT-40 in correctly predicting fractures was only 11%,
and they argued that its performance in diagnosing fractures
on radiographs was inadequate. In our study, ChatGPT-40's
sensitivity was 38%, which was slightly higher. Meanwhile, the
sensitivity of ChatGPT-4.5 was 14%, and that of Gemini 2.5 Pro
was 10%, both lower than that of ChatGPT-40. These results, as
also noted by Oztiirk et al.,’® demonstrated that these LLMs are
inadequate in correctly processing visual information and that
their capabilities are not yet reliable for medical use.

Another study, Buyuktoka et al.,”® evaluated the performance
of ChatGPT-4.5, ChatGPT-40-mini-high, and Gemini 2.5
Pro in pediatric bone age analysis using wrist radiographs.
They concluded that Gemini 2.5 Pro demonstrated the
highest performance among the models. In our study,
however, ChatGPT-4.5 and Gemini 2.5 Pro did not show high
performance in traumatic knee radiographs. This result may
suggest that the performance of LLMs varies depending on
the clinical characteristics of the images.

The poor diagnostic performance of LLMs on traumatic
knee radiographs can be explained by several factors.
Because these models were primarily developed for text-
based data rather than medical imaging, particularly trauma
radiographs, their ability to accurately interpret such complex
visual data may be limited. Furthermore, considering that
the definitive diagnoses in our study were made using CT,
another important consideration is potential selection bias.
Because our cohort included only patients who underwent
both knee radiography and CT, the sample likely represented
more complex or ambiguous trauma cases in which initial
radiographs were insufficient. Consequently, the dataset may
have been skewed toward diagnostically challenging images,
possibly underestimating the actual performance of LLMs in
an emergency department population. Another factor that
may have affected diagnostic fidelity is the conversion of
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DICOM images into JPEG format for compatibility with LLMs.
This process could have introduced compression artifacts and
reduced grayscale depth, which are essential for detecting
subtle contrast cues and fracture lines. Although the images
were converted at the highest possible resolution, even slight
loss of pixel detail could have influenced the LLMs’ visual
interpretation.

Additionally, the McNemar test performed for all LLMs
yielded significant results (p<0.001). This demonstrated
that these models had an imbalance or systematic error in
their classification abilities. Therefore, they currently lack
sufficient capacity for fracture diagnosis and require further
development.

Although not measured, the average response time for each
model was up to 20 seconds afterimage upload, which may be
considered rapid for triage settings. However, total processing
time also depends on upload latency and user interaction;
therefore, a comprehensive evaluation of time efficiency
requires a separate analysis.

Our study had several limitations. First, it was conducted
solely on radiographs. Even in cases requiring further
evaluation, additional tests and physical examination
findings were not provided. Therefore, some clinical
parameters that might have affected performance were
absent. Second, we did not measure the response times of
the models. Although the response times were relatively
short, we did not evaluate their potential contribution to
saving time in emergency clinical practice when considering
the image upload, questioning, and response evaluation
processes. Third, in our study, using CT as the gold standard
for fracture diagnosis may have caused case selection bias
and affected the performance of LLMs.

CONCLUSION

In conclusion, our study demonstrated that the current
capabilities of both ChatGPT versions and Gemini in
diagnosing fractures on traumatic knee radiographs remain
inferior to those of experienced clinicians. Therefore, although
these LLMs are not sufficient for standalone use in fracture
diagnosis, they may be used as supportive tools in the clinical
decision-making process. In particular, their relatively better
performance in interpreting normal radiographs highlights
their potential utility in triage. Future studies with larger
patient populations should incorporate diverse, high-quality
datasets within the clinical context.

Ethics Committee Approval: Ethics committee approval was
obtained from Gaziantep City Hospital Non-Interventional Clinical
Research Ethics Committee (Approval Number: 211/2025, Date:
18.06.2025).
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ABSTRACT

Objective: Inherited kidney diseases (IKDs) significantly contribute to chronic kidney
disease (CKD), particularly in regions with high consanguinity rates. Despite the increasing
availability of next-generation sequencing, evidence regarding its diagnostic and clinical
effectiveness in adult populations remains limited. This study evaluated the diagnostic yield
and clinical implications of genetic testing in adults with suspected IKD.

Materials and Methods: A retrospective analysis of 63 adults who underwent genetic
evaluation for unexplained or familial CKD was performed. Genetic testing used sequencing-
based methods to identify and analyze genes relevant to the clinical phenotype. Clinical and
demographicfactors, diagnostic yield, genetic etiologies, and clinical utility were documented.

Results: The genetic diagnostic yield in this predominantly female cohort, with a mean
age of 37.2+14.9 years, was 54.0%. Autosomal recessive disorders were the most common
inheritance pattern (61.8%). Alport spectrum disorders represented the primary etiology
(67.6%), followed by ciliopathies/cystic diseases (14.7%). The diagnostic yield varied across
clinical diagnostic groups, with Alport spectrum disorders showing the highest yield and
other glomerulopathies showing the lowest yield (75.0% vs. 4.5%, p<0.001). Extrarenal
manifestations were significantly associated with a positive genetic diagnosis (32.4% vs.
0.0%, p<0.001). Genetic findings confirmed the clinical diagnosis in 70.6% of positive cases,
reclassified the diagnosis in 17.6%, and identified an alternative genetic diagnosis in 11.8%.

Conclusion: Genetic testing demonstrated a high diagnostic yield and considerable clinical
utility in Turkish adults with suspected IKD. These findings support the integration of genetic
evaluation into routine nephrology practice, particularly for patients with syndromic
features and a notable family history.

Keywords: Chronic kidney disease, extrarenal manifestations, genetic testing, inherited
kidney diseases, next-generation sequencing.
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INTRODUCTION

Chronic kidney disease (CKD) is a global public health
concern, affecting approximately 15% of the adult population
worldwide and 17% in Tlrkiye. ' The causes of CKD are diverse,
with diabetes, hypertension, and chronic glomerulonephritis
identified as the main contributors; however, a substantial
proportion of cases are still categorized as“CKD of unexplained
cause” (CKDx) after conventional clinical or histological
assessment.? The rapid progress of next-generation
sequencing (NGS) technologies has significantly improved
our understanding of kidney disease pathogenesis. Currently,
more than 600 genes have been identified as contributors to
monogenic kidney diseases.? Research indicates that up to 10—
15% of adults with CKD may have an underlying monogenic
cause; however, when genetic assessment is performed based
on clinical suspicion, such as early onset, family history, and
CKDx, the diagnostic yield increases to 50-65%.%® Inherited
kidney disease (IKD) and congenital abnormalities of the
kidney and urinary tract (CAKUT) have recently been identified
as the second most common cause of end-stage kidney
disease (ESKD) among patients receiving kidney replacement
therapy (KRT) in Europe.®

In Turkiye, the burden of IKD is higher than in many Western
populations, largely because of the high prevalence of
consanguineous marriages and familial clustering.’”® This
genetic background increases the likelihood of autosomal
recessive kidney disorders and underscores the importance
of genetic evaluation in this population. Despite this, the
diagnostic yield and clinical utility of genetic testing in the
Turkish CKD population remain inadequately described. This
study aimed to evaluate the diagnostic yield of NGS-based
genetic testing in adults with suspected IKD and to assess
its clinical utility, including its impact on diagnosis, patient
management, and risk stratification.

MATERIAL AND METHODS
Study Design and Population

This study was a retrospective observational analysis of adult
patients who underwent genetic evaluation for suspected
hereditary CKD at our tertiary nephrology center. Allindividuals
aged 16 years or older who underwent sequencing-based
testing between January 2022 and June 2025 were included.
Testing was ordered either because of clinical suspicion arising
from factors such as a positive family history, early age at
onset, or the presence of extrarenal symptoms, or as part of
family screening. Individuals with incomplete clinical data or
inadequate sequencing results were excluded. The study was
approved by the Ankara University Human Research Ethics
Committee in accordance with the Declaration of Helsinki
(Approval Number: i06-566-25, Date: 06.08.2025).

184

J Clin Pract Res 2026;48(2):183-190

KEY MESSAGES

+ Genetic testing provided a diagnosis in 54% of
adults with suspected inherited kidney disease, and
extrarenal manifestations were the strongest clinical
predictor of a positive genetic result.

« Genetic findings confirmed, reclassified, or newly
established diagnoses in approximately 30% of
patients and directly influenced clinical management,
including transplant donor selection.

+ Integrating genetic evaluation into routine nephrology
practice is essential for managing adult patients with
early-onset disease, extrarenal manifestations, or a
positive family history.

Sixty-three individuals from 44 families were included.
Demographic and clinical data were obtained from
electronic medical records, including age, sex, estimated
glomerular filtration rate (eGFR; CKD-EPI 2021 [Chronic
Kidney Disease Epidemiology Collaboration]), albuminuria
levels, CKD duration, family history of kidney disease, parental
consanguinity, presence of extrarenal manifestations, and
previous kidney biopsy reports.

Variants of uncertain significance (VUS) were categorized as
clinically highly concordant when an appropriate genotype-
phenotype correlation was established and the variant was
consistent with the inheritance pattern and family history. Cases
were evaluated through a multidisciplinary review involving
nephrologists and medical geneticists and were documented
individually as potentially disease-causing variants." Diagnostic
yield was defined as the identification of pathogenic (P) or likely
pathogenic (LP) variants explaining the phenotype, as well as
VUS classified as potentially disease-causing. Cases without
these variants were categorized as “negative.”’

Clinical diagnoses were classified as follows: (1) Alport
spectrum disorders, (2) ciliopathy/cystic diseases, (3) CAKUT,
(4) tubulopathies, and (5) glomerulopathies. Clinical utility
was evaluated in terms of “diagnostic confirmation,” indicating
genetic findings consistent with the presumed clinical diagnosis;
“diagnostic identification,” involving the discovery of a new
specific genetic diagnosis that was not previously suspected; and
“diagnostic reclassification,” in which genetic findings changed
the original clinical diagnosis. Patients who tested negative and
did not receive a diagnosis of IKD were classified as “excluded.”

Genetic Testing and Variant Interpretation

Genomic deoxyribonucleic acid (DNA) was isolated from
peripheral blood samples from all patients. Patients were
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assigned to genetic testing arms based on a standardized
clinical stratification protocol to minimize bias. Those
presenting with isolated renal involvement or no more than
one extrarenal feature were prioritized for targeted gene
panel testing. In contrast, patients with multiple extrarenal
manifestations were referred for whole-exome sequencing
(WES) to evaluate potential syndromic conditions. QIAGEN
QlAseq Targeted DNA technology was used in both
approaches, and sequencing was performed on the Illumina
NextSeq platform. Segregation analysis was systematically
performed for all identified VUS variants, as well as for cases
with strong family histories or recurrent familial phenotypes,
provided that biological samples from relatives were available.

Sequencing data were aligned to the GRCh38 human reference
genome and analyzed using QIAGEN bioinformatics software.
For WES, more than 98% of the targeted exonic regions
reached a minimum coverage depth of 20x. For targeted gene
panel sequencing, more than 99% of the targeted regions
reached a coverage depth of at least 100x.

Variant analysis focused on genes associated with inherited
kidney disorders and was performed genome-wide for WES
or within the preestablished kidney gene panel for targeted
sequencing (Appendix 1). Variants with a minor allele
frequency (MAF)=1% in population databases were excluded.
Rare variants consistent with the patients’ clinical phenotypes
and the expected mode of inheritance were prioritized.
All candidate variants were analyzed and categorized in
accordance with the American College of Medical Genetics and
Genomics (ACMG) guidelines using population frequency data,
computational predictions, and available clinical evidence.'

Statistical Analysis

All analyses were performed using IBM Statistical Package
for the Social Sciences version 30.0 software (IBM SPSS Corp.;
Armonk, NY, USA). The normality of continuous variables was
assessed using the Shapiro-Wilk or Kolmogorov-Smirnov
tests. Continuous variables are presented as meanztstandard
deviation (SD), whereas categorical variables are presented as
counts and percentages. Comparisons between genetically
positive and negative groups were performed using the chi-
square test or Fisher’s exact test for categorical variables and
Student’s t-test for normally distributed continuous variables,
depending on data distribution. Statistical significance was set
at p<0.05.

RESULTS

A molecular diagnosis was established in 54.0% of the 63
individuals assessed for suspected IKD (Fig. 1, Appendix 2). Most
identified variants were classified as P/LP, whereas potentially
disease-causing VUS accounted for a smaller proportion
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(47.1%, 44.1%, and 8.8%, respectively). Inheritance patterns
reflected the underlying disease categories, with autosomal
recessive disorders accounting for the largest proportion
(61.8%), followed by autosomal dominant disorders (20.6%) and
X-linked disease (17.6%). A genetic diagnosis was established in
21 of the 44 families assessed (47.7%). After excluding highly
concordant VUS identified as potentially disease-causing (n=3),
the individual-level diagnostic yield was 49.2%.

The patient population was predominantly female
(58.7%), with a mean age of 37.2+14.9 years. Demographic
characteristics, including sex distribution and age at the time
of genetic testing, were comparable between the genetically
positive and negative groups (Table 1). Similarly, kidney
function, assessed by eGFR and albuminuria categories, did
not differ significantly at the time of genetic evaluation. A
family history of kidney disease was observed in both groups
(88.2% vs. 72.4%), whereas parental consanguinity showed
no association with diagnostic yield. Notably, the presence
of extrarenal manifestations was significantly associated
with a positive genetic diagnosis (32.4% vs. 0%, p<0.001).
Despite comparable kidney biopsy rates between groups,
it was noteworthy that 5 of the 11 patients diagnosed with
an IKD who had previously undergone kidney biopsy were
diagnosed with focal segmental glomerulosclerosis and
subsequently received immunosuppressive therapy. Other
clinical variables, including CKD duration and the indication
for genetic evaluation (clinical suspicion vs. family screening),
were not significantly associated with a positive diagnostic
outcome. However, 54.2% (n=13) of patients with Alport
spectrum disorders and 66.7% (n=3) of patients with CAKUT
were identified through familial screening (p=0.029).

Before genetic evaluation, the most frequent clinical diagnoses
were Alport spectrum disorder (38.1%) and glomerulopathy
(34.9%). Genetic testing confirmed the clinical diagnosis in
70.6% of genetically positive individuals, established a new
specific diagnosis in an additional 11.8%, and reclassified
the presumed diagnosis in 17.6%, thereby demonstrating
substantial clinical utility (Fig. 1d). Alport spectrum disorders
represented the predominant diagnosis, comprising more
than two-thirds of genetically confirmed cases (Fig. 2).
Ciliopathies and cystic diseases accounted for 14.7%, whereas
CAKUT accounted for 8.8%. Accordingly, COL4A3, COL4A4, and
COL4A5 were identified as the most prevalent disease-causing
genes, including 13 affected heterozygous individuals who
were diagnosed through family screening. Disease-causing
variants in PKD1, SALL1, NPHP3, TSC2, CTNS, CLDN16, and
COQ6 were less frequent but clinically relevant. After the initial
detection of 8 probands, familial screening led to the diagnosis
of 14 additional individuals who were previously unaware of
the genetic diagnosis.
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Table 1. Demographic and clinical data of patients according to genetic diagnosis

e Positive Negative Total
(n=34, 54.0%) (n=29, 46.0%) (n=63, 100.0%)
Female sex 20 (58.8) 17 (58.6) 0.987 37(58.7)
Age at genetic evaluation (years) 38.2+16.2 35.1£12.7 0.283 37.2£14.9
eGFR at genetic evaluation (CKD-EPI 2021, ml/min/1.73m?) 0.332
90 or higher 14 (41.2) 8 (27.6) 22 (34.9)
60-89 0(0.0) 3(10.3) 3(4.8)
30-59 6(17.6) 4(13.8) 10 (15.9)
15-29 2(5.9) 3(10.3) 5(7.9)
<15 12(35.3) 11(37.9) 23 (36.5)
Albuminuria at genetic evaluation (mg/qg) 0.989
<30 12 (35.3) 10 (34.5) 22 (34.9)
30-299 5(14.7) 4(13.8) 9(14.3)
300 or higher 17 (53.1) 15(51.7) 32(50.8)
CKD history 22 (64.7) 23(79.3) 0.201 45 (71.4)
Family history of kidney diseases 30(88.2) 21(72.4) 0.111 51(81.0)
Parental consanguinity 11(32.4) 8(27.6) 0.681 19 (30.2)
Extrarenal manifestations 11 (32.4) 0(0.0) <0.001 11 (17.5)
Time between CKD diagnosis and genetic evaluation (years) 8.4+5.8 7.8+6.9 0.747 8.1+6.3
Kidney biopsy before genetic evaluation 11 (32.4) 11 (37.9) 0.643 22 (34.9)
Genetic evaluation indication 0.259
Clinical suspicion 20 (58.8) 21(72.4) 41 (65.1)
Family screening 14 (41.2) 8(27.6) 22 (34.9)
Clinical diagnosis before genetic evaluation 0.039
Alport spectrum disorders 18(52.9) 6 (20.7) 24 (38.1)
Ciliopathy/cystic diseases 3(8.8) 1(3.4) 4 (6.3)
CAKUT 2(5.9) 5(17.2) 7(11.7)
Tubulopathies 3(8.8) 3(10.3) 6 (9.5)
Glomerulopathies 8(23.5) 14 (48.3) 22 (34.9)

The values are described as the mean + standard deviation or number (%). Values appears in bold if p-value was significant (below 0.05). CAKUT: Congenital anomalies
of the kidney and urinary tract; CKD: Chronic kidney disease; CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration; eGFR: Estimated glomerular filtration rate.

Figure 3a shows that clinical utility differed across diagnostic
categories. The categories with the highest utility were Alport
spectrum disorders (66.7%) and ciliopathies/cystic diseases
(50.0%) (p=0.008). Alport spectrum disorders showed the
highest diagnostic rate (75.0%), whereas glomerulopathies
(4.5%) and CAKUT (28.6%) had considerably lower yields
(p<0.001, Fig. 3b).

DISCUSSION

In this cohort of adults assessed for suspected IKD, the
genetic diagnostic yield was 54%, primarily attributed
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to Alport spectrum disorders. Extrarenal manifestations
were identified as the main clinical predictor of positive
genetic findings, highlighting the diagnostic importance
of syndromic features in adult CKD. In most positive cases,
genetic data supported the clinical diagnosis and directly
influenced management decisions, including the assessment
of potential living kidney donors. These findings indicate that
genetic testing provides significant diagnostic and clinical
benefits for adults with unexplained CKD, particularly in
populations with a high familial disease burden and a greater
prevalence of recessive disorders.
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Figure 1. Results of genetic testing and patterns of
inheritance. (a) Results classified into positive and negative
categories. (b) Positive results classified as VUS or P/LP
variants expected to cause disease. (c) Inheritance patterns
of positive results, classified as AR, AD, or X-linked. (d)
Clinical utility of genetic testing.

AD: Autosomal dominant; AR: Autosomal recessive; P/LP: Pathogenic/
likely pathogenic; VUS: Variants of uncertain significance.

This study demonstrated that the COL4A4, COL4A3,and COL4A5
genes accounted for 67.6% of genetic diagnoses, establishing
Alport spectrum disorders as the most prevalent category. In
large adult cohort studies of patients with early-onset CKD, 8
genes—COL4A3, COL4A4, COL4A5, HNF1B, PKD1, PKD2, PKHD1,
and UMOD—were found to account for approximately two-
thirds of disease-causing variants; however, Alport spectrum
disorders were identified in only 15-22% of these cases.®’ This
discrepancy may be explained by the enrichment of individuals
undergoing donor screening, who may have had a higher
likelihood of harboring pathogenic mutations in the COL4A3-
COL4A5 genes. Indeed, the exclusion of donor-screening cases
(n=6) resulted in a reduced vyet still substantial proportion of
Alport spectrum disease diagnoses (n=17, 50.0%). Referral
bias likely influenced this distribution, as individuals with
suspected hereditary nephropathies, especially those with
hematuria or a family history suggestive of Alport syndrome,
may have been preferentially selected for genetic testing.
Polycystic kidney diseases significantly contribute to the
etiology of ESKD in Tirkiye."* The lower prevalence of cystic
kidney diseases in this study cohort, compared with national
and global statistics, may be attributed to diagnoses based on
family history and typical clinical presentation, which reduces
the need for genetic testing.

Genetic testing provides diagnostic results in 10-20% of adult
CKD patients, whereas this percentage increases to 37-65%
among individuals with suspected IKD.>”'*'¢ The young age
of the cohort and the high prevalence of CKD history among
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Figure 2. Overview of the study findings. The inner circle
illustrates the identified disease groups, whereas the outer
circle presents the genes associated with disease-causing
variants identified in the study.

CAKUT: Congenital abnormalities of the kidney and urinary tract.

patients and their families contributed to the 54.0% rate of
positive genetic test results observed in our study. A family
history of kidney diseaseisan established factorassociated with
genetic diagnosis."” However, in our cohort, more than 70% of
patients and their families reported a history of CKD, and the
genetic diagnostic yield remained consistent across groups.
The presence of extrarenal features significantly influenced
diagnostic yield, with such manifestations observed only in
patients with a positive genetic diagnosis. Connaughton et
al.'*demonstrated that a monogenic etiology was identified in
36% of families with a positive family history of CKD, although
the rate increased to 69% in families with extrarenal features.
The broad spectrum of clinical features also contributes
to substantial heterogeneity in the likelihood of obtaining
a positive genetic result across different disease groups.
Consistent with this, in the Alport group in our study, which
had the highest genetic diagnostic yield, 95.8% of patients
(n=23) had a family history of CKD, with 13 individuals (54.2%)
diagnosed through family screening. These findings support
the integration of genetic analysis into nephrology practice,
especially for patients with extrarenal manifestations, familial
disease patterns, or phenotypes suggestive of monogenic
disorders, as it can markedly improve diagnostic precision.™

The clinical diagnosis was confirmed in 70.6% of individuals
with a positive genetic result in this cohort. The predominance
of diagnostic confirmation in the Alport and ciliopathy
groups, compared with the lower rate in glomerulopathies,
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Figure 3. (a) Clinical utility yield across clinical diagnostic groups. (b) Genetic diagnostic yield across clinical diagnostic
groups. The x-axis represents the distribution of patients across five clinical diagnostic groups before genetic testing. The
y-axis illustrates the diagnostic and clinical utility yield resulting from genetic testing.

CAKUT: Congenital abnormalities of the kidney and urinary tract.

underscores the advantages of genetic testing in cases with
well-defined genotype-phenotype correlations. Furthermore,
a specific diagnosis was established in 11.8% of cases,
and the presumptive diagnosis was reclassified in 17.6%.
Consequently, a novel etiology of CKD was identified in
approximately 30% of patients. The literature indicates that
this patient population has high post-diagnosis management
change rates, ranging from 20% to 60%.%'>'¢ Physicians have
reported that genetic findings influence the medical care of
90.7% of patients with positive results, leading to changes in
treatment plans, referrals for genetic counseling, guidance
for genetic testing of family members, and discussions about
family planning.”® In our cohort, genetic diagnosis altered
clinical interpretation in a subset of patients, particularly in 5
individuals with presumed FSGS in whom immunosuppressive
therapy had been initiated but was subsequently considered
unnecessary. This highlights the potential of genetic testing
to prevent inappropriate treatment and related toxicity.
Furthermore, all patients diagnosed with IKD received genetic
counseling, and familial screening was advised according to
the inheritance pattern. Given these potential advantages,
essential precautions should be implemented to address
barriers that prevent nephrologists from requesting genetic
testing, such as insufficient genetic literacy, challenges in test
selection, and time limitations.™
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Genetic testing also provides several advantages for kidney
transplant recipients and donors, including personalized
interventions, risk stratification for recurrent disease, and
risk assessment for potential donors.?® Kidney donors are at
increased risk of hypertension and ESKD, as well as increased
cardiovascular morbidity and mortality.?’ Therefore, potential
donors must undergo a thorough evaluation to reduce post-
donation risks. Assessing ESKD risk in individuals with VUS and
in heterozygous individuals affected by Alport syndrome is
crucial for selecting living kidney transplant donors, as well as
for those who receive a genetic diagnosis.? In this context, 9
potential kidney donors were evaluated in our cohort, leading
to the acceptance of 2 candidates with negative results and
5 candidates who were heterozygous for Alport syndrome
without clinical manifestations (Table S2, Patient IDs 4, 13, 15,
19, and 23). Two individuals diagnosed with Alport syndrome
who presented with urinary abnormalities were disqualified
based on genetic findings (Table S2, Patient IDs 1 and 2).

This study provides real-world data from a well-characterized
adult cohort in a region with a high prevalence of IKD,
offering valuable insights into the diagnostic utility of NGS
in routine nephrology practice. The findings provide data
that may help prioritize patients for genetic testing, as the
inclusion criteria were designed to exclude individuals with
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alow likelihood of a monogenic etiology, thereby enhancing
the cost-effectiveness of genetic testing. However, certain
limitations should be noted. The single-center, retrospective
design may limit generalizability, and referral bias may
have enriched the cohort with patients with more severe
or syndromic presentations. The sample size limited the
ability to conduct subgroup analyses for less prevalent
disease categories. The high prevalence of familial CKD
history and the younger mean age of this cohort relative
to the general CKD population should be considered when
extrapolating the findings. Intra-family clustering may
challenge the assumption of independent observations,
as multiple members of the same families were included.
However, the 47.7% diagnostic yield at the family level
suggests that the clustering effect was not substantial in
this study. Participants aged =16 years were included, as
this threshold is commonly used in clinical nephrology for
transitioning patients to adult-oriented care settings. This
should be considered when interpreting the findings, as
the study population may include a small proportion of late
adolescents. The use of a targeted gene panel rather than
whole-exome sequencing requires regular updates to the
gene list and may limit the identification of novel causal
genes. The absence of functional studies for VUS is another
limitation, as such analyses are necessary to determine their
biological impact and support potential reclassification. A
further limitation is that exon-level copy number variant
(CNV) analysis was not uniformly applied across all cases,
which may have limited the detection of certain structural
variants; however, this reflects current real-world diagnostic
practice in many clinical settings.

CONCLUSION

In this cohort of adults evaluated for suspected IKD, genetic
testing provided a high diagnostic yield and demonstrated
substantial clinical value. The presence of extrarenal
manifestations was a significant indicator of a positive
molecular diagnosis, highlighting the importance of careful
clinicalassessmentinidentifyingappropriate testing strategies.
Importantly, genetic findings not only confirmed or redefined
clinical diagnoses but also informed essential management
decisions, including the suitability of potential living kidney
donors. These epidemiological characteristics underscore the
importance of incorporating genetic evaluation into routine
nephrology practice, particularly for patients with early-onset
disease, extrarenal manifestations, or a positive family history.
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Appendix 1. List of genes included in the targeted nephropathy panel (97 genes)
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Gene symbol

Gene symbol

Gene symbol

Gene symbol

Gene symbol

Gene symbol

ACE
ACTN4
AGXT
APRT
ATP6V0A4
AVPR2
BID1
B9D2
BICC1
BSND
CA2
CC2D2A
CCNQ
CD2AP
CDC5L
CEP290
CLCN5

CLDN16
COL4A3
COL4A4
COL4A5
COL4A6
coQ2
COQe6
coQs8B
CPLANET1
CTNS
DNASE1L3
FAN1
FRAST
FREM2
FXYD2
GATA3

GLA
GLIS2
GRHPR
GSN
HNF1B
HPSE2
INF2
INVS
1QCB1
KCNJ1
LAMB2
LMX1B
LPINT
MAP3K14
MKS1
MYOTE

NEK8
NFIA
NPHP1
NPHP3
NPHP4
NPHS1
NPHS2
NR3C2
NUP93
NXF5
OCRL
OSGEP
PAX2
PDSS2
PKD1
PKD2

PKHD1
PLCET
PTPRO
RET
SALL1
SCARB2
SCNNTA
SCNN1B
SLC12A1
SLC12A3
SLC3A1
SLC4A4
SLC5A1
SLC5A2
SLC7A9
SLC9A3R1

SMARCALT1
SOX17
TCTN2
TMEM216
TMEM231
TMEM237
TMEM67
TRPC6
TTC21B
UMOD
UPK3A
USF2
WNK1
WNK4
WT1

XDH
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Appendix 2. Disease-causing variants identified in the cohort (n=34)

Patient ID Age at Dx Sex  Kidney manifestation Extrarenal manifestations Indication Family history Gene and transcript (inheritance) Variant Zygosity Variant classification
Alport spectrum disorders
COL4A4
1 42 M Nephrotic range proteinuria SNHL Clinical suspicion Yes c.1321_1369+3del* Hom P
NM_000092 (AR)
COL4A4
2 51 F Mild proteinuria No Family screening Yes ¢.1321_1369+3del* Aff. Het P
NM_000092 (AR)
COL4A4
3 24 F Nephrotic range proteinuria, reduced GFR SNHL Clinical suspicion Yes c.372+1G>A Hom LP
NM_000092 (AR)
COL4A4
4 57 F Hematuria No Family screening Yes c.372+1G>A Aff. Het LP
NM_000092 (AR)
COL4A4
5 50 M No No Family screening Yes c.372+1G>A Aff. Het LP
NM_000092 (AR)
COL4A4
6 16 F No No Family screening Yes c372+1G>A Aff. Het LP
NM_000092 (AR)
COL4A4
7 25 F Hematuria No Family screening Yes c.372+1G>A Hom LP
NM_000092 (AR)
COL4A4
8 38 F Moderate proteinuria, reduced GFR No Clinical suspicion Yes ¢.1321_1369+3del Aff. Het P
NM_000092 (AR)
COL4A4 c.5032C>T
9 51 F Moderate proteinuria, reduced GFR No Clinical suspicion Yes Hom LP
NM_000092 (AR) p.Q1678*
COL4A4 c.3807T>G
10 48 M Nephrotic range proteinuria, reduced GFR No Clinical suspicion Yes Aff.Het VUS
NM_000092 (AR) p-Asp1269Glu
COL4A3 c.2371C>T
11 16 F Nephrotic range proteinuria, SNHL Clinical suspicion Yes Hom P
NM_000091.5 (AR) p.Arg791*
COL4A3 c.2371C>T
12 64 F Mild proteinuria No Family screening Yes Aff. Het P
NM_000091.5 (AR) p.Arg791*
COL4A3 c2371C>T
13 45 M Mild proteinuria No Family screening Yes Aff. Het P
NM_000091.5 (AR) p.Arg791*
COL4A3 c.2371C>T
14 18 M Moderate proteinuria, hematuria SNHL Clinical suspicion Yes Hom P
NM_000091.5 (AR) p.Arg791*
COL4A3 c.2371C>T
15 48 M No No Family screening Yes Aff. Het P
NM_000091.5 (AR) p.Arg791%
COL4A3 c.898G>A
16 46 F Moderate proteinuria, hematuria No Clinical suspicion Yes Aff. Het LP
NM_000091.5 (AR) p.Gly300Arg
. COL4A3 c.898G>A
17 48 F Moderate proteinuria No Family screening Yes Hom LP
NM_000091.5 (AR) p.Gly300Arg
COL4A5 ¢.3052G>T
18 43 M Nephrotic range proteinuria, reduced GFR No Clinical suspicion Yes Hemi LP
NM_000495.5 (XL) p.Gly1018Cys
COL4A5 c.3052G>T
19 63 F Hematuria No Family screening Yes Aff. Het LP
NM_000495.5 (XL) p.Gly1018Cys
COL4A5 ¢.3052G>T
20 40 F Hematuria No Family screening No Aff. Het LP
NM_000495.5 (XL) p.Gly1018Cys
COL4A5 c3170G>T
21 16 M Moderate proteinuria, hematuria SNHL Clinical suspicion Yes Hemi P
NM_000495.5 (XL) p.Gly1057Val
COL4A5 c3170G>T
22 16 M Nephrotic range proteinuria, reduced GFR SNHL Clinical suspicion Yes Hemi P
NM_000495.5 (XL) p.Gly1057Val
COL4A5 c3170G>T
23 46 F No No Family screening Yes Aff.Het P
NM_000495.5 (XL) p.Gly1057Val
Ciliopathy/cystic disorders
PKD1 c.1522T>C
24 42 F Nephrotic range proteinuria, reduced GFR Bronchiectasis Clinical suspicion No Het LP
NM_001009944.3 (AD) p.Cys508Arg
PKD1 c.1522T>C
25 16 M Medullary nephrocalcinosis No Clinical suspicion Yes Het LP
NM_001009944.3 (AD) p.Cys508Arg
PKD1 c.12607C>T
26 63 M Polycystic kidney No Clinical suspicion Yes Het VUS
NM_001009944.3 (AD) p.Arg4203Trp
75C2 ¢.5238_5255del
27 54 F Angiomyolipomas Epilepsy, LAM, angiofibromas Clinical Suspicion Yes Het P
NM_000548.5 (AD) p.His1746_Arg1751del
NPHP3 €.3287T>C
28 58 M Polycystic kidney No Clinical Suspicion Yes Hom LP
NM_153240.5 (AR) p.Leu1096Pro
CAKUT
Hallux anomaly, mild SALLT c.2287dupA
29 20 F Reduced GFR . o Clinical suspicion Yes Het P
intellectual disability NM_002968.3 (AD) p.Arg763Lysfs*42
SALL1 c.2287dupA
30 21 M Reduced GFR No Family screening Yes Het P
NM_002968.3 (AD) p.Arg763Lysfs*42
) . SALL1 c.2287dupA
31 45 F Reduced GFR No Family screening Yes Het P
NM_002968.3 (AD) p.Arg763Lysfs*42
Tubulopathies
. Neurologic dysfunction, ocular o o CTNS c.681G>A
32 26 F Fanconi syndrome Clinical suspicion No Hom P
involvement, diabetes NM_004937.3 (AR) p.Glu227Glu
CLDN16 c.130C>T
33 24 M Bilateral atrophic kidneys Pure red cell aplasia Clinical suspicion Yes Hom LP
NM_006580.4 (AR) p.R44*
Glomerulopathies
CcoQ6 c.1383del
34 16 F Nephrotic range proteinuria No Clinical suspicion No Hom VUS

NM_182476.3 (AR) p.llr462LeufsTer18

A: adenine; AD: autosomal dominant; Aff: Affected; AR: Autosomal recessive; CAKUT: Congenital anomalies of the kidney and urinary tract; Dx: Diagnosis; F: Female; GFR: Glomerular filtration rate; Hemi: Hemizygous; Het: Heterozygous; Hom: Homozygous; LAM: Lymphangioleiomyomatosis; LP: Likely pathogenic; M: Male; P: Pathogenic; SNHL: Sensorineural
hearing loss; VUS: Variant of uncertain significance; XL: X-linked.
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ABSTRACT

Objective: This study aimed to determine the effect of non-invasive hemoglobin (SpHb)
measurement on blood transfusion decisions in patients undergoing hip surgery and to
analyze the effect of these decisions on mortality.

Materials and Methods: Fifty-two patients (ASA I-Ill, =60 years) undergoing hip surgery
were randomized into the SpHb or conventional (CONV) group for transfusion management.
Hemoglobin (Hb) levels were recorded before induction, at transfusion decision points,
immediately after transfusion, and after recovery. Postoperative survival was monitored at
1 and 3 months.

Results: The SpHb group maintained significantly higher Hb levels at the first transfusion
decision point, after transfusion, and during recovery (p=0.001, p=0.012, p=0.001). Partial
oxygen pressure (PaO,) was also higher in the SpHb group at the corresponding time points.
The CONV group required significantly more blood transfusions (p=0.025) and had longer
hospital stays (p=0.043). Although 3-month mortality was numerically lower in the SpHb
group than in the CONV group (11.53% vs. 19.23%), no statistically significant difference was
detected in this pilot-sized cohort (p>0.05).

Conclusion: According to our findings, SpHb monitoring during hip surgery may be a
useful tool for enabling earlier transfusion decisions, which could help prevent significant
Hb declines. In our study cohort, this strategy was associated with a trend toward fewer
transfusion requirements, shorter hospital stays, and better perioperative oxygenation.

Keywords: Hemoglobins, hemorrhage, hip fractures, intraoperative, monitoring, mortality.

INTRODUCTION

Blood loss is a major cause of morbidity and mortality. In cases of excessive bleeding, the amount of
bleeding should be calculated immediately, tests should be completed within a short time, and treatment
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should be started.! Hip and revision hip arthroplasty surgeries are
performed frequently worldwide, and studies have reported that
18-65% of these operations require blood transfusion.?

Blood replacement has several complications in addition to
its benefits, including providing oxygen supply to tissues and
preventing deterioration of organ perfusion.> Complications
include allergic reactions, transfusion-related circulatory
overload, infections, transfusion-related acute lung injury, and
thromboembolism. It is also associated with several adverse
conditions, including delayed wound healing, acute kidney
injury, sepsis, prolonged hospitalization, and mortality.>*

Laboratory-measured complete blood count (CBC)
hemoglobin (Hb) level is the primary parameter used to
guide transfusion decisions in bleeding operations. However,
continuous and non-invasive technologies, such as fingertip
probe monitoring, have gained prominence. Bedside non-
invasive hemoglobin (SpHb) monitoring offers rapid data
collection and allows continuous assessment without
additional invasive interventions.’

In this study, we examined the differences between blood
transfusion decisions made using standard methods and
those based on SpHb monitoring in patients undergoing hip
surgery. We predicted that SpHb-monitored patients would
have lower mortality rates and improved clinical outcomes.

The primary aim of this study was to compare blood
transfusion decisions based on SpHb monitoring with those
based on conventional methods in patients undergoing hip
surgery. Secondarily, it aimed to investigate the effects of these
decisions on perioperative oxygenation, length of hospital
stay, and mortality. We hypothesized that SpHb-monitored
patients would have decreased mortality rates and improved
clinical outcomes.

MATERIALS AND METHODS

Study Place and Design

Following ethical approval from the Zonguldak Bilent Ecevit
University, this prospective randomized controlled study was
conducted in accordance with the Declaration of Helsinki
and registered at ClinicalTrials.gov (NCT04785274). Patient
recruitment and the clinical phase took place between April
and December 2021.

Randomization was performed using the closed-envelope
method by anindependent anesthesiologist. Both the patients
and the statistician were blinded to group allocation.

Ethics Approval

Following ethical approval from the Zonguldak Bilent
Ecevit University Non-Interventional Clinical Research Ethics
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KEY MESSAGES

« Continuous non-invasive hemoglobin  (SpHb)
monitoring enables earlier transfusion decisions
by identifying critical hemoglobin thresholds more
accurately than conventional methods in surgeries
associated with high bleeding risk.

« Theuse of SpHb monitoringin hip surgery significantly
reduces the total number of red blood cell units
transfused and shortens the length of hospital stay.

+ Although SpHb monitoring improves perioperative
oxygenation and transfusion management, 30-day
and 90-day mortality rates remain similar to those
associated with conventional transfusion decision-
making methods

Committee (Approval Number: 2020/24, Date: 16.12.2020),
this prospective randomized controlled study was initiated.

Patients and Data Collection

Written informed consent was obtained from all patients
before surgery. Sixty patients aged =60 years in the American
Society of Anesthesiology Physical Status (ASA PS) I-lIl risk
group, who were expected to have blood loss of more than
10%-20% of the total blood volume and were scheduled for
hip surgery in the operating room of Zonguldak Biilent Ecevit
University Medical Faculty Hospital, were included in the study.

Hemodynamic data, including mean arterial pressure (MAP),
heart rate (HR), and peripheral oxygen saturation (SpO,), as well
as pleth variability index (PVI), partial oxygen pressure (Pa0,),
and body temperature, were recorded at intervals. Hospital stay
length was recorded at discharge, and 1-month and 3-month
survival data were collected via telephone interviews.

Diagnostic Criteria

In the SpHb group, bedside non-invasive hemoglobin (SpHb)
measurements were performed using the Radical-7 Pulse CO-
Oximeter™ fingertip sensor probe (Masimo Corp., USA).

In Group CONV, the permissible amount of blood loss was
calculated for a hemoglobin (Hb) value <9 g/dL (hematocrit
[Hctl: 27%).

Definitions

In Group CONV, the permissible amount of blood loss was
calculated foranHb value <9 g/dL (Hct: 27%). In this calculation,
the loss of red blood cell volume (RBCV)=RBCVpreop—
RBCV27% formula was used. Permissible blood loss was
calculated as loss of RBCVx3.%
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During the operation, the bloody sponges and compresses were
weighed again, and the amount of bleeding was calculated. In
this calculation, 1 g of blood was considered equivalent to 1 mL.

Measurements available at common predefined time points for
the full cohort were defined as primary longitudinal outcomes
and analyzed using a linear mixed-effects model with fixed
effects for group, time, and groupxtime interaction, and a
random intercept for patient. Measurements observed only
in subsets of patients during additional transfusion-related
stages were defined as event-based secondary outcomes
and analyzed separately as exploratory analyses. These event-
based observations were notincluded in the main longitudinal
model because they were not available for all participants and
depended on the occurrence of a clinical event.

Inclusion Criteria

Written informed consent was obtained from all patients
before surgery. Sixty patients aged =60 years in the American
Society of Anesthesiology Physical Status (ASA PS) I-lIl risk
group, who were expected to have blood loss of more than
10%-20% of the total blood volume and were scheduled for
hip surgery in the operating room of Zonguldak Bilent Ecevit
University Medical Faculty Hospital, were included in the study.

Exclusion Criteria

The exclusion criteria were the presence of arrhythmia, severe
heart failure, uncontrolled diabetes mellitus, hypothermia,
hyperbilirubinemia, jaundice, sepsis, need for inotropic
support, lung resection, existing blood disease, allergy to the
study drugs, and rejection.

Clinical, Surgical, and Laboratory Investigations

Routine monitoring was performed and recorded as baseline
values. Intra-arterial cannulation of the radial artery was
established in all patients for continuous blood pressure
monitoring and blood gas analysis, alongside baseline
hemogram monitoring. Baseline complete blood count
hemoglobin (CBC-Hb) was recorded before induction.

Standardized anesthetic depth was maintained by delivering
sevoflurane (1 minimum alveolar concentration [MAC] in 50%
O,/air) and continuous remifentanil infusion (0.1-0.3 pg/kg/
min), targeting a bispectral index (BIS) value within the range
of 40%-60%. Volume-controlled ventilation was initiated (tidal
volume [TV]: 8 mL/kg; respiratory frequency was increased if
end-tidal carbon dioxide [EtCO,] was >45 mmHg).

Pleth variability index (PVI) was utilized for intraoperative
dynamic fluid monitoring, with a threshold of >15% indicating
fluid responsiveness and requiring 100-250 mL of saline
loading, aiming to maintain PVI <15%.”

Dinger Yesilnacar et al. Effect of SpHb in Hip Surgery

In the non-invasive hemoglobin (SpHb) group, bedside
non-invasive SpHb measurements were performed using
the Radical-7 Pulse CO-Oximeter™ fingertip sensor probe
(Masimo Corp., USA). The fingers were wrapped to prevent
the sensor from being exposed to light. Blood transfusion
was not performed until the SpHb value was measured and
was <9. Throughout the operation, when the SpHb value
was <9, 1 unit of red blood cells (RBCs) was administered
intravenously and recorded.

SpHb, PVI, and blood gas measurements were performed
and recorded before anesthesia induction, after induction,
at the first transfusion decision time, immediately after the
first transfusion, at the second and third transfusion decision
times according to the bleeding condition, and immediately
after transfusion. Measurements obtained at later transfusion-
related stages were event-dependent and were available only
in patients who required additional transfusion.

Dry sponges and compresses were weighed preoperatively
and reweighed intraoperatively after blood exposure
to calculate blood loss. Blood on the drapes and floor
was estimated, and total blood loss was determined by
combining aspirator volume with sponge and compress
weights. Patients received 1 unit of RBCs when the allowable
blood loss threshold was reached.

Statistical Analysis

Sample size was calculated a priori using G*Power based
on pilot data (12 patients/group; conventional [CONV]
hemoglobin [Hb]: 9.62+0.47; SpHb: 9.04+0.51). With 99%
confidence and 95% power, =26 patients per group were
required; 60 patients were enrolled to account for potential
data loss.

Outcomes were classified as primary longitudinal outcomes,
measured at predefined time points in all patients, and
event-based secondary outcomes, observed only in subsets
during transfusion-related stages. Longitudinal data were
analyzed using a linear mixed-effects model with fixed
effects for group, time, and groupxtime interaction, and
a random patient intercept. Event-based outcomes were
analyzed separately as exploratory analyses on an available-
case basis.

Continuous variables were expressed as meanzstandard
deviation (SD) or median (min-max), and categorical
variables were expressed as frequency (%). Comparisons were
performed using Student’s t-test or the Mann-Whitney U test
for continuous variables and the Pearson chi-square test or
Fisher-Freeman-Halton test for categorical variables. A p-value
of <0.05 was considered significant.
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RESULTS

A total of 52 patients were randomized into the study
following the exclusion of 8 individuals, 3 who did not fulfill
the inclusion criteria and 5 who opted out, from an initial
pool of 60 candidates (Fig. 1). The demographic distribution
comprised 69.2% females and 30.8% males, with a mean age
of 75.48+10.63 years (range: 60-93 years). Hemodynamic
parameters, including heart rate (HR), peripheral oxygen
saturation (Sp0O,), mean arterial pressure (MAP), and pleth
variability index (PVI), showed no statistically significant
differences between the groups at any of the assessed time
points (p>0.05). This stability was observed consistently from
baseline (pre-surgery) through the induction phase, at all
intraoperative intervals (from 10 to 180 minutes), and during
the post-anesthesia recovery period.

In terms of perioperative fluid management, no statistically
significant differences were observed between the cohorts
regarding total fluid administration or urine output (p>0.05).
However, Group CONV exhibited a markedly higher volume
of estimated intraoperative blood loss compared with the
other group, a finding that reached statistical significance
(p<0.001; Table 1).

Following the baseline and perioperative descriptive analyses,
outcome results were structured according to measurement
type. Measurements available at common time points for the
full cohort were evaluated as primary longitudinal outcomes,
whereas later transfusion-related measurements observed
only in smaller patient subsets were presented separately
as event-based exploratory outcomes. Accordingly, primary
longitudinal analyses were based on linear mixed-effects
models, and event-based subgroup findings were interpreted
cautiously.

For the primary longitudinal partial oxygen pressure (PaO,)
outcomes, there were no statistically significant differences
between the groups at baseline or at the first red blood
cell (RBC) transfusion decision time (p>0.05). PaO, values
measured after completion of the first transfusion were
significantly higherin the SpHb group (p=0.015). Linear mixed-
effects model analysis demonstrated a significant overall time
effect (F=116.692, df=2, 94.663; p<0.001) and group effect
(F=9.085, df=1, 123.703; p=0.003), whereas the groupxtime
interaction was not statistically significant (F=0.877, df=2,
94.663; p=0.419) (Table 2a). Event-based transfusion-related
PaO, measurements are presented separately in Table 2b.

For the primary longitudinal complete blood count
hemoglobin (CBC-Hb) outcomes, baseline hemoglobin levels
were similar between the groups (p>0.05). CBC-Hb values
measured at the first RBC transfusion decision, after completion
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CONSORT flow diagram

Assessed for eligibility

Enrollment (n=60)
Excluded (n=8)
» Not meeting inclusion
> criteria (n=3)

« Declined to participate
(n=>5)

Randomized (n=52)

v
Y Y

Allocation )
SpHb group (group 1) Conventional (group 2)
(n=26) (n=26)
¢ Follow-up ¢
Lost to follow-up Lost to follow-up
(n=0) (n=0)
¢ Analysis ¢
Analyses Analyses
(n=26) (n=26)

Figure 1. Consolidated standards of reporting trials
(CONSORT) flow diagram.

of the first transfusion, and after extubation were significantly
higher in the SpHb group than in the conventional group
(p=0.001, p=0.012, and p=0.001, respectively). Linear mixed-
effects model analysis showed a significant overall time effect
(F=76.536, df=3, 89.403; p<0.001) and group effect (F=27.337,
df=1, 120.214; p<0.001), whereas the groupxtime interaction
was not statistically significant (F=0.661, df=3, 89.403;
p=0.519), indicating that the overall trajectory of hemoglobin
change over time did not differ significantly between the
groups (Table 3a). Event-based transfusion-related CBC-Hb
measurements are presented separately in Table 3b and
should be interpreted as exploratory.

When SpHb and CBC-Hb measurements were compared in the
SpHb group, there were no statistically significant differences
between the first RBC transfusion decision time and after the
first RBC transfusion, the second RBC transfusion decision time
and after the first RBC transfusion, or the recovery time of CBC-
Hb and SpHb measurements (Fig. 2) (p>0.05).

The 40"-minute temperature values in the CONV group were
significantly higher than those in the first group (p=0.042).
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Table 1. Demographic and procedural data

Dinger Yesilnacar et al. Effect of SpHb in Hip Surgery

Variables Group SpHb Group CONV p
Sex 0.548°
Female, n (%) 17 (65.4) 19 (73.1)
Male, n (%) 9 (34.6) 7 (26.9)
Age, years 71.5 (60-93) 80.5 (61-92) 0.521°
Baseline Hb, g/dL 11.2(8.4-13.2) 10.2 (9.2-12.7) 0.072¢
Intraoperative input and output
Crystalloid, mL 2000 (1000-3000) 2000 (1000-4000) 0.069°
Urine output, mL 307 (43-572) 295 (57-532) 0.993b
Estimated blood loss, mL 490 (200-850) 750 (475-1200) <0.001°
Duration of surgery, h 2.72+0.86 3.14+1.50 0.237¢
Duration of anesthesia, h 3.08+0.89 3.63+1.56 0.149¢

Values are presented as mean=SD, median (min-max), or number (%). *p-values were calculated using the Pearson chi-square test. ®p-values were calculated using the

Mann-Whitney U test. “p-values were calculated using Student'’s t-test.

The temperature at the 40" minute was 36.45+0.26°C in
Group SpHb and 36.59+0.22°C in Group CONV. The other
measurements showed no significant differences between the
groups (p>0.05).

The total RBC transfusion count in the CONV group was
significantly higher than that in the SpHb group (p=0.025).
The average blood transfusion volume was 1.65+0.89 units in
Group SpHb and 2.4241.36 units in Group CONV (Table 4).

The length of hospital stay for patients in the CONV group was
significantly longer than that for patients in the SpHb group
(p=0.043). The length of hospital stay was 5 (2-19) days in
Group SpHb and 9 (2-60) days in Group CONV (Table 4).

In terms of mortality, 38.5% (n=>5) of the deceased patients
died in the first month, and 61.5% (n=8) died in the third
month. Although the 3-month mortality rate in the CONV
group (19.23%) was nearly double that in the SpHb group
(11.53%), no statistically significant difference was detected in
this pilot-sized cohort (p>0.05). No differences were observed
between the groups in terms of surgical duration or duration
of anesthesia (p>0.05) (Table 4).

DISCUSSION

Our results demonstrated that bleeding management
using non-invasive hemoglobin (SpHb) data significantly
contributed to a decrease in the need for blood transfusions,
increased perioperative oxygenation, and reduced hospital
stay duration in patients undergoing hip surgery. Consistent
with our hypothesis, SpHb monitoring allowed more
precise transfusion decisions compared with conventional
methods.

In our study, the primary longitudinal analysis showed that
partial oxygen pressure (PaO,) values were higher in the SpHb
group after completion of the first transfusion. Although later
transfusion-related PaO, measurements also tended to be
higher in the SpHb group, these observations were event-
based and derived from smaller patient subsets; therefore,
they should be interpreted cautiously. We believe that the
higher perioperative oxygenation observed in the SpHb
group may be related to earlier transfusion decisions enabled
by continuous hemoglobin monitoring.

Hart et al.? reported that high bleeding occurred during
total hip prosthesis surgeries and that 75% of these patients
received blood transfusions. For these reasons, in our study,
we selected hip surgery cases in which we anticipated a loss
of 10%-20% of the patients’ total blood volume to make a
decision on blood transfusion using non-invasive hemoglobin
(Hb) measurement values.

The gold standard method for measuring Hb is a complete
blood count performed in the laboratory.? However, the most
significant disadvantages of this method are its invasiveness,
the time required to obtain results, including collecting the
blood sample, delivering it to the laboratory, and processing it,
and the risk of infection associated with repeated procedures.’
On the other hand, intravenous fluid replacement is also
administered to patients during the operation. Excessive or
insufficient fluid replacement can lead to hemoconcentration,
thereby leading to incorrect Hb measurement results.'
We standardized fluid replacement to prevent potential
hemodilution or hemoconcentration, and pleth variability
index (PVI) monitoring was consequently performed in all
patients.” In our study, no significant difference was found
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Table 2a. Comparison of PaO, measurements at primary longitudinal time points: Linear mixed-effects model analysis

Measurement, mmHg n Group SpHb Group SpHb n  Group CONV Group CONV Between
Mean+SD EMM (95% Cl) Mean+SD EMM (95% ClI) group p

Baseline 26 105.31+24.32 1053 (57.4-153.2) 26 97.64+23.67 97.6 (49.8-145.5) 0.264°

First RBC transfusion decision 26 172.51+£41.01 172.5(122.8-222.2) 26 153.27+43.09 153.3(103.6-202.9)  0.105°

After completion of the first transfusion 26 191.36+29.55 191.4(143.0-239.7) 26 170.51+£30.32 170.5(122.2-218.8) 0.015°

Linear mixed-effects model: Fixed effects (Type Ill Tests, Kenward-Roger df)

Effect F Numerator df Denominator df P
Time 116.692 2 94.663 <0.001
Group (SpHb vs. CONV) 9.085 1 123.703 0.003
Groupxtime interaction 0.877 2 94.663 0.419
Overall between-group comparison (LMM estimated marginal means, averaged over time)
Group Overall EMM 95% CI Mean difference P
mmHg (SpHb—CONV)

SpHb 156.4 108.9-203.9

+15.9 mmHg 0.003
CONV 140.5 93.0-188.0

Observed values are presented as mean+SD, and model-based values are presented as estimated marginal means (EMM) with 95% confidence intervals (Cls). RBC: red
blood cell; CONV: conventional monitoring; SpHb: non-invasive hemoglobin monitoring. Between-group p-values shown for each primary time point were obtained
using independent-samples Student’s t-tests and are provided as descriptive time point-specific comparisons of observed values. In addition, the primary longitudinal
time points were analyzed using a linear mixed-effects model with fixed effects for group, time, and groupxtime interaction, and a random intercept for each patient.
The corresponding Type Ill tests and overall between-group comparison are presented in the lower panels of the table. ®Student's t-test.

Table 2b. PaO, measurements at event-based secondary time points: Exploratory analyses

Measurement, mmHg n (SpHb) Group SpHb, meantSDor n (CONV) Group CONV, meantSDor Between
median (min-max) median (min-max) group p

Second transfusion: Event-based exploratory analysis (SpHb n=8; CONV n=16)

Second RBC transfusion decision 8 199.5 (168-222) 16 159.5 (98-208) 0.027°2

After completion of the second transfusion 8 204.63+27.42 16 168.06+33.95 0.015°
Third transfusion: Descriptive analysis only (SpHb n=1; CONV n=4)

Third RBC transfusion decision 1 191.0 4 182.5+38.49 -

After completion of the third transfusion 1 201.0 4 182.5+37.78 -

Values are presented as mean+SD or median (min-max), as appropriate; single observations are shown as observed values only. RBC: red blood cell;
CONV: conventional monitoring; SpHb: non-invasive hemoglobin monitoring. Event-based secondary time points were analyzed separately and should be
interpreted as exploratory because of the small and unbalanced subgroup sizes. 2Mann-Whitney U test; "Student’s t-test.

between the PVI scores and the amount of fluid administered  hypotension, arrhythmias, vasoconstrictor medication use,
to the patients in either group during the perioperative period.  and hyperbilirubinemia.’* We eliminated the risk of incorrect
SpHb probe measurements by excluding these patients from
the study. Another disadvantage of these methods is that
they are affected by hypothermia. In our study, no difference
in temperature was detected between the two groups
except for the scores at the 40™ minute. At the 40™ minute,
it was determined to be 36.45+0.26°C in Group SpHb and
36.59+0.22°Cin Group CONV (p=0.042). Although a difference
was observed in the scores at the 40™" minute, we believe that
Non-invasive SpHb monitoring may produce inaccurate thisdid not clinically cause hypothermia; therefore, the SpHb
results in patients with nail polish, motion artifacts, measurements were not negatively affected.

Non-invasive approaches and monitoring strategies have
gained considerable popularity worldwide." SpHb monitoring
is the most widely used technique among these methods.’?The
primary objectives of our research were to observe the Hb trend
during the blood replacement procedure to prevent excessive
blood transfusions and to identify dramatic decreases in Hb
levels early, allowing immediate choices regarding transfusions.
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Table 3a. Comparison of CBC-Hb measurements at primary longitudinal time points: Linear mixed-effects model analysis

Measurement, g/dL n Group SpHb Group SpHb n  Group CONV Group CONV Between

mean+SD EMM (95% Cl) mean+SD EMM (95% ClI) group p
Baseline 26 11.06+1.26 11.05(9.73-12.37) 26 10.51+0.85 10.06 (8.74-11.38) 0.072°
First RBC transfusion decision 26 8.73£0.55 8.72 (7.45-9.99) 26 8.13£0.59 8.13 (6.86-9.40) 0.0012
After completion of the first transfusion 26 9.58+0.90 9.58 (8.28-10.88) 26 8.94+0.85 8.94 (7.64-10.23) 0.0122
After extubation 26  9.34+0.69 9.34 (9.06-9.62) 26 8.56+0.67 8.56 (8.29-8.83) 0.001°
Linear Mixed-Effects Model: Fixed Effects (Type Ill Tests, Kenward-Roger df)
Effect F Numerator df Denominator df P
Time 76.536 3 89.403 <0.001
Group (SpHb vs. CONV) 27.337 1 120.214 <0.001
Groupxtime interaction 0.661 3 89.403 0.519
Overall between-group comparison (LMM estimated marginal means, averaged over time)
Group Overall EMM 95% CI Mean difference P

g/dL (SpHb—CONV)
SpHb 9.790 8.524-11.056

+0.745 g/dL <0.001

CONV 9.045 7.779-10.311

Values are presented as mean+SD. EMM: estimated marginal mean; Cl: confidence interval; RBC: red blood cell; CBC-Hb: complete blood count hemoglobin; CONV:
conventional monitoring group; SpHb: non-invasive hemoglobin monitoring group. Primary longitudinal time points were analyzed using a linear mixed-effects model
with fixed effects for group, time, and groupxtime interaction. ?p-values were calculated using the independent-samples Student’s t-test. Statistical significance was
set at p<0.05.

Table 3b. CBC-Hb measurements at event-based secondary time points: Exploratory analyses

Measurement, g/dL n (SpHb) Group SpHb, mean+SDor n (CONV) Group CONV, meantSDor Between
median (min-max) median (min-max) group p
Second transfusion: Event-based exploratory analysis (SpHb n=8; CONV n=16)
Second RBC transfusion decision 8 8.50 (8.10-9.20) 16 8.40 (7.70-9.00) 0.341°
After completion of the second transfusion 8 9.77+1.06 16 9.22+0.78 0.174°
Third transfusion: Descriptive analysis only (SpHb n=1; CONV n=4)
Third RBC transfusion decision 1 8.95 4 8.15+0.31 -
After completion of the third transfusion 1 9.85 4 9.62+0.48 -

Values are presented as mean+SD or median (min-max), as appropriate; single observations are presented descriptively. RBC: red blood cell; CONV:
conventional monitoring group; SpHb: non-invasive hemoglobin monitoring group. Event-based secondary time points were analyzed separately and should
be interpreted as exploratory. 2Student’s t-test; ®"Mann-Whitney U test. Statistical significance was set at p<0.05.

Awada et al." investigated the effect of SpHb monitoring on
blood transfusion in neurosurgical surgeries with bleeding. In
this study, the group thatunderwent SpHb monitoringreceived
fewer blood transfusions. The results of the study showed that
SpHb monitoring makes it easier to recognize transfusions
that need to be applied on time and causes a decrease in the
amount of blood replaced in neurosurgical operations with
high blood loss. Similarly, in our study, patients monitored
with SpHb required fewer transfusions than those managed
with conventional methods. The number of transfused red
blood cell (RBC) units per patient was significantly lower
in the SpHb group than in the CONV group (p=0.025). This

finding suggests that continuous SpHb monitoring may
have facilitated earlier recognition of downward hemoglobin
(Hb) trends and allowed transfusion decisions to be made
before hemoglobin levels declined further. The distribution
of second- and third-unit transfusions should be interpreted
cautiously, as these analyses were based on smaller event-
driven subgroups. Although SpHb monitoring has shown
promise in transfusion management, laboratory-measured Hb
remains the reference standard because the current evidence
is limited by methodological constraints and insufficient
statistical power.®® Based on our findings, SpHb monitoring
may serve as an adjunct tool to detect downward Hb trends
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Figure 2. Radar chart design of the groups.
and support earlier transfusion decisions, particularly when

Hb approaches the 9 g/dL threshold. Larger randomized
controlled trials are needed to better define its clinical utility.

J Clin Pract Res 2026;48(2):191-201

In our study, the length of hospital stay was longer in the
conventional group than in the SpHb group (p=0.043).
Although hospital stay can be influenced by various factors,
such as comorbidities, surgical technique, and postoperative
complications, we aimed to control for these variables through
our prospective randomized study design. Both groups were
comparable in terms of demographic data, American Society
of Anesthesiology Physical Status (ASA PS) risk groups, and
duration of surgery. Additionally, anesthesia management
and fluid therapy were standardized across both cohorts.
Therefore, we suggest that the reduction in hospital stay in the
SpHb group is likely associated with more accurate transfusion
triggers and a subsequent decrease in the total amount of
blood transfused. Numerous studies in the literature support
that avoiding unnecessary blood transfusions can shorten
hospital stay by reducing transfusion-related risks.'®'

More than 90% of hip fractures occur in people over the age
of 65 years, and the risk of hip fracture doubles every decade
after the age of 50 years.” The mortality rate in the first year
after hip surgery varies between 10% and 40%.'® The mortality
rates observed in our study are consistent with the existing
literature. A 10-year retrospective study previously conducted
at our clinic reported a 1-year mortality rate of 16.98% for
hip surgery patients."” In our current cohort, although the
numerical values varied slightly between the SpHb and
conventional groups at the 1-month and 3-month intervals,
no statistically significant differences were observed. This
suggests that while SpHb monitoring optimizes perioperative
management and reduces transfusion requirements, its direct
impact on short-term mortality may be limited, or a larger
sample size may be required to detect such a difference.

Several independent risk factors may affect mortality in patients
undergoing hip surgery, including advanced age, male sex,
anemia, clinical comorbidities, surgical scheduling, and surgical

Table 4. Comparison of secondary outcome measurements between groups

Variables Group SpHb Group CONV p
RBC units transfused per patient 1(1-4) 2 (1-5) 0.0252
Number of RBC units transfused 0.007°
1 unit, n (%) 17 (65.38) 6 (23.07)
2 units, n (%) 8(30.76) 16 (61.53)
3 units, n (%) 1(3.84) 4(15.38)
Length of stay, days 5(2-19) 9 (2-60) 0.0432
Mortality, n (%)
30-day mortality 3(11.53) 2(7.69) 0.266°
90-day mortality 3(11.53) 5(19.23) 0.184°

Values are presented as median (min-max) or number (%). ?p-values were calculated using the Mann-Whitney U test. ®p-values were calculated using the Fisher-

Freeman-Halton test.
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technique.”® When we examined studies on the relationship
between low hemoglobin (Hb) levels and mortality rates, we
found some inconsistencies. For example, there is currently no
global consensus regarding the Hb threshold for transfusion
during hip surgery. The National Institute for Clinical Excellence
(NICE) recommends blood transfusions for patients with Hb
levels <7 g/dL or <8 g/dL in those with cardiac problems;
however, the American Association of Blood Banks (AABB)
recommends a transfusion threshold of 8 g/dL for surgical
patients.””? Therefore, the lack of a standard guideline makes
the issue of whether the Hb value used for blood transfusion
has a positive or negative impact on mortality debatable. In the
present study, a hemoglobin threshold of 9 g/dL was selected
as the trigger for blood transfusion. While some guidelines
suggest more restrictive thresholds, our choice was informed
by the specific clinical profile of our study population, which
consisted of patients aged 60 years and older, with a mean
age of approximately 75 years. Geriatric patients undergoing
major orthopedic procedures often have a high prevalence of
cardiovascular and pulmonary comorbidities that may limit
their physiological compensatory mechanisms for anemia.
Furthermore, hip surgeries are associated with significant
perioperative blood loss and fluid shifts. By selecting a 9 g/
dL threshold, we aimed to provide a safer margin for oxygen
delivery and to prevent potential myocardial or cerebral
ischemia in this vulnerable age group, consistent with clinical
practices that prioritize perioperative stability in high-risk
elderly patients. Second, the results of studies conducted on this
subject are contradictory. For example, Engoren et al.*' reported
in a study involving 229 hip fractures that perioperative blood
transfusion did not affect postoperative mortality on the 30* or
90" day; however, they showed that transfusion is a risk factor
for death at least 90 days or more after hip surgery. Arshi et al.2
found that the 30-day mortality rate in patients who underwent
hip surgery and received blood transfusions was significantly
higher than that in patients who did not receive transfusions.
Smeets et al. investigated the effect of blood transfusion on
survival after hip surgery and found no significant differences
in mortality at 30 days, 1 year, or 2 years. Consistent with these
findings, we observed no statistically significant difference in
3-month mortality between our groups (p>0.05). However, it is
important to note that the mortality rate in the conventional
group (19.23%) was numerically nearly double that of the
non-invasive hemoglobin (SpHb) group (11.53%). Because our
sample size was calculated specifically to evaluate transfusion
triggers rather than survival outcomes, this pilot-sized cohort
is likely underpowered to detect a true statistical difference in
mortality. Therefore, while SpHb monitoring shows a promising
clinical trend toward reducing short-term mortality, these
results should be interpreted cautiously and validated in larger,
adequately powered multicenter studies.

Dinger Yesilnacar et al. Effect of SpHb in Hip Surgery

Strengths and Limitations

The mostssignificantaspect of this studyis that, toourknowledge,
no randomized controlled studies investigating the relationship
between non-invasive hemoglobin (SpHb) monitoring and
mortality have been reported. However, we found that mortality
studies are typically conducted retrospectively with large
sample sizes. In our study, we chose the sample size based on
our main objective and included 52 patients with 95% power
in the power analysis. The sample size calculation was based on
the primary transfusion-related outcome structure and was not
designed to ensure sufficient power for smaller event-based
subgroup analyses or secondary outcomes, such as mortality.
As a result, we consider the number of patients in our study
insufficient for mortality analysis, which is a major limitation.

Another limitation in terms of mortality is related to the study
methodology. Patients’ families were contacted by phone to
collect mortality data. Therefore, information such as survival
status may be obscured, which may make the results debatable.

CONCLUSION

Our findings show that SpHb monitoring provides a reliable
measure of critical bleeding thresholds during hip operations,
which could assist with early transfusion treatments and reduce
the total volume of blood required. This condition improved
perioperative oxygenation and reduced hospital stay by
increasing healing time. Therefore, it may be possible to improve
postoperative clinical outcomes by monitoring SpHb levels during
surgical procedures that represent a significant risk of blood loss.
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The Injection of Tranexamic Acid Alone is Not Effective
in Reducing Transfusion Requirements Following Total
Joint Arthroplasty

Claudio Legnani,' ©© Alberto Ventura," (2 Giorgio Oriani?
'IRCCS Istituto Ortopedico Galeazzi, Sport Traumatology and Minimally Invasive Surgery Center,
Milan, Italy

2IRCCS Istituto Ortopedico Galeazzi, Department of Anesthesiology, Milan, Italy

ABSTRACT

Aretrospective study was conducted to evaluate the need for perioperative autotransfusions
and the amount of blood loss by comparing patients receiving different tranexamic acid
(TXA) regimens following total joint replacement (TJR). A total of 1675 patients undergoing
TJRwere included: 76 did not receive TXA administration (group A); 77 received IVTXA (group
B); 1510 received IV followed by IA administration of TXA (group C); and 12 received |IA TXA
administration alone (group D). Significant between-group differences were observed in
intraoperative and postoperative blood loss (p<0.05). Blood autotransfusion and allogeneic
transfusion rates were significantly higher in group D compared with the other treatment
strategies (p<0.001) and with the control group of patients who did not receive TXA (p<0.05).
IV combined with IATXA administration represents the most effective way to prevent blood
loss following TJA surgery. Conversely, isolated IA administration of TXA did not reduce the
need for postoperative transfusions.

Keywords: Anesthesiology, blood management, injections, surgery, tranexamic acid.

INTRODUCTION

For individuals with end-stage osteoarthritis, total joint arthroplasty (TJA) represents the elective
surgical treatment. TJA procedures are becoming more common because they can help elderly
patients live better lives by reducing joint pain and improving their quality of life." However, TJA
is often associated with a significant risk of blood loss, which can lead to anemia and increased
rates of autologous and allogeneic blood transfusions, which may be related to perioperative
complications such as transfusion reactions and surgical wound infections, thus prolonging
hospital stays and increasing costs for health care systems.? Consequently, perioperative blood
management techniques aim to reduce blood loss and the requirement for blood transfusions.
Reducing bleeding around the knee improves functional results following surgery by lowering
hemarthrosis, limb edema, and postoperative discomfort.?

Tranexamic acid (TXA) is an antifibrinolytic agent that helps minimize blood loss in patients
undergoing TJA# It has shown an excellent safety profile without increasing the risk of side effects,
such as thromboembolism during the perioperative period.> Moreover, numerous studies have
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Table 1. Blood loss and transfusion rates in patients undergoing total joint replacement

Group B Group C
Group A Group D
(Double (Double intravenous TXA
(No TXA (Intraarticular TXA
intravenous TXA administration+ intraarticular
administration) administration)
administration) TXA administration)
(n=76) (n=12)
(n=77) (n=1510)
Intraoperative blood loss, mean (SD), mL 250.4 (101.3) 225.3 (84.8) 150.5 (90.8) 260.8 (119.4)
Postoperative blood loss, mean (SD), mL 275.5 (144.4) 264.3 (134.8) 239.1 (125.1) 270.4 (137.4)
Autotransfusion, No. (%) 9(11.8%) 3(3.9%) 24 (1.6%) 2(16.7%)
Allogeneic transfusion, No. (%) 17 (22.4%) 8(10.4%) 73 (4.8%) 3(25.0%)

TXA: Tranexamic acid; SD: Standard deviation.

demonstrated that TXA use can significantly lower the need for
transfusions after joint replacement surgery.5 Nevertheless,
no consensus exists on administration regimens for TXA in
joint replacement surgery. Significant differences in TXA
administration have been reported, with protocols varying
from single- to multiple-dose regimens, with or without 1A
administration, which is sometimes used alone.

A retrospective study was conducted to evaluate the need for
perioperative auto-and allotransfusions by comparing patients
with different TXA regimens following joint replacement.

The study hypothesis was that IV administration of TXA
combined with |IA administration reduces the need for
perioperative transfusions following TJA more effectively
compared with other treatment regimens.

METHODS

A total of 1702 patients who had undergone primary TJA
at the Minimally Invasive Articular Surgery Center of our
institute between January 2023 and December 2023 were
retrospectively reviewed. Of the original study group, 1675
patients (98.4%)whose medical records could beretrieved were
included in the present research. Seventy-six did not receive
TXA administration (group A); 77 received a preoperative IV
dose of 15 mg/kg TXA followed by a second postoperative IV
dose of 15 mg/kg TXA (group B); 1510 received a preoperative
IV dose of 15 mg/kg TXA followed by a second postoperative
IV dose of 15 mg/kg TXA and IA administration of TXA (group
C); and 12 received IA administration of TXA alone (group
D). Primary outcomes were the percentage of transfusions
(autologous or allogeneic) within the perioperative period
and the amount of intraoperative and postoperative blood
loss (within 24 hours). Secondary outcomes included major
complications occurring during the hospital stay, such as
thrombotic events, infections, and adverse events. Blood
reinfusion was administered at a hemoglobin threshold of 8 g/

dL in patients without comorbidities and a threshold of 10 g/
dL in patients with preexisting cardiac pathology, according to
international guidelines.’o

Ethical approval was not required for the present study, an
observational analytic study with a retrospective design on a well-
established surgical procedure, as the patient-reported outcomes
used are part of routine follow-up at the authors’institution.

Continuous data are presented as meanzstandard deviation
(SD).The Shapiro-Wilk test was used to assess data distribution.
Differences between the groups were tested using Friedman'’s
test and Dunn’s post hoc test for pairwise comparisons in
cases of non-normal data distribution or repeated-measures
one-way ANOVA with Tukey’s post hoc test for multiple
comparisons of Gaussian-distributed data. SPSS software (IBM
SPSS Statistics version 21, IBM Corp., Armonk, NY, USA) was
used. Statistical significance was established at p<0.05.

RESULTS

None of the patients who completed TXA therapy reported
adverse events during the perioperative period. A detailed
overview of blood loss and transfusion rates is reported in Table 1.

Blood autotransfusion and allogeneic transfusion rates were
11.8% (9/76) and 22.4% (17/77) in group A, respectively.
Autotransfusion was administered to 3 patients (3.9%), and
allogeneic transfusion was administered to 8 patients (10.4%)
in group B. In group C, 24/1510 patients (1.6%) and 73/1510
patients received autologous or allogeneic transfusion,
respectively, while autotransfusion and allogeneic transfusion
rates were 16.7% (2/12) and 25.0% (3/12) in group D. Significant
differences between the groups were observed (p<0.001).

Similarly, mean intraoperative blood loss in group A (250.4 mL,
SD: 101.3) and group D (260.8 mL, SD: 119.4) was significantly
higher compared with group B (225.3 mL, SD: 84.8, p<0.001)
and group C (150.5 mL, SD: 90.8, p<0.001). Similarly, regarding
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Figure 1. Box plots showing differences in blood loss
between groups. The bottom and top of the boxes represent
the interquartile range (25" and 75™ percentiles), and the
top whisker represents the maximum value.

*: P<0.05; **: P<0.01; ***: P<0.001.

postoperative blood loss, higher average values were reported
in group A (275.5 mL, SD: 144.4) and group D (270.4 mL, SD:
137.4) compared with group B (264.3 mL, SD: 134.8) and group
C(239.1 mL, SD: 125.1) (Fig. 1).

DISCUSSION

According to our findings, IV combined with IA TXA
administration represents the most effective way to prevent
blood loss following TJA surgery. The use of IV TXA infusion
also reduces the need for postoperative transfusions. On the
other hand, isolated IA administration of TXA did not reduce
the need for postoperative transfusions compared with the
control group, in which no TXA was administered. Similar
results were reported for intraoperative and postoperative
blood loss. The secondary outcomes, including complication
rates, were comparable between groups.

Numerous studies have reported that TXA can be safely
and effectively used to decrease blood loss and reduce
transfusion requirements.*> In our case series, no venous or
arterial thromboembolic events occurred, and consistent
with previous experience reported in the literature, among
patients undergoing joint arthroplasty, treatment-related
reductions in transfusion requirements were associated with
IV administration of TXA.5*

The administration of TXA after joint replacement surgery
varies greatly, with dosage regimens ranging from 10 to 135
mg/kg and treatment durations ranging from one injection to
several injections or continuous infusion for up to 3 days.'?
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Because of this, the ideal dosage of TXA for joint replacement
surgery is still unknown, and opinions about the best time to
begin using TXA, its administration techniques, and its volume
of use remain divided."

Different TXA administration dosing regimens—one
intravenous, one intravenous combined with intraarticular,
and one intraarticular alone—were examined in this study
and compared with a control group in which no TXA was
administered.

According to a recent meta-analysis, after total knee replacement,
the combined treatment of IV and IA TXA was comparatively
more successful in lowering postoperative hemoglobin decline,
transfusion rate, total blood loss, and drain output.™ Similarly,
Fakharian et al.’® reported reduced intraoperative blood loss
in patients undergoing total knee arthroplasty treated with
combined intraarticular and intravenous TXA compared with
the intraarticular and intravenous alone groups.

According to our findings, using an intravenous double-
dose regimen appreciably reduces the overall volume of
blood lost after surgery, with or without the addition of
intraarticular administration. On the other hand, group A had
a lower transfusion rate than group D, showing that isolated
intraarticular administration of TXA did not reduce the need
for postoperative transfusions compared with the control
group. However, caution must be used when interpreting
these results because of the limited sample size.

Major study limitations include its retrospective nature,
nonrandomized design, and absence of a power analysis. The
imbalance in group sizes may affect the reliability of these
findings. The smaller sample size in group D, due to blood
management strategies adopted at our institution, could reduce
the statistical power to detect true differences among groups.

Further prospective randomized studies with more balanced
group sizes are needed to substantiate these findings.
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Limbic System Glioblastoma Extending to the Papez
Circuit: A Case Report

Sena Kiciklar,' © Zeynep Firat,? (2 Gazanfer Ekinci?
'Department of Psychology, Faculty of Science and Letters, istanbul Kiltiir University, istanbul, Tiirkiye

’Department of Radiology, Yeditepe University Hospitals, istanbul, Tiirkiye

ABSTRACT

Background: Glioblastoma is the most common malignancy of the central nervous system.
Symptoms vary significantly depending on tumor location and size.

CaseReport: A 55-year-old man presented with mild memory deficits, occasional eye twitching,
and throat irritation for two months. Magnetic resonance imaging revealed a glioma centered
in the piriform cortex, infiltrating the amygdala, hippocampus, bilateral fornices, mammillary
bodies, anterior cingulate gyrus, and anterior commissure.

Conclusion: Despite extensive involvement of the limbic system and the Papez circuit, the
patient exhibited a remarkable paucity of symptoms and maintained his daily functioning. This
discrepancy was elucidated by diffusion tensor imaging tractography, which demonstrated
that the tumor primarily displaced, rather than destroyed, the adjacent white matter tracts.

Keywords: Diffusion tensor imaging, glioblastoma, limbic system, tractography.

INTRODUCTION

Glioblastoma (GBM) is the most aggressive malignant brain tumor of astrocytic origin, and its
etiology is currently poorly understood.! Although GBM can occur at any age, including childhood,
its incidence increases sharply after the age of 54 and peaks between 75 and 84 years of age.?
The preliminary diagnosis is typically based on characteristic tumor-related radiological findings,
initially identified by computed tomography and confirmed by magnetic resonance imaging (MRI).
A definitive histopathological diagnosis is obtained through tumor resection or biopsy. Functional
MRI and diffusion tensor imaging (DTI) enable the integration of patient-specific anatomical
and functional data into preoperative planning. Moreover, data obtained from DTl can be used
for tractography, a three-dimensional (3D) reconstruction technique that allows assessment of
neural tracts. Tractography provides valuable information not only for surgical planning but also
for postoperative evaluation.® Therefore, imaging modalities play a crucial role in guiding tissue
sampling for surgical resection, establishing histological diagnosis, and performing postoperative
assessment.

CASE REPORT

A 55-year-old male patient with an unremarkable medical history was diagnosed with GBM
following a biopsy. Neurological examination revealed no cognitive or behavioral deficits, and
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the patient reported no functional impairment in daily life
other than mild memory problems. Despite the absence
of focal neurological findings, the patient was admitted to
the hospital with complaints of progressive forgetfulness
regarding recent events over the preceding two months,
occasional twitching of the right eye, and a tickling sensation
in the throat.

The MRI scan was performed using a 48-channel head coil on
a 3 Tesla scanner. A T2-weighted fat-saturated turbo spin-echo
(TSE) sequence (TR=3000 ms, TE=75 ms, slice thickness=3 mm,
and gap=0.5 mm) and DTl using a single-shot spin-echo echo-
planar imaging sequence (TR=3443 ms, TE=93.3 ms, slice
thickness=2.5 x 2.5 x 2.5 mm, and gap=0 mm) were acquired
in the axial plane. DTl data were obtained using 32 different
diffusion directions with b-values of 0 s/mm? and 800 s/mm?.

MRI revealed a glioma centered in the piriform cortex,
infiltrating the perirhinal cortex, amygdala, and hippocampus.

Kiciklar et al. Limbic System Glioblastoma

The lesion demonstrated significant midline extension,
involving the bilateral fornices, mammillary bodies, anterior
cingulate gyrus, and anterior commissure. Furthermore, it
invaded the subcallosal area and multiple regions of the corpus
callosum, including the genu, rostrum, isthmus, and splenium,
ultimately crossing into the contralateral hemisphere (Fig. 1).

Alterations in white matter tracts affect diffusion tensor
anisotropy and orientation, resulting in distinct patterns
on directional DTl color maps.* By differentiating intact,
edematous, and disrupted fibers on these maps, we observed
evidence of both fiber destruction and fiber displacement,
with some tracts displaced by the glioma without complete
structural disruption. In this case, intact, edematous, and
disrupted fibers were individually identified on the DTI color
map shown in Figure 2.

Orientation and integrity of the white matter tracts were also
demonstrated by DTI. Several fiber bundles, including the fronto-

Figure 1. Consecutive axial T2-weighted images reveal an extensive lesion centered in the left anteromedial temporal lobe,
involving the mesial temporal structures, limbic pathways, and the splenium of the corpus callosum, with extension into the
contralateral hemisphere. Additional cortico-subcortical involvement is observed in the left insular, parietal, and posterior
temporal regions (a). Corresponding color-coded fractional anisotropy (FA) maps demonstrate displacement, deviation, and
disruption of adjacent white matter tracts caused by the lesion (b).
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Figure 2. A sagittal T2-weighted image (a), color-coded fractional anisotropy (FA) map (b), and tractography reconstruction (c)
demonstrate lesion-induced displacement of the corticospinal tract (CST, red), medial lemniscus (ML, blue), fornix (FX, yellow),
and cingulum (Cl, green). The forceps major (FM, pink) exhibits both displacement and disruption secondary to the lesion.

Figure 3. Tractography images demonstrate lesion-related disruption of the left temporal extension of the anterior
commissure (AC, red) and the right occipital extension of the forceps major (FM, pink). The fornix (FX, yellow), inferior
longitudinal fasciculus (ILF, green), and fronto-occipital fasciculus (FOF, blue) show displacement and deviation due to the
lesion. The uncinate fasciculus (UNC, orange) remains intact and follows its normal anatomical course.

occipital fasciculus, inferior longitudinal fasciculus, and fornix,
were displaced by the tumor, whereas the left temporal extension
of the anterior commissure and the right occipital extension of
the forceps major were disrupted (Fig. 3). In addition, the patient’s
optic radiation was affected by tumor infiltration, which may
explain ocular complaints such as twitching.

DISCUSSION

While GBM typically involves the cerebral lobes,” this rare case
demonstrates extensive involvement of the limbic system
and its associated white matter. As noted by Capizzano et al.,
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central nervous system (CNS) tumor classification prioritizes
histology over anatomical origin, often overlooking so-called
“limbic”tumors. Given the biological significance of anatomical
origin, greater consideration should be given to tumors arising
within the limbic system.

Classically, Papez’ proposed a model linking specific brain
structures to emotional processing and memory consolidation.
This network, termed the Papez circuit, connects the
hypothalamus, anterior thalamic nuclei, cingulate gyrus, and
hippocampus. Subsequently, these cortical and subcortical
structures, along with their associated fiber tracts, were
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collectively described as the limbic system. This system has
been implicated in various neurological and psychiatric
disorders.®

In this rare case, there was widespread involvement of the
Papez circuit, including the hippocampus, amygdala, bilateral
fornices, mammillary bodies, and anterior cingulate. The
tumor’s expansion also involved the anterior commissure
and multiple subregions of the corpus callosum, extending
from the rostrum and genu to the isthmus and splenium,
ultimately crossing the midline into the contralateral
hemisphere. Most of the brain structures and fibers affected
by the tumor correspond to components of the extended
version of the Papez circuit. In this respect, the present case
supports the concept of an expanded Papez circuit. Owing to
the resolution limitations of current neuroimaging modalities,
comprehensive invivo visualization of the entire Papez circuit is
challenging. Consequently, very few studies have successfully
delineated the full pathway in living subjects.’

A striking feature of this case is the relative preservation of
emotional and cognitive functions despite the extensive
involvement of the Papez circuit, with the patient exhibiting
only mild memory deficits. As demonstrated on the DTI
color maps, the tumor did not completely destroy all white
matter tracts, rather, some fibers displaced without structural
disruption. Therefore, the displaced white matter fibers may
have remained functional.

Given this potential for functional preservation, surgical
management of GBM cases involving the limbic system
should emphasize not only anatomical resection but also
preservation of functional networks. While standard imaging
techniques may delineate tumor margins, they may be
inadequate for visualizing white matter displaced or infiltrated
by the tumor. In this context, tractography plays a critical role
in surgical planning and assists in the preoperative mapping
of vital subcortical connections, such as the Papez circuit. Thus,
while aiming for maximal safe tumor resection, the patient’s
cognitive and emotional integrity may also be preserved.

CONCLUSION

The temporal lobe is unique in that it contains both
predominant isocortex and allocortex.® Tumors originating
from the limbic lobe may exhibit distinctive characteristics
compared to those arising from extralimbic temporal regions.
Since Yasargil et al."® described the characteristics of limbic
tumors more than three decades ago, primarily focusing on
surgical aspects, the concept has received relatively little
attention in the pathological and radiological literature.
Further discussion and clearer characterization of limbic
tumors are needed.
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Moreover, this case is rare because of its extensive spread
along the Papez circuit. It also supports prior imaging studies
that have successfully visualized the entire circuit, as the
tumor spread followed the anatomical course of the Papez
circuit. In this case, the fact that a tumor affecting the limbic
system to this extent did not result in behavioral or emotional
disturbances, other than mild memory impairment, can be
explained by the DTI color maps, thereby underlining their
importance in understanding the symptoms.
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Incidental Parasternal Ancient Schwannoma Detected
During Breast Cancer Screening

Yasser Ali Kamal’

'Department of Cardiothoracic Surgery, Faculty of Medicine, Minia University, Al-Minya, Egypt

ABSTRACT

Background: Schwannoma is a rare, slow-growing nerve sheath tumor that is infrequently
reported in the anterior chest wall and requires thorough evaluation for accurate
identification and appropriate treatment.

Case Report: We describe a case of a 57-year-old woman with an incidentally discovered
parasternal ancient schwannoma of the anterior chest wall during breast cancer screening.
Contrast-enhanced computed tomography (CT) revealed a well-defined soft tissue mass
located in the right third intercostal space. Surgical excision was performed via right
anterior thoracotomy. Histopathological examination confirmed the diagnosis of ancient
schwannoma. The patient experienced an eventful postoperative recovery, with no
recurrence observed during two years of follow-up.

Conclusion: Anterior chest wall schwannomas are rare incidental findings. Accurate
imaging and complete surgical excision are essential for diagnosis and management,
ensuring favorable outcomes and highlighting the importance of timely recognition of
these uncommon tumors.

Keywords: Benign tumor, chest wall mass, intercostal nerve, schwannoma, thoracic surgery.

INTRODUCTION

Chest wall schwannoma arising from the anterior intercostal nerves is a rare, benign
nerve sheath tumor that may present diagnostic challenges due to its non-specific clinical
presentation. It typically originates from peripheral nerves and is characterized by slow
growth over a prolonged period, often remaining asymptomatic for many years. Diagnosis is
often difficult, as schwannomas can masquerade as more common chest wall masses or even
breast lesions.!

Surgical excision remains the primary treatment approach, with a focus on complete removal to
prevent recurrence.? Additional complications due to tumor size or nerve involvement can occurin
some cases of schwannoma, indicating the need for careful preoperative planning.? Although rare,
early recognition and treatment are crucial for optimal outcomes. We report a case of a 57-year-old
woman with ancient schwannoma of the anterior chest wall, incidentally detected during routine
breast cancer screening.
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Figure 1. (a) Axial view and (b) sagittal views of contrast-enhanced chest computed tomography demonstrating a well-
defined, encapsulated mass located in the right third intercostal space, without invasion of adjacent tissues.

CASE REPORT

A 57-year-old woman with an unremarkable medical history
underwent routine breast cancer screening. During evaluation,
a painless mass was noted on the right anterior chest wall.
Ultrasound demonstrated a well-defined hypoechoic mass at
the right third costal cartilage measuring 6 X 5 x 5.5 cm. Biopsy
findings suggested an inflammatory pseudotumor. Contrast-
enhanced computed tomography (CT) revealed a right
parasternal soft tissue mass located at the third intercostal
space, measuring 5.8 cm in diameter. The lesion elevated the
overlying muscles and displaced the lung without invasion
(Fig. 1). Given the benign imaging features and absence of
symptoms, a right anterior thoracotomy was performed.

The excised mass (Fig.2a) was encapsulated, measuring 6
x 5.5cm, soft in consistency, with an additional fibrofatty
fragment measuring 4.5 x 3.5 cm. Microscopic examination
(Fig. 2b—c) revealed a low-grade spindle cell neoplasm with
degenerative changes, consistent with ancient schwannoma.
Margins were free of tumor, and S-100 staining was positive
(Fig. 2d). The patient had an uneventful postoperative
recovery and was discharged on postoperative day 4. At two-
year follow-up, there was no evidence of recurrence.

DISCUSSION

Ancient schwannoma is a rare nerve sheath tumor that is
infrequently reported in the anterior chest wall adjacent
to the sternum (Table 1). These tumors may remain
asymptomatic for years and are often incidentally detected
during evaluation for unrelated conditions.* Diagnosis
can be challenging because chest wall schwannomas may
mimic breast or other soft tissue tumors.' In the present

zm

Figure 2. (a) Gross image of the excised mass. (b) Low-power
microscopic view of the hematoxylin and eosin (H&E)-stained
specimen showing a spindle cell lesion with degenerative
changes. (c) High-power view (x400) demonstrating well-
defined hypercellular (Antoni A) and hypocellular (Antoni B)
areas, with nuclear palisading (elongated spindle cell nuclei
arranged in parallel rows; red arrowhead) and a Verocay
body (an acellular eosinophilic zone located between two
rows of palisaded nuclei; blue arrowhead). (d) Positive
immunohistochemical staining for S-100.

case, the tumor was discovered during routine breast cancer
screening, and its anterior chest wall location was unusual.
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Table 1. Reported cases of ancient schwannomas of the anterior chest wall

Author Age (years)/Sex Presentation Side Size Journal
Olcmen et al., 2010? 13/M Chest pain Right 5x6cm Pediatr Int
13 cm (middle mediastinum)
Ceberut etal., 2011° 66/M Mediastinal mass Left and 5 cm (6% costochondral Case Rep Med
junction)
Turk Gogus Kalp
Akgul et al., 2012¢ 33/M Chest pain Right 5%x4.5x%x3.5cm Damar Cerrahisi
Derg
Nitte Uni J Health
Bhat et al. 2012¢ 34/M Chest pain Left 7X6x3cm -
Ci
Med J DrDYY Patil
Kale et al., 2015¢ 51/F Chest pain, cough Right 14.1x9.1x88cm m
niv
Krishnamurthy et al., 2015f 33/F Painless mass Left 9.5%x8.8x5.8cm Indian J Surg Oncol
Chest wall swelling,
Jainetal,, 2016° 62/M . Left 9%x5x3cm Int J Health Sci Res
pain
Breathlessness,
Gilbert et al,, 2016" 53/F cough with Right 20x2x15cm Lung India
expectoration
_ Bilateral Right: 5.5 x 4.2 cm, Left:
Kongjarern et al., 2017 53/M Asymptomatic J Med Cases
(multifocal) smaller
) Chest pain and
Miyawaki et al., 2023 65/F Left 13cm J Cardiothorac Surg
cough
Al Sharqi et al., 2024« 44/M Painless mass Right 51%x3.9%x4cm Oman Med J
Current case 57/F Painless mass Right 6x5x55cm J Clin Pract Res

a.  Olcmen A, Kara HV, Gunluoglu MZ, Buyukpinarbasili N, Dince SI. Ancient
schwannoma of the chest wall in the pediatric age group: First case in the
literature. Pediatr Int 2010;52(2):e65-6. [CrossRef]

b.  CeberutK, NaseriE, Celik A, Muslehiddinoglu A, Ergin . One-stage combined
thoracic ancient schwannomas total removal and coronary artery bypass.
Case Rep Med 2011;2011:497960. [CrossRef]

¢ Akgul AG, Cobanoglu U, Yurt ZK. An asymptomatic schwannoma originating
from an intercostal nerve: A case report. Turk Gogus Kalp Damar Cerrahisi
Derg 2012;20(3):662-4. [CrossRef]

d.  BhatSP PermiHS, Shetty R, Shenoy J, Prasad K, Hegde P. Ancient schwannoma
of the chest wall diagnosed by fine needle aspiration cytology- a rare case
report. Nitte Uni J Health Sci 2012;2(3):27-29. [CrossRef]

e. KaleSS, Gosavi VS, Jagadale RV. Ancient chest wall schwannoma: A case
report with review of literature. Med J Dr D Y Patil Univ 2015;8(4):505-7.
[CrossRef]

f. Krishnamurthy A, Raghunandhan GC, Majhi U. Dumbbell Shaped
Schwannoma of the Lateral Chest Wall masquandering as a soft tissue

Preoperative diagnosis is difficult due to several factors: 1) non-
specific radiologic features, as schwannomas typically appear as
well-defined, encapsulated masses resembling other tumors;
2) variable enhancement patterns resulting from necrosis or
degenerative changes; and 3) inconclusive biopsy results,

sarcoma. Indian J Surg Oncol 2015;6(3):307-10. [CrossRef]

g. Jain A, Wani AS, Dhar R, Sahu S, Ambrish PI. Ancient schwannoma of chest
wall-a rare finding. Int J Health Sci Res 2016;6(1):582-4.

h.  Gilbert S, Singh D, Kaliappan SM, Mehta SS. Giant solitary ancient
schwannoma of the pleura masquerading as bronchopneumonia. Lung
India 2016;33(4):447-8. [CrossRef]

i. Kongjarern S, Tajarernmuang P, Wannasopha Y, Wannasai K, Saeteng S.
Multifocal Ancient Thoracic Schwannomas: A Case Report and Review of
Literature. J Med Cases 2017;8(9):277-9. [CrossRef]

j. Miyawaki M, Karashima T, Abe M, Takumi Y, Hashimoto T, Kamohara R, et
al. Giant benign intrathoracic schwannoma: a decade-long progression
towards fatality. J Cardiothorac Surg 2023;18(1):328. [CrossRef]

k. Al Sharqi A, Al Aufi N, Al Hanaai M, Al Kitani H, Al Shehhi R, Al Qadhi H, et al.
Ancient Schwannoma of the Anterior Chest Wall. Oman Med J 2024:D-24-
00466. [CrossRef]

since fine-needle or core biopsies may yield low cellularity or
degenerative tissue, leading to misinterpretation. Histologically,
ancient schwannomas may exhibit atypical features, further
complicatingpreoperativeidentification.* Inourcase,thediagnosis
was established postoperatively through histopathological
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examination and S-100 immunohistochemistry, underscoring
the importance of integrating radiologic, histopathologic, and
immunohistochemical findings.

Complete surgical excision is the optimal treatment and
is generally curative when free margins are achieved.?®
Although these tumors are typically benign, recurrence can
occur, particularly following incomplete excision or in cases
of multifocal tumors, necessitating careful surgical planning
and long-term follow-up.” In our patient, no recurrence
was observed at the two-year follow-up. Recurrent lesions
may mimic malignant peripheral nerve sheath tumors on
imaging,® making continued radiologic surveillance essential,
particularly for larger or multiple lesions.5%™°

CONCLUSION

Ancient schwannomas of the anterior chest wall are uncommon
lesions that may be discovered incidentally. Favorable outcomes
can be achieved with appropriate radiologic assessment and
complete surgical excision. These tumors should be included
in the differential diagnosis of incidental chest wall masses,
particularly in asymptomatic patients.
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