EISSN 2979-9139

Official Journal of
TURKISH
THORACIC SOCIETY

Thoracic

Research & Practice

Formerly Turkish Thoracic Journal

Volume 27 Issue 3 May 2026
thoracrespract.org



- Thoracic Research & Practice

Official Journal of the Turkish Thoracic Society

EDITORS in CHIEF
Metin AKGUN ©

Agri ibrahim Cegen University Faculty of Medicine, Department of Pulmonary Medicine, Agri, Turkiye

Begim ERGAN ©®

Department of Chest Diseases, Dokuz EylUl University Faculty of Medicine, izmir, Tirkiye

EDITORS
Alphabetically in order:

Aylin &ZGEN ALPAYDIN ©
Department of Chest Diseases, Dokuz EylUl University
Faculty of Medicine, izmir, Turkiye

Bugra KERGET ©
Department of Chest Diseases, Aksaray University
Faculty of Medicine, Aksaray, Turkiye

Canan GUNDUZ GURKAN @
Department of Chest Diseases, Istanbul Medipol
University, Istanbul, Tirkiye Hospital, Istanbul, Turkiye

Cineyt SALTURK @ _
Department of Chest Diseases, Istanbul Medipol
University, Istanbul, Tarkiye

Ebru DAMADOGLU ©
Department of Chest Diseases, Hacettepe University
Faculty of Medicine, Ankara, Turkiye

Ege GULEG BALBAY ©
Department of Chest Diseases, DUzce University Faculty
of Medicine, DUzce, TUrkiye

ilknur BASYIGIT ®
Department of Chest Diseases, Kocaeli University
Faculty of Medicine, Kocaeli, Turkiye

ipek CAYLI CANDEMIR ®

Department of Chest Diseases, Atatirk Chest Diseases
and Surgery Training and Research Hospital,

Ankara, TUrkiye

Nagehan EMIRALIOGLU ORDUKAYA ©
Department of Pediatric Pulmonology, Hacettepe
University Faculty of Medicine, Ankara, TUrkiye

Publisher Contact

Address: Molla Giirani Mah. Kagamak Sk.

No: 21/1 34093 Istanbul, Tiirkiye

Phone: +90 (530) 177 30 97

E-mail: info@galenos.com.tr Web: www.galenos.com.tr
Publisher Certificate Number: 14521

Necati CITAK ©

Department of Thoracic Surgery, University of Health
Sciences Tirkiye, Bakirkdy Dr. Sadi Konuk Training and
Research Hospital, istanbul, Tirkiye

Ozlem KAR KURT ©

Department of Occupational Medicine, Yedikule Chest
Diseases and Thoracic Surgery Training and Research
Hospital, istanbul, Torkiye

Refika ERSU ®

Department of Pediatrics, Division of Respirology,
Children’s Hospital of Eastern Ontario (CHEO), University
of Oftawa, Ottawa, Ontario, Canada

Tamer ALTINOK ©®
Department of Chest Diseases, Necmettin Erbakan
University Faculty of Medicine, Konya, Turkiye

Tuncay GOKSEL ©®

Department of Pulmonary Medicine, Ege University
Faculty of Medicine, izmir, Turkiye

Department of Translational Pulmonology, Ege University
Institute of Health Sciences, izmir, Turkiye

BIOSTATISTICAL CONSULTANT

Ahmet Ugur DEMIR ©®
Department of Chest Diseases, Hacettepe University
School of Medicine, Ankara, Turkiye

Seval KUL ®

Department of Biostatistics and Medical Informatics,
Gaziantep University School of Medicine, Gaziantep,
Turkiye

PUBLICATION COORDINATOR

Oguz KILING ©

izmir University of Economics, School of Medicine, izmir,
Turkiye

Online Publication Date: May 2026
E-ISSN: 2979-9139

International scientific journal published bimonthly.



https://orcid.org/0000-0002-5711-1372
https://orcid.org/0000-0002-6048-1462
https://orcid.org/0000-0002-4746-529X
https://orcid.org/0000-0001-7459-9210
https://orcid.org/0000-0001-6250-2100
https://orcid.org/0000-0002-1557-7019
https://orcid.org/0000-0001-7706-9311
https://orcid.org/0000-0002-9877-3516
https://orcid.org/0000-0002-1405-8401
https://orcid.org/0000-0003-4122-9197
https://orcid.org/0000-0002-4641-2866
https://orcid.org/0000-0002-4317-2190
https://orcid.org/0000-0001-9100-5429
https://orcid.org/0000-0002-6089-1840
http://
https://orcid.org/0000-0002-4716-9554
https://orcid.org/0000-0001-8923-4476
https://orcid.org/0000-0003-3404-4274
https://orcid.org/0000-0003-2920-9214

- Thoracic Research & Practice

Official Journal of the Turkish Thoracic Society

EDITORIAL BOARD

A. Fuat Kalyoncu
Department of Chest Diseases, Hacettepe University
Faculty of Medicine, Ankara, TUrkiye

Arzu Yorgancioglu
Department of Chest Diseases, Manisa Celal Bayar
University Faculty of Medicine, Manisa, Turkiye

Asli Gorek Dilektash
Department of Chest Diseases, Bursa Uludag University
Faculty of Medicine, Bursa, Turkiye

Benoit Nemery

Department of Public Health and Primary Care, Centre
for Environment and Health, KU Leuven Faculty of
Medicine, Leuven, Belgium

David Koh

Saw Swee Hock School of Public Health, National
University of Singapore, Singapore; University of
Occupational and Environmental Health, Kitakyushu,
Japan

EyUp Sabri Ucan
Department of Chest Diseases, Dokuz Eylul University
Faculty of Medicine, izmir, Turkiye

Hasan Bayram

University Research Center for Translational Medicine
(KUTTAM), Kog University Faculty of Medicine;
Department of Pulmonary Medicine, Kog University
Faculty of Medicine, istanbul, Turkiye

ipek Kivilcim Oguzilgen
Department of Pulmonary Diseases, Gazi University
Faculty of Medicine, Ankara, TUrkiye

Joao Winck
Cardiovascular R& D Centre, Faculdade de Medicina da
Universidade do Porto, Portugal

Kent E. Pinkerton
University of California, Davis, Center for Health and the
Environment, Davis, USA

Lara Pisani

Respiratory and Critical Care Unit, IRCCS Azienda
Ospedaliero-Universitaria di Bologna; Alma Mater
Studiorum, Department of Medical and Surgical
Sciences (DIMEC), University of Bologna, Bologna, Italy

Leyla Pur Ozyigit
Department of Allergy and Immunology, University
Hospitals of Leicester, Leicester, United Kingdom

Nurdan Koéktirk
Department of Chest Diseases, Gazi University Faculty
of Medicine, Ankara, Turkiye

bzge Yiimaz
Department of Pediatrics, Celal Bayar University Faculty
of Medicine, Manisa, Turkiye

Richard Casaburi

Rehabilitation Clinical Trials Center, Los Angeles
Biomedical Research Institute at Harbor-UCLA Medical
Center, Torrance, California, USA

Ufuk Cagirici
Department of Chest Surgery, Ege University Faculty of
Medicine, izmir, Tirkiye

Zuhal Karakurt

Respiratory Intensive Care Unit, SUreyyapasa Chest
Diseases and Surgery Training and Research Hospital,
istanbul, Turkiye



ABOUT

About the Thoracic Research and Practice

Thoracic Research and Practice is a peer reviewed, open access, online-only journal published by the Turkish Thoracic
Society.

Thoracic Research and Practice is a bimonthly journal that is published in English in January, March, May, July,
September, and November.

Journal History

Thoracic Research and Practice started its publication life following the merger of two journals which were published
under the titles “Turkish Respiratory Journal” and “Toraks Journal” until 2008. From 2008 to 2022, the journal was
published under the title “Turkish Thoracic Journal” Archives of the journals were transferred to Thoracic Research and
Practice.

Abstracting and Indexing

Thoracic Research and Practice is covered in the following abstracting and indexing databases; PubMed Central, Web
of Science - Emerging Sources Citation Index, Scopus, EMBASE, EBSCO, CINAHL, Gale/Cengage Learning, ProQuest,
DOAJ, CNKI, TUBITAK ULAKBIM TR Index.

Aims, Scope, and Audience

Thoracic Research and Practice aims to publish studies of the highest scientific and clinical value, and encourages the
submission of high-quality research that advances the understanding and treatment of pulmonary diseases.

Thoracic Research and Practice covers a wide range of topics related to adult and pediatric pulmonary diseases, as well
as thoracic imaging, environmental and occupational disorders, intensive care, sleep disorders and thoracic surgery,
including diagnostic methods, treatment techniques, and prevention strategies. The journal is inferested in publishing
original research that addresses important clinical questions and advances the understanding and treatment of these
conditions. This may include studies on the effectiveness of different treatments, new diagnostic tools or techniques,
and novel approaches to preventing or managing pulmonary diseases.

Thoracic Research and Practice publishes clinical and basic research articles, reviews, statements of agreement or
disagreement on controversial issues, national and international consensus reports, systematic reviews and meta-
analyses, letters to the editor and editorials. Conference proceedings may also be considered for publication.

The target audience of the journal includes healthcare professionals and researchers who are interested in or working
in the pulmonary diseases field, and related disciplines.

Open Access Policy
Thoracic Research and Practice is an open access publication.

Starting on January 2022 issue, all content published in the journal is licensed under the Creative Commons Attribution-
NonCommercial (CC BY-NC) 4.0 International License which allows third parties to use the content for non-commercial
purposes as long as they give credit fo the original work. This license allows for the content to be shared and adapted
for non-commercial purposes, promoting the dissemination and use of the research published in the journal.

The content published before January 2022 was licensed under a traditional copyright, but the archive is still available
for free access.

All published content is available online, free of charge at thoracrespract.org.

When using previously published content, including figures, tables, or any other material in both print and electronic
formats, authors must obtain permission from the copyright holder. Legal, financial and criminal liabilities in this regard
belong fo the author(s).




Copyright Policy

A Copyright Agreement and Acknowledgement of Authorship form should be submitted with all manuscripts. By
signing this form, authors transfer the copyright of their work to the Turkish Thoracic Society and agree that the article, if
accepted for publication by the Thoracic Research and Practice will be licensed under a Creative Commons Attribution-
Non Commercial 4.0 International License (CC BY-NC 4.0) which permits third parties to share and adapt the content
for non-commercial purposes by giving the appropriate credit to the original work.

When using previously published content, including figures, tables, or any other material in both print and electronic
formats, authors must obtain permission from the copyright holder. Legal, financial and criminal liabilities in this regard
belong to the author(s).

Authors retain the copyright of their published work in the Thoracic Research and Practice.

Publication Fee Policy

Thoracic Research and Practice is funded by the Turkish Thoracic Society. Authors are not required to pay any fees
during the evaluation and publication process.

You can find the current version of the Instructions to Authors at https://thoracrespract.org/instructions-to-authors.



- Thoracic Research & Practice

Official Journal of the Turkish Thoracic Society

CONTENTS
ORIGINAL ARTICLES

132 Prognostic Significance of Computed Tomography Severity Score for Machine Learning Prediction of
Intensive Care Unit Admission in COVID-19 Patients
Seyed Salman Zakariaee, Ali Sohrabnejad, Mostafa Shanbehzadeh, Negar Naderi; llam, Tehran, Iran

141 Seasonal Oxidative Stress and Airway Reactivity in Rhinitis: Distinct Patterns in Allergic vs. Non-allergic
Individuals
SUmeyra Alan Yalim, Ayse Fusun Kalpaklioglu, Ayse Baggioglu; Afyonkarahisar, Kirikkale, Turkiye

148 Reliability and Validity of the Turkish Version of the Lung Transplant-specific Valued Life Activities Scale
Ulas Ar, Erdal Yekeler, Ebru Calik, Fatmanur Celik Basaran, Sinan Turkkan; Ankara, Turkiye

155 Compliance of Aerosol Therapy with Evidence-based Guideline and Cost Incurred in Adult Critically-ill
Patients: A Prospective Observational Study
Ayushi R. Verma, Jignesh Shah, Sulochana Kumari, Asavari L. Raut, Steffi Abraham, Ritu Priya, Kinjal K. Patil;
Maharashtra, India

165 Cost Analysis of Tuberculosis Disease in the Case of Tuberculosis Control Dispensary
Dolunay Ozlem Zeybek, Mustafa Zeybek, iskender Cetintirk, Yasemin Aslan, Filiz Ozyigit; Balikesir, Bilecik,
Isparta, Turkiye

173 Clinical Characteristics of Moderate-to-Severe Obstructive Sleep Apnea: A Cross-sectional Analysis of 12,715
Adults from the TURKAPNE Cohort
Baran Balcan, Aylin Pihtili, Esen Kiyan, Mehmet Sezai Tagbakan, Ozen K. Bagoglu, Senay Aydin, Aykut Cilli,
Nese Dursunoglu, Nur Aleyna Yetkin, YUksel Peker, TURKAPNE Study Group; istanbul, izmir, Antalya, Denizl,
Kayseri, Bursa, DUzce, Erzurum, Afyon, Edirne, Eskisehir, Ankara, Balikesir, Diyarbakir, Isparta, Adana, Agri,
Tekirdag, Kocaeli, Turkiye; Gothenburg, Lund, Sweden; PA, USA

REVIEW

182 The Impact of the Exposome on Epithelial Barriers: New Approach Methodologies for Translational Research

Pelin Saglam-Metiner-, Ebru Calkan-Yildirim, Basar Dogan, R. Dilara Vaizoglu, Cigdem Elif Celik,

Ozlem Goksel, Ozlem Yesil-Celiktas, Levent Pelit, Yasin Kaymaz, Henrik Klgverpris-, Douglas S. Kwon,

Carla F. Kim, Petros Koutrakis, Cezmi Akdis, Omer H. Yilmaz, Tuncay Goksel; izmir, Ankara, Trkiye;
Copenhagen, Denmark; Durban, South Africa; MA, Massachusetts, USA; Respiratory Diseases, Boston; Davos,
Switzerland

LETTERS TO THE EDITOR

195 Comment on: Letter to the Editor Regarding CT-based Prediction of Lung Cancer Histology
Fani Tsolaki; Thessaloniki, Greece

196 Response to: Letter to the Editor Regarding CT-based Prediction of Lung Cancer Histology
Fadlan Adima Adrianta, Dini Rachma Erawati, Suryanti Dwi Pratiwi, Nanik Setijowati; Malang, Indonesia




Thorac Res Pract. 2026;27(3):132-140 DOI: 10.4274/ThoracResPract.2025.2025-7-13

Original Article

Prognostic Significance of Computed Tomography Severity
Score for Machine Learning Prediction of Intensive Care Unit
Admission in COVID-19 Patients

Seyed Salman Zakariaee', @2 Ali Sohrabnejad?, 1= Mostafa Shanbehzadeh3, (= Negar Naderi*
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Sciences, Tehran, Iran

3Department of Health Information Management, Faculty of Paramedical Sciences, llam University of Medical Sciences, llam, Iran
4Department of Midwifery, Faculty of Nursing and Midwifery, Ilam University of Medical Sciences, llam, Iran

Cite this article as: Zakariaee SS, Sohrabnejad A, Shanbehzadeh M, Naderi N. Prognostic significance of computed tomography
severityscoreformachinelearningpredictionofintensivecareunitadmissioninCOVID-19patients. ThoracResPract.2026;27(3):132-140

ABSTRACT

OBJECTIVE: The computed tomography-severity score (CT-SS) quantifies the severity of pulmonary involvement and is significantly
associated with disease severity, intensive care unit (ICU) admissions, and mortality in coronavirus disease-2019 (COVID-19) patients.
There is very limited information on the prognostic value of CT-SS when used in machine learning (ML) models to predict ICU
admission in COVID-19 patients. In this study, the prognostic significance of CT-SS in ML model-based prediction of ICU admission
among COVID-19 patients was evaluated.

MATERIAL AND METHODS: In this retrospective study, a hospital-based database from 6,854 COVID-19 patients was reviewed.
To evaluate the prognostic significance of CT-SS in predicting ICU admission in patients, seven ML methods were trained separately
using the most important features, with and without CT-SS data, and their performances were compared.

RESULTS: After applying exclusion criteria, 815 COVID-19 patients remained. Just over half of the patients (54.85%) were male, and
the mean age was 57.22+16.76 years. The CT-SS index was the strongest predictor among the parameters examined, and integrating
this index into the training dataset enhanced ML model performance. The k-nearest neighbors model with 93.3% accuracy, 97.3%
sensitivity, 89.4% specificity, and an area under the curve of approximately 98.8% showed the best performance for predicting ICU
admission in COVID-19 patients.

CONCLUSION: The results showed that CT-SS is a key predictor for ML models of ICU admission in COVID-19 patients. The ML
models developed using a dataset including CT-SS are efficient risk stratification tools for identifying critical COVID-19 patients,
thereby facilitating optimal allocation of limited hospital resources.

KEYWORDS: CT severity score, COVID-19, CT-SS, machine learning, ICU admission

Received: 30.07.2025 Revision Requested: 22.09.2025 Last Revision Received: 14.10.2025
Accepted: 12.11.2025 Epub: 15.01.2026 Publication Date: 12.05.2026
INTRODUCTION

The coronavirus disease-2019 (COVID-19) pandemic presented unprecedented challenges to healthcare systems, leading
to an overwhelming influx of patients and a critical shortage of resources."? Since the initial reports of the COVID-19
outbreak emerged in mid-December 2019, over 689 million individuals have been infected globally as of May 23, 2023 .
The COVID-19 virus exhibits high transmissibility and complex, heterogeneous, and evolving clinical features, resulting
in a significant increase in patient morbidity and mortality.*®
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Among patients diagnosed with COVID-19, approximately
14% to 20% experience severe or critical illness,” characterized
by clinical manifestations, including acute respiratory distress
syndrome, myocarditis, cardiac or septic shock, and multi-organ
failure. These manifestations often necessitate hospitalization
in intensive care units (ICUs) and can lead to death.*® Given
the high mortality among COVID-19 patients hospitalized in
the ICU, reported to be as high as 50%,” early risk stratification
is essential for effective patient management and optimal
allocation of medical resources. It is estimated that 20% to
30% of hospitalized patients require ICU admission,? with this
rate varying based on the specific characteristics of the study
population.®

ICU resources are severely limited, with more than 50% of them
frequently occupied under normal conditions.®® Therefore, there
is an urgent need for effective tools to predict patient outcomes
and to facilitate appropriate triage of patients. Numerous
clinical and demographic parameters associated with disease
severity and ICU admission have been documented.”#10-1?
These prognostic variables are critical for identifying patients
at high-risk who require intensive care during hospitalization.
Identifying relevant predictors ultimately leads to enhanced
management of high-risk COVID-19 patients and optimal
use of ICU capacity. Artificial intelligence (Al) offers a useful
approach to develop an effective clinical risk-prediction tool
for ICU admission among COVID-19 patients.** Machine
learning (ML) models, as a subset of Al, leverage vast datasets
to identify patterns and predict outcomes with high precision.
Using ML algorithms, clinicians can stratify patients based on
their risk of deterioration, allowing for timely interventions that
may improve survival rates and reduce the burden on ICUs.'?

Previous studies have employed ML methods that were
developed using demographic data, risk factors, clinical
symptoms, and laboratory results to predict ICU admissions
among hospitalized COVID-19 patients. Notably, most of
these studies did not include radiological indicators in their

Main Points

e For predicting intensive care unit (ICU) admission
of coronavirus disease-2019 (COVID-19) patients,
computed tomography-severity score (CT-SS) is a
highly relevant predictor: it differs significantly between
patients admitted to the ICU and those not admitted,
highlighting the necessity of including this parameter in
machine learning (ML) models.

e The prognostic performance of the ML models for
predicting ICU admission in COVID-19 patients was
improved by integrating CT-SS data with other prognostic
parameters.

e The k-nearest neighbors model, with 93.3% accuracy,
97.3% sensitivity, 89.4% specificity, 90.1% precision,
93.6% F-measure, and an area under the curve of
98.8%, had the best performance in predicting ICU
admission in patients with COVID-19.

e The ML models developed using a dataset that includes
CT-SS can more effectively identify vulnerable and
critical patients, thereby optimizing the allocation of
limited hospital resources.

Zakariaee et al. Role of CT-SS for Predicting ICU Admission of COVID-19 Patients

datasets.**?%23 The computed tomography-severity score (CT-
SS) is a key predictor that measures the severity of pulmonary
involvement and is significantly correlated with disease severity,
ICU admissions, and mortality in COVID-19 patients.>1418.24-27
Therefore, adding CT-SS to other predictors could improve
the predictive power of ML models for clinical outcomes in
COVID-19 patients and aid their clinical management. There
is very limited information on the prognostic value of CT-SS
for predicting ICU admission of COVID-19 patients using ML
models. In this study, the prognostic significance of CT-SS for
predicting ICU admission in COVID-19 patients was evaluated
using the ML method. For this purpose, ML models were
developed separately using datasets with and without CT-SS
data, and their performances were compared.

MATERIAL AND METHODS

Dataset Description

In this retrospective study, a hospital-based database of
COVID-19 patient information was analyzed. During initial
screening of individuals referred to the COVID-19 referral
center between 9 February and 20 December 2020, 6,854
suspected cases were identified. Out of these registered cases,
1,853 were confirmed as positive for COVID-19 through reverse
transcriptase—-polymerase chain reaction (RT-PCR) testing. The
exclusion criteria for the study included: 1) a negative RT-PCR
COVID-19 result, 2) absence of laboratory or CT-SS results,
3) age under 18 years, 4) discharge or death without ICU
admission, and 5) unknown patient disposition. After applying
these criteria, 815 records were retained for analysis. The
patient selection flowchart is shown in Figure 1.

The dataset comprised 54 primary features derived from patient
information that included 5 demographic variables, 14 clinical
presentations, 7 medical histories, 26 laboratory results, 1

g Total registered cases
-] (6854)
<
=
o
= | }
% Healthy subjects COVID-19 patients
& (5001) (1853)
o 971 cases were excluded
due to lack of laboratory
or CT-SS results, age

lower than 18 years old,
= discharged from ED, died
2 in ED, and unknown
= disposition reasons.
& 882 cases included

67 cases were
excluded due to
missing data (more
than 70%)
815 cases had
inclusion criteria
E ~ i
= l_\/ ICU B_l
& admission
\\//
Not admitted Admitted
(630) (185)

Figure 1. Flow chart describing patient selection

COVID-19: coronavirus disease-2019, CT-SS: computed tomography-
severity score, ED: emergency department, ICU: intensive care unit
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radiological measure (CT-SS), and 1 outcome variable (0 for non-
ICU-admitted patients and 1 for ICU-admitted patients). The
CT-SS index evaluates the severity of pulmonary involvement
across five lung lobes, with each lobe assigned a visual score
ranging from O to 5 based on the extent of involvement. The
total CT-SS, ranging from 0 to 25, was derived by summing these
scores.?5?7 Two thoracic radiologists, each with a minimum
of 10 years of experience, reviewed the high-resolution chest
CT images. In the event of disagreement between the two
observers, discrepancies were resolved by consulting a senior
radiologist. Figure 2 illustrates CT images of COVID-19 patients
with different degrees of pulmonary involvement.

Data Pre-processing

Records with more than 70% missing data were excluded.
Abnormal, noisy, and irrelevant data were reviewed and
corrected in consultation with an infectious disease specialist.
Missing values for continuous and discrete variables were
imputed using mean and mode values, respectively.

The refined dataset included 185 ICU-admitted patients and
630 non-ICU patients, highlighting a significant imbalance that
could bias the results toward non-ICU patients. This imbalance
was addressed using the synthetic minority over-sampling
technique (SMOTE) (https://imbalanced-learn.org/stable/). The
SMOTE technique is an advanced algorithm designed to address
data imbalance commonly encountered in data mining. SMOTE
operates by generating synthetic examples of the minority class
rather than merely duplicating existing instances. It identifies

Zakariaee et al. Role of CT-SS for Predicting ICU Admission of COVID-19 Patients

instances of the minority class and, for each instance, calculates
the distances to its k-nearest neighbors (k-NN) within the same
class. By interpolating between a minority instance and its
neighbors, SMOTE creates synthetic data points that enrich the
minority-class distribution. This process not only balances the
class distribution but also enhances the model’s ability to learn
the decision boundaries between classes, leading to improved
predictive performance.’?

Feature Selection

The feature selection process aimed to identify parameters
that were highly correlated with the target outcome, thereby
significantly reducing the risk of overfitting in ML algorithms.
In this study, the Boruta feature selection package was used to
assess the significance of features in predicting ICU admission
in COVID-19 patients. This methodology functions as a wrapper
around a random forest (RF) algorithm. The Boruta algorithm
evaluates the importance of features in predicting the target
outcome. It determines the significance of each feature using
importance values derived from shadow attributes created by
randomly shuffling original attribute values across subjects.
The importance of a feature is quantified using a Z-score,
calculated as the mean loss in classification accuracy divided
by the feature’s standard deviation. The maximum Z-score
of the shadow attributes (MZSA) is identified; any attribute
with an importance value exceeding this score is considered
relevant. On the other hand, attributes with importance values
lower than the MZSA are deemed insignificant. This iterative
process continues with the elimination of shadow attributes
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Figure 2. Chart of the Boruta algorithm for feature selection in predicting ICU admission of COVID-19 patients. Green, yellow, and red boxes show the
confirmed, tentative, and irrelevant features. Blue boxes represent the minimum, average, and maximum of shadow variables

ICU: intensive care unit, COVID-19: coronavirus disease-2019
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until the significance of all features is reliably determined. The
maximum number of importance source runs and the verbosity
level (doTrace) were set to 500 and 2, respectively.'?

Model Development

To evaluate the prognostic significance of CT-SS for ICU
admission among COVID-19 patients, seven ML methods were
used: logistic regression (LR), k-NN, multilayer perceptron (MLP),
support vector machines (SVM), eXtreme gradient boosting
(XGB), RE and C4.5 decision tree (DT). These ML models were
developed using Waikato Environment for Knowledge Analysis
software (version 3.9.2, University of Waikato, New Zealand).
The attributes selected in the feature selection step were used
as input for training and testing ML models.

To optimize the performance of each ML model, hyperparameter
tuning was performed using random search. Random search
explores the hyperparameter space by sampling values from
predefined distributions or ranges. Random search offers great
flexibility and efficiency when dealing with a large number of
hyperparameters or when the optimal parameter values are less
intuitive or not known. The hyperparameters tuned for each ML
model are listed in Table 1.

The ML models were trained separately on datasets with and
without CT-SS to evaluate the prognostic role of CT-SS in
ML-based prediction of ICU admissions among patients with
COVID-19. A 10-fold cross-validation method was used to
examine the performance of the developed classifiers. The
classification performance of each model in predicting ICU
admission among COVID-19 patients was assessed using
sensitivity, specificity, accuracy, and area under the receiver
operating characteristic (ROC) curve (AUC).

Ethical Considerations

This article is extracted from a research project supported by
llam University of Medical Sciences, and all experimental
protocols were approved by the Ethical Committee of
Ilam University of Medical Sciences (approved number:
IR.MEDILAM.REC.1402.294, approval date: 11.03.2024). All
methods used in the study were performed in accordance with
the relevant guidelines and regulations of the Ethics Committee

Table 1. The hyperparameters tuned for ML models
ML algorithm Tuned hyperparameters
Logistic regression

Support vector machines

Multilayer perceptron

k-nearest neighbors et

EXtreme gradient boosting

C4.5 decision tree

Zakariaee et al. Role of CT-SS for Predicting ICU Admission of COVID-19 Patients

of llam University of Medical Sciences. This study used
information from a hospital-based registry, and no intervention
was performed on patients’ treatment procedures. Patient
identification information was anonymized to protect patient
confidentiality and privacy. All data generated and analyzed
during the current study are not publicly available but will be
shared by the corresponding author upon reasonable request.

RESULTS

After applying inclusion/exclusion criteria, a total of 815
COVID-19 patients were included in the study. Slightly more
than half of the patients (447, 54.85%) were male, and the mean
age was 57.22+16.76 years. Among the included patients, 185
(22.7%) were admitted to the ICU, increasing the number of
records in this class to 630 after balancing the dataset.

Feature Selection

In the feature-selection step, the most important features for
predicting ICU admission in COVID-19 patients were identified
using the Boruta algorithm. Twenty-three variables were
selected as the most important features for output prediction.
The variable importance diagram for predicting ICU admission
among COVID-19 patients is shown in Figure 3. In this diagram,
the parameters shown in green, yellow, and red boxes are the
confirmed, tentative, and irrelevant features, respectively. The
confirmed or most important features selected in this step were
used to develop ML models.

Evaluation of the Developed Models

The prediction of ICU admission in COVID-19 patients was
performed using seven ML models, including LR, k-NN, MLP
SVM, XGB, RE and C4.5 DT algorithm. These models were
trained separately using the most important features, with and
without CT-SS data, and their performance was compared
to assess the prognostic significance of CT-SS for ML-based
prediction of ICU admission among COVID-19 patients. The
sensitivity, specificity, accuracy, precision, F-measure, and
AUC indices for the ML models developed using datasets with
and without CT-SS data are summarized in Table 2. Among all
the models evaluated, the k-NN algorithm demonstrated the
best predictive performance for ICU admission in COVID-19

The regularization strength (L1 and L2), and the ridge value in the log-likelihood (ridge)
The complexity parameter C, and the type of kernel function

The amount the weights are updated (learningRate), the number of hidden layers, the momentum
applied to the weights during updating, and the number of epochs to train

The number of neighbors to use (k), the distance weighting method, and the nearest neighbor search

The number of trees, the maximum depth, and the learning rate.

The number of trees, maximum depth, the confidence factor used for pruning (confidenceFactor), the

amount of data used for reduced-error pruning, and the minimum number of instances per leaf

The number of trees, maximum depth, size of each bag as a percentage of the training set size, the

Random forest

number of iterations to be performed, the number of execution slots (threads) to use for constructing the

ensemble, the number of randomly chosen attributes, and minimum samples required to split a node

ML: machine learning
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Table 2. Performances of ML models for predicting ICU admission of COVID-19 patients

Sensitivity (%) Specificity (%) Accuracy (%) Precision (%) F-measure(%) AUC (%)
ML . Dataset Dataset Dataset Dataset Dataset Dataset Dataset Dataset Dataset Dataset Dataset Dataset
algorithm without with  without with without  with without  with without  with without with
CT-SS CTSS CT-SS CT-SS CT-SS CT-SS CTSS  CT-SS CT-SS  CT-SS CT-SS  CT-SS

Lopitte 72.2 759 763 81.0 74.3 78.4 75.3 79.9 73.7 77.9 81.3 85.5
regression
Support
vector 73.3 763  77.0 80.5 75.2 78.4 76.1 79.6 74.7 78.0 75.2 78.4
machines
MU EER | 949 805 83.5 88.5 89.2 83.2 85.2 89.3 89.8  93.3 93.4
perceptron
emee st 96.2 973  86.8 89.4 91.5 93.3 88.0 90.1 91.9 93.6 98.4 98.8
neighbors
C4.5

> 87.8 873 773 80.5 82.5 83.9 79.5 81.7 83.4 84.4 87.1 88.6
decision tree
f'?rzgjtom 96.5 97.8  86.0 87.5 91.3 92.6 87.4 88.6 91.7 93.0 97.7 98.3
EXtreme
gradient 95.7 97.2 843 85.3 89.9 91.1 85.6 86.5 90.3 91.5 946  95.4
boosting

ML: machine learning, ICU: intensive care unit, COVID-19: coronavirus disease-2019, CT-SS: computed tomography-severity score, AUC: area under the curve

Figure 3. The exemplary chest CT images of COVID-19 patients with CT-SSs of 5 (a), 10 (b), 15 (c), 20 (d), and 25 (e). These CT images show less than

5% involvement, 5%-25% involvement, 25%-50% involvement, 50%-75%

involvement, and more than 75% involvement, respectively

CT: computed tomography, COVID-19: coronavirus disease-2019, SS: severity score

patients. The RE XGB, and MLP models (AUC >93%) were
ranked next and demonstrated performance comparable to that
of the k-NN model.

The sensitivity, specificity, accuracy, precision, F-measure,
and AUC indices for the k-NN algorithm developed using the
dataset without CT-SS data were 96.2%, 86.8%, 91.5%, 88.0%,
91.9%, and 98.4%, respectively. For the CT-SS dataset, the
k-NN algorithm yielded 97.3% sensitivity, 89.4% specificity,

93.3% accuracy, 90.1% precision, 93.6% F-measure, and an
AUC of 98.8%.

Figure 4 compares ROC curves of ML models developed using
datasets with and without CT-SS data.

The integration of CT-SS data into the training dataset, consisting
of demographic data, clinical symptoms, and laboratory results,
enhanced the performance of the ML models.
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Figure 4. ROC curves of ML models developed using the datasets with and without CT-SS data

ROC: receiver operating characteristic, ML: machine learning, CT-SS: computed tomography-severity score, LR: logistic regression, SVM: support
vector machines, MLP: multilayer perceptron, k-NN: k-nearest neighbors, RF: random forest, XGB: eXtreme gradient boosting

DISCUSSION

In disease outbreaks such as the COVID-19 pandemic, healthcare
systems face a growing influx of patients and significant
constraints on hospital resources.’ Therefore, identifying disease-
related risk factors and developing an effective predictive model
to evaluate the risk of adverse outcomes can help healthcare
systems optimize patient management and efficiently allocate
limited medical resources. Pioneering studies have demonstrated
that chest CT is a robust tool for identifying and monitoring the
disease progression of COVID-19 because of its high sensitivity
in depicting the severity of pulmonary involvement.t'41824-26
Although a significant correlation between CT-SS and COVID-19
severity and the likelihood of ICU admission has been
established, its prognostic value in ML model-based prediction
of ICU admission among COVID-19 patients has not yet been
evaluated. In this study, the prognostic significance of CT-SS in
predicting ICU admission of COVID-19 patients was evaluated
using the ML method. The results showed that CT-SS data are a
strong predictor of ICU admission among COVID-19 patients,
and that integrating this index with other predictors improves
ML models’ performance in predicting ICU hospitalization.
Among the models studied, the k-NN model yielded the best
performance for predicting ICU admission of COVID-19 patients.

In the first step, the importance of demographic characteristics,
underlying diseases, clinical symptoms, laboratory results, and
the CT-SS index for predicting ICU admission among COVID-19

patients was evaluated using the Boruta method. The results of
the feature-selection step indicated that the CT-SS index was the
strongest predictor among the parameters examined. COVID-19
patients admitted to the ICU had a higher mean CT-SS than
those not admitted (13.9+6.6 vs. 10.4+4.6); this difference was
statistically significant (P < 0.001). Therefore, CT-SS is a strong
predictor of ICU admission among COVID-19 patients, and
integrating this index with other predictors could improve ML
models’ performance in predicting ICU hospitalization.

Twenty-three features, including white blood cell count, blood
glucose level, creatinine, bilirubin, lung inflammation, heart
disease, diabetes, and CT-SS, were selected as the most relevant
parameters to predict ICU admission in COVID-19 patients
using the Boruta method. The importance of these parameters
in predicting ICU admission among COVID-19 patients has
also been confirmed by other studies. Previous studies have
indicated that elderly COVID-19 patients exhibiting abnormal
laboratory results (such as hemoglobin, hematocrit, lymphocyte
count, creatinine levels, etc.) and multiple comorbidities (such
as diabetes, heart disease, chronic obstructive pulmonary
disease, and chest tightness), along with radiological
manifestations of extensive pulmonary involvement, are at
an elevated risk of developing severe illness, leading to ICU
admission.7,8,]2,14-]7,19,28,29

The selected predictors were used as input for training the
ML models. The models were separately developed using
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datasets with and without CT-SS data. The performance of the
ML models was then compared to determine the role of CT-SS
parameters in predicting ICU hospitalization among patients.
Across all ML models studied, integrating CT-SS parameters into
the input dataset improved the models” prognostic performance
for identifying COVID-19 patients admitted to the ICU. The
best classification performance in predicting ICU admission
in COVID-19 patients was achieved by the k-NN model. The
sensitivity, specificity, accuracy, precision, F1-measure, and
AUC indices of the k-NN model developed using the dataset
with CT-SS were 97.3%, 89.4%, 93.3%, 90.1%, 93.6%, and
98.8%, respectively.

Prior studies have also evaluated ML techniques for predicting
ICU admission of COVID-19 patients. Shanbehzadeh et al.’
employed artificial neural network, DT, k-NN, SVM, and RF
algorithms to predict ICU admissions among 1,225 laboratory-
confirmed COVID-19 patients. Their findings indicated that
the RF model outperformed other techniques. The mean
accuracy, mean specificity, mean sensitivity, and root mean
square error of the RF model were 99.5%, 99.7%, 99.4%, and
0.015 respectively. The k-NN algorithm, ranked next, achieved
a mean accuracy of 94.1%, a mean sensitivity of 99.5%, and
a mean specificity of 88.7%. The dataset used to develop the
ML models in this study did not include imaging data, and
the study aimed to investigate the performance of ML models
in predicting the likelihood that COVID-19 patients would
be admitted to the ICU. Overall, the performance of the ML
models developed in this study for predicting the likelihood of
COVID-19 patients being admitted to the ICU was in very close
agreement with that of models developed in our research. The
slight differences in results could be attributed to variations in
the study population and the type of information used as input
for model development. The results of this study confirm our
findings.

In the study by Zakariaee et al.', ML models were developed to
predict ICU admission and length of stay (LOS) of COVID-19
patients using a dataset comprising demographics, risk
factors, clinical manifestations, laboratory results, and CT-
SS. For predicting ICU admission of COVID-19 patients, the
performance comparison of eight ML models indicates that the
k-NN model, with 97.0% sensitivity, 89.7% specificity, 93.3%
accuracy, 90.4% precision, 93.6% F-measure, and 99.1%
AUC, vyields the best results. The RE MLP and XGB models
(with AUC >91%) were ranked next and had performance
comparable to that of the k-NN model. The advantage of this
study over similar studies was that the dataset used to develop
ML models included radiological manifestations. In this study,
the performance of ML models for predicting the likelihood
of patient admission to the ICU was examined. However, the
prognostic value of the CT-SS parameter was not evaluated. The
performance of our models was similar to that of the models
developed in this study, which confirms our findings.

The prognostic value of CT-SS parameters for predicting
mortality and clinical outcomes in patients with COVID-19
has been investigated in studies by Zakariaee et al.*® In
study designs similar to ours, the prognostic value of CT-SS
for predicting mortality, hospital LOS, and ICU LOS among
COVID-19 patients was investigated using four ML models:

Zakariaee et al. Role of CT-SS for Predicting ICU Admission of COVID-19 Patients

k-NN, MLP. SVM, and the C4.5 DT. In these studies, ML models
were also developed separately using datasets with and without
CT data, and their performances were compared to determine
the prognostic value of the CT-SS index. The results of these
studies showed that the CT-SS index is among the strongest
predictors of COVID-19 progression and related complications,
and that integrating this parameter into the datasets used to
develop ML models improves their predictive performance.

These studies highlight the potential of ML methods to facilitate
the timely and accurate identification of patients at risk for severe
illness. An efficient risk stratification tool to predict ICU admissions
of COVID-19 patients could significantly mitigate severe
complications and associated mortality. Our findings indicate that
the integration of CT-SS data with the input dataset for the ML
models improves the performance of these models in predicting
ICU admission among COVID-19 patients. Consequently, ML
models developed using a dataset including CT-SS data can
more effectively identify vulnerable and critical patients, thereby
optimizing the allocation of limited hospital resources.

Study Limitations

This study has several limitations that should be acknowledged.
First, the sample sizes across the data classes were significantly
imbalanced. The number of patients not admitted to the ICU
was much higher than that of those admitted (630 vs. 185). The
SMOTE technique was used to address the dataset’s imbalance.
In most data mining studies, class imbalance in sample sizes is
a persistent problem. Many solutions, including oversampling
of minority-class data, undersampling of majority-class data,
and advanced methods such as SMOTE have been proposed to
address this problem. In healthcare scenarios, many conditions
are underrepresented in datasets due to their rarity, which can
lead to biased models that fail to accurately predict outcomes
for minority populations. Solutions such as oversampling the
minority class cannot solve this problem, but the SMOTE
method simulates real-world situations to generate examples.
This method certainly has limitations in simulating real-world
conditions, but it has advantages over other approaches
because new samples are generated from existing ones rather
than merely repeating them. By augmenting these datasets using
synthetic examples, SMOTE enables more robust training of ML
models, thereby improving their ability to generalize across
diverse patient populations. This enhanced model performance
can lead to more accurate risk assessments, timely interventions,
and ultimately better patient outcomes. Furthermore, the use
of synthetic data can facilitate the development of predictive
models in clinical settings where data collection is constrained
by privacy concerns or logistical challenges.

Second, prior studies developed ML models that utilized
demographics, risk factors, clinical manifestations, and
laboratory predictors but did not integrate radiological
imaging data. In our study, the integration of CT-SS data with
other predictors enriched the input dataset for developing ML
models. Third, the study’s design was retrospective and limited
to a single center. Further research with larger sample sizes and
multicenter datasets is required to enhance the generalizability
of the results. Finally, the prediction of ICU admission for
COVID-19 patients was based on clinical predictors at the time
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of admission. Consequently, the selected features, as relevant
predictors, and the developed models may be employed to
predict ICU admissions at initial hospitalization of COVID-19
patients.

Conclusion
In this study, the prognostic significance of CT-SS in predicting
ICU admissions for COVID-19 patients was evaluated

using ML models. Our results showed that the integration
of CT-SS data with other clinical predictors enhanced the
prognostic performance of ML algorithms for ICU admission
among COVID-19 patients. The k-NN algorithm yielded
the best predictive performance among the evaluated ML
techniques. The ML models developed from datasets including
demographics, risk factors, clinical manifestations, laboratory
results, and CT-SS data are effective tools for risk stratification
to identify critically ill COVID-19 patients, thereby facilitating
optimal allocation of limited hospital resources. ML predictive
models can significantly enhance the timely and accurate
identification of patients at risk for severe illness, ultimately
reducing the incidence of severe complications and associated
mortality.
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ABSTRACT

OBJECTIVE: Rhinitis is a common upper airway disorder, classified as either allergic rhinitis (AR) or non-allergic rhinitis (NAR). While
the association between air pollution and AR airway diseases has been well documented, its specific effects on NAR remain poorly
understood. This study aimed to evaluate the seasonal impact of air pollution on pulmonary function, oxidative stress biomarkers,
and bronchial hyperresponsiveness in patients with AR, patients with NAR, and healthy controls.

MATERIAL AND METHODS: In this prospective case-control study, 58 participants (23 AR, 22 NAR, 13 controls) were evaluated
during periods of low pollution (summer) and high pollution (winter). Assessments included symptom questionnaires, pulmonary
function tests, bronchial provocation tests (BPT), serum total antioxidant status (TAS), and total oxidative status.

RESULTS: In the high pollution period, the NAR group exhibited significantly lower TAS levels compared to summer (1.51+0.15,
1.60+0.2, P=0.041), indicating an increased oxidative stress. A significant decrease in post-bronchodilator forced expiratory volume
in 1 second (FEV), was also observed in the NAR group, suggesting heightened airway reactivity. The AR group demonstrated a higher
frequency of BPT reactivity. Pulmonary function declined across all groups in winter, with the greatest reduction observed in AR
patients. Within-group analyses revealed seasonal reductions in both FEV, and post-BPT FEV, in AR and NAR groups.

CONCLUSION: Seasonal air pollution exerts phenotype-specific effects on oxidative stress and airway reactivity in rhinitis. AR
patients exhibited increased bronchial hyperresponsiveness, whereas NAR individuals showed a marked decline in antioxidant
capacity. These findings highlight the importance of phenotype-based monitoring and management during periods of high
environmental exposure.

KEYWORDS: Rhinitis, allergic rhinitis, non-allergic rhinitis, asthma, oxidative stress, air pollution, allergy
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INTRODUCTION

Rhinitis is a common inflammatory disorder of the upper airways and is_classified as allergic rhinitis (AR) or non-allergic
rhinitis (NAR) depending on the presence or absence of allergen-specific immunoglobulin E (IgE)." AR frequently coexists
with asthma and other atopic diseases, forming part of a broader allergic spectrum.? Both AR and NAR phenotypes are
increasingly influenced by environmental factors, particularly air pollution.? Although genetic predisposition contributes to
susceptibility, the rapid increase in rhinitis prevalence underscores the importance of environmental exposures, especially
urbanization and air pollutants such as particulate matter (PM), nitrogen dioxide (NO,), and ozone.*

Fine PM, . is of particular concern because it disrupts epithelial barrier integrity and promotes inflammatory responses

through the excessive generation of reactive oxygen species (ROS).>® Oxidative stress, defined as an imbalance between
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ROS production and antioxidant defense systems, is considered
a key mechanism underlying pollutant-induced airway
damage. Biomarkers such as total antioxidant status (TAS)
and total oxidant status (TOS) provide integrative measures of
systemic redox homeostasis.” While these have been studied
in asthma and AR,® data regarding their relevance in NAR are
sparse. Furthermore, limited research has examined how these
biomarkers vary seasonally among different rhinitis phenotypes.

Recent evidence suggests that AR patients readily generate ROS
in response to environmental triggers,’ whereas the oxidative
profile and airway reactivity of NAR patients under pollution
stress remain poorly understood. Some studies suggest a
potential link between air pollution and increased bronchial
hyperresponsiveness, even in non-asthmatic individuals.’
This study investigates the seasonal impact of air pollution on
oxidative stress and bronchial responsiveness in patients with
AR and NAR, and in healthy controls. By evaluating TAS, TOS,
and pulmonary parameters during both low-pollution (summer)
and high-pollution (winter) seasons, we aim to delineate

phenotype-specific responses to environmental oxidative
burden.

Study Design

This prospective, observational, case-control study was

conducted at a tertiary allergy and immunology clinic in
Kirikkale, Turkiye between January 2022 and June 2023. A
total of 58 participants (23 AR, 22 NAR, 13 controls) were
enrolled. Each participant was evaluated at two time points
corresponding to seasonal variations in air pollution: summer
(low-pollution season; June-August) and winter (high-pollution
season; December—February). All procedures were carried
out in accordance with the Declaration of Helsinki. The study
protocol was approved by the Kirikkale University Clinical
Research Ethics Committee (date/approval no: 12.09.2022/07-
02), and supported by a Kirikkale University Scientific Research
Grant (BAP project no: 2022/108). Written informed consent
was obtained from all participants prior to enrollment.

Kirikkale is a mid-sized industrial city characterized by
substantial seasonal fluctuations in ambient air quality. During
winter, average concentrations of sulfur dioxide and PM
exceeded World Health Organization thresholds, reaching 340
pg/m* and 220 pg/m?, respectively.”! These natural seasonal
variations provided a real-world context to explore pollution-
associated respiratory effects.'?

Main Points

e Air pollution affects allergic rhinitis and non-allergic
rhinitis (NAR) through different pathways.

e Winter pollution causes a significant antioxidant drop,
specifically in NAR.

e Both phenotypes show
hyperresponsiveness in winter.

higher bronchial

* Monitoring total antioxidant status levels may help
manage rhinitis during high pollution.
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The sample size for the study group was determined using G*Power
3.1.9.7. The mean TAS and TOS values and standard deviations
of the patient and control groups in the study by Pekince and
Baccioglu' were used to determine the sample size. As a result
of these analyzes, it was determined that a power of 95% and a
type 1 error level of 5% could be achieved with at least 56 cases.

Participants

Eligibility criteria included adults aged 18-60 years who were
lifelong non-smokers and long-term residents of Kirikkale. This
age range was selected to minimize age-related comorbidities,
polypharmacy and age-dependent variability in lung function
that might confound spirometric and bronchial responsiveness
measurements. Prior to enrollment, a detailed survey was
conducted to assess residence, education level, home heating
methods, proximity to industrial zones, and daily outdoor
exposure. Based on these data, participants were selected
to represent the average environmental exposure profile of
the region. Healthy controls were recruited from the same
catchment area and with the same characteristics as the patients
(hospital staff and hospital visitors without respiratory or allergic
disease). To ensure comparability, frequency matching based
on age and sex was employed rather than individual matching.
Specifically, only non-smokers were included in all three
groups. Recruitment was aimed at achieving an age range and
female predominance similar to those in the rhinitis groups. All
participants resided in the same urban area.

AR was diagnosed based on symptoms and a positive skin
prick test (SPT) to common aeroallergens. NAR was defined as
chronic rhinitis symptoms with negative SPT results and non-
IgE-mediated triggers. Controls had no respiratory disease, no
history of allergy, atopy, or chronic illness. Exclusion criteria
included pregnancy, a diagnosis of asthma, chronic systemic
diseases, recent use of corticosteroids or immunosuppressives,
and occupational exposure to inhaled pollutants.

Clinical and Environmental Assessments

Participants underwent comprehensive evaluations during both
visits. They completed standardized questionnaires that captured
rhinitis symptom severity (total nasal symptom score, TNSS),
environmental exposure history, indoor irritant sources, heating
type, and duration of outdoor exposure. Physical examinations
and pulmonary assessments were performed under standardized
clinical conditions during both seasonal visits.

SPT was performed during the initial visit using a panel of
standardized aeroallergens. Pulmonary function testing (PFT)
included spirometry measurements of forced expiratory volume
in 1 second (FEV),, forced vital capacity (FVC), and FEV /FVC
ratio in accordance with American Thoracic Society/European
Respiratory Society guidelines.™ Bronchial hyperresponsiveness
was evaluated using a methacholine challenge test, with PD,
calculated when feasible.’

Blood samples were obtained at both visits for complete blood
count, C-reactive protein (CRP), total IgE, and oxidative stress
markers. Serum TAS and TOS were quantified using a fully
automated spectrophotometric method described by Erel.”
TAS values were expressed as mmol Trolox equivalents/L and
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TOS as umol H,O, equivalents/L. The oxidative stress index
(OSI) was calculated as the TOS/TAS ratio. All measurements
were performed in a single central laboratory using the same
analyzer, calibrators, and internal controls. Replicate values
with discrepancies greater than 10% were retested, and outliers
were compared with the original sample and clinical data.

Environmental exposure was further assessed through air
quality data from the Turkish National Monitoring Network.'?
Variables such as outdoor exposure duration, home heating
type, and passive smoke exposure were also recorded. These
data were matched to the corresponding seasonal visits for
each participant.

Statistical Analysis

Statistical analyses were performed using SPSS version 23.
Data distribution was assessed using the Shapiro-Wilk
test. Depending on the normality assumptions, two-group
comparisons were performed using t-tests or the Mann-
Whitney U test. Additionally, three groups were analyzed using,
ANOVA and Kruskal-Wallis test, and post-hoc adjustments. In
post-hoc analyses, significant differences were confirmed using
Bonferroni and Tamhane's T2 tests, as appropriate for their
distributions; for comparisons involving three variables, the
alpha value was set at 0.0167. Seasonal within-group changes
were assessed using paired t-tests or Wilcoxon signed-rank tests.
Categorical variables were analyzed via chi-square or Fisher’s
exact tests. Correlation analyses were performed using Pearson
or Spearman methods, depending on the data distribution. The
P value <0.05 was_considered statistically significant.

RESULTS

Participant Characteristics

A total of 58 participants were included in the study: 23 with
AR, 22 with NAR, and 13 healthy controls. The mean age
of participants was 30.4+9.4 years, and the majority were
female (79.7%). Educational level was generally high across
all groups, and the majority of participants (93.2%) resided
in urban apartment settings in the city center. Evaluation of
environmental factors showed a high rate of indoor irritant
exposure: approximately 50% of cases reported exposure
to detergents, air fresheners, and cigarette smoke. Similarly,
approximately 50% of the patients lived on main streets or in
areas of heavy traffic. No statistically significant differences
were detected between the AR and NAR groups with respect to
these exposure characteristics.
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Environmental Exposures and Trigger Factors

Environmental and exposure characteristics were similar
between the AR and NAR groups. The majority of patients
with rhinitis (77%) reported identifiable symptom triggers,
most commonly air pollution, dust, and cold air. Only one-
third of symptomatic participants reported symptom control
during the study period. Indoor irritants, particularly detergents
and air fresheners, were frequently reported and did not differ
significantly across groups.

Pulmonary Function and Seasonal Variation

Baseline pulmonary function values, including FEV,, were
similar among the three groups during both seasonal visits.
A general decline in FEV, was observed during the winter
period, although differences were not statistically significant
in intergroup comparisons. Mean winter declines in FEV, were
-3.2% in the NAR group, -2.8% in the AR group, and -1.9%
in the control group. This seasonal decrease in pulmonary
function is illustrated in Figure 1.

Oxidative Stress Markers

TAS, TOS, and OSI were evaluated in all participants. Intergroup
comparisons revealed no significant seasonal differences in
oxidative stress parameters (Table 1). However, within-group
analysis in the NAR group showed a significant reduction in
TAS levels during winter (P < 0.05), suggesting an increased
oxidative burden during periods of high air pollution. This
decline is depicted in Figure 2.
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Figure 1. Seasonal changes in FEV, values across allergic rhinitis (AR),
non-allergic rhinitis (NAR) and control groups

FEV,: forced expiratory volume in 1 second

Table 1. Baseline demographic characteristics and oxidative stress of study groups

Parameter AR (n = 23) NAR (n = 22) Control (n =13) P value
Age 28.5£9.3 34+12.2 29.3+5.8 0.105
Sex, female 16 (69.6%) 19 (86.4%) 24 (82.8%) 0.327
BMI (kg/m?) 24.2+3.1 24.6+3.5 23.9+2.8 0.753
TAS (mmol Trolox equiv./L) 1.59+0.22 1.58+0.17 1.56+0.15 0.819
TOS (umol H,O, equiv./L) 8.4+4.8 9.2+5.6 10.1+6.5 0.570
OSI (arbitrary units) 0.52+0.30 0.58+0.33 0.69+0.49 0.295

Control participants were presented with the average of both summer and winter period data

The ANOVA test and the Kruskal-Wallis test were used according to distributions

AR: allergic rhinitis, NAR: non-allergic rhinitis, BMI: body mass index, TAS: total antioxidant status, TOS: total oxidant status, OSI: oxidative stress index, FEV: forced

expiratory volume in 1 second
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TOS and OSI values did not exhibit significant changes in any
group (Tables 2 and 3). Collectively, these findings suggest that
NAR patients may be more susceptible to pollutant-associated
oxidative imbalance, whereas AR participants may exhibit
relatively stable systemic oxidative profiles.

Bronchial Hyperresponsiveness

Bronchial provocation testing (BPT) results indicated seasonal
changes in airway responsiveness. In winter, the NAR group
showed a significant reduction in post-BPT FEV, (% change from
baseline),indicating increased bronchial hyperresponsiveness
(P = 0.02). The AR group also showed seasonal reductions in
both FEV, (P =0.038) and post-BPT FEV, (P = 0.009),though to
a lesser extent. These findings are visualized in Figure 3 and
detailed in Table 3.
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Figure 2. Seasonal comparison of TAS, TOS, and OSI levels in the NAR 0 FEV (%) BPT FEV1 (L)
group

TAS: total antioxidant status, TOS: total oxidant status, OSl: oxidative
stress index, NAR: non-allergic rhinitis

Figure 3. Seasonal changes in forced expiratory volume in 1 second
(FEV,) and post-bronchial provocation test (BPT) FEV, values in the
allergic rhinitis (AR) group

Table 2. Comparison of the variables examined during the summer visit of the study patients

Parameter AR (n = 23) NAR (n = 22) Control (n =13) P value
TAS (mmol Trolox equiv./L) 1.6+0.23 1.6+0.2 1.55+0.19 0.737
TOS (umol H,O, equiv./L) 9.6+8.3 9.5+7.2 11.8+8.2 0.668
OSlI (arbitrary units) 0.581+0.51 0.61+0.48 0.803+0.6 0.455
TNSS 6.7£3.1 6.1£2.5 0.2+0.8 <0.001*
FEV, (L) 3.51+£0.75 2.93+0.5 3.19+0.45 0.009
FEV, (%) 93.7+8.5 93.9+10.4 98.7+9.4 0.270
BPT FEV, (L) 3.11+0.55 2.6+0.57 3.01+0.58 0.011
BPT FEV, change -9.3+7.6 -9.8+£9.06 -5.94+8.7 0.395

*A significant difference was observed between the control and AR/NAR groups. The ANOVA test and the Kruskal-Wallis test were used according to distributions
AR: allergic rhinitis, NAR: non-allergic rhinitis, TAS: total antioxidant status, TOS: total oxidant status, OSI: oxidative stress index, TNSS: total nasal symptom score,
BPT: bronchial provocation test, FEV,: forced expiratory volume in 1 second

Table 3. Comparison of the variables examined during the winter visit of the study patients

Parameter AR (n = 23) NAR (n = 22) Control (n = 13) P value
TAS (mmol Trolox equiv./L) 1.58+0.22 1.51+0.15 1.45+0.17 0.123
TOS (umol H,O, equiv./L) 7.27+3.58 8.91+7.83 8.04+8.20 0.658
OSI (arbitrary units) 0.47+0.25 0.57+0.41 0.56+0.41 0.594
TNSS 6.5+3.2 6.6x+2.7 0.8+1.6 <0.001*
FEV, (L) 3.40+0.71 2.87+0.54 3.24+0.80 0.036**
FEV, (% predicted) 90.4£9.7 90.6x11.3 93.4+9.3 0.629
BPT FEV, (L) 2.88+0.69 2.42+0.56 2.90+0.72 0.036**
BPT FEV, change (%) -11.6+11.2 -12.9+11.7 -7.1+£9.3 0.254

*A significant difference was observed between the control and AR/NAR groups.

**A significant difference was observed between the NAR and AR/control groups.

The ANOVA test and the Kruskal-Wallis test were used according to distributions

AR: allergic rhinitis, NAR: non-allergic rhinitis, TAS: total antioxidant status, TOS: total oxidant status, OSI: oxidative stress index, BPT: bronchial provocation test,
TNSS: total nasal symptom score, FEV,: forced expiratory volume in 1 second
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Notably, the AR group maintained stable TAS levels despite
the functional decline in FEV,. The control group showed
no significant seasonal variation in oxidative or pulmonary
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Correlation Analyses

A moderate inverse correlation was observed between seasonal
changes in TAS and TNSS (r: -0.337, P = 0.012), suggesting

markers. These findings suggest that while both rhinitis
phenotypes experience functional impairment in winter, the
underlying mechanisms may differ, with oxidative stress being
more pronounced in NAR and airway hyperresponsiveness
(AHR) being more evident in AR.

that reduced antioxidant capacity is associated with increased
nasal symptom severity. No significant correlations were found
between OSI or TOS and symptom scores.

Inflammatory markers, such as CRP and white blood cell counts,
showed no significant variation between groups. However,
neutrophil counts were significantly higher in the AR group
than in the NAR group during winter (P < 0.05), potentially
indicating differing inflammatory responses to pollution
exposure.

Intergroup and Seasonal Comparisons

During the summer and winter visits, no statistically significant
differences were observed in TAS, TOS, or body mass index
among the three groups. However, TNSS was significantly
higher in both rhinitis groups compared to controls (P < 0.001).
FEV, values were lower in the NAR group than in the AR group
and the controls (P = 0.009). These results are summarized
in Tables 2, 3.

Further correlation analyzes demonstrated associations
between environmental pollutant levels and clinical parameters.
Elevated PM,., NO,, and CO levels were significantly
correlated with higher TOS and OSI values, and with lower
FEV, (change from baseline) (P < 0.05). These findings support
a link between ambient air pollution and systemic oxidative
stress and pulmonary impairment, particularly among patients
with rhinitis.

A more detailed comparison of the groups during winter is
presented in Table 4a. While OSI and TOS remained stable
across phenotypes, TAS showed a significantly greater reduction
in the NAR group than in AR (P=0.041). No significant seasonal
differences were noted in OSI or post-BPT FEV, between AR
and NAR. These comparisons are shown in Table 4a, 4b.

Table 4a. Comparison of changes in respiratory function test and laboratory parameters of NAR group patients in winter (W) and
summer (S)

Variables Mean (W) Mean (S) P value
TAS 1.51+0.1576 1.60+0.20 0.041
TOS 8.91+7.8345 9.50+7.29 0.782
OSlI 0.56+0.4112 0.61+0.48 0.747
TNSS 6.63+2.73 6.18+2.59 0.116
FEV, (L) 2.87+0.54 2.93+0.50 0.314
FEV, (%) 90.63+11.31 93.95+10.40 0.026
BPT FEV, (L) 2.42+0.56 2.6005+0.5708 0.110
FEV, change (%) -12.99+11.76 -9.8273+9.0653 0.234

Paired t-tests or Wilcoxon signed-rank tests were used according to distributions. The P value <0.05 is considered statistically significant

NAR: non-allergic rhinitis, TAS: total antioxidant status, TOS: total oxidant status, OSI: oxidative stress index, BPT: bronchial provocation test, TNSS: total nasal
symptom score, FEV: forced expiratory volume in 1 second

Table 4b. Comparison of changes in respiratory function test and laboratory parameters of AR group patients in winter (W) and
summer (S)

Variables Mean (W) Mean (S) P value
TAS 1.58+0.22 1.60+0.23 0.559
TOS 7.27+3.58 9.60+8.36 0.201
OSlI 0.46+0.25 0.58+0.51 0.322
TNSS 6.52+3.21 6.78+3.19 0.299
FEV, (1) 3.40+0.72 3.51+£0.75 0.115
FEV, (%) 90.47+9.76 93.78+8.58 0.038
BPT FEV, (L) 2.88+0.69 3.11+0.55 0.009
FEV, change (%) -11.60+11.22 -9.308+7.60 0.174

Paired t-tests or Wilcoxon signed-rank tests were used according to distributions. The P value <0.05 is considered statistically significant

AR: allergic rhinitis, TAS: total antioxidant status, TOS: total oxidant status, OSI: oxidative stress index, BPT: bronchial provocation test, TNSS: total nasal symptom
score, FEV: forced expiratory volume in 1 second
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DISCUSSION

This study investigated the seasonal effects of air pollution on
oxidative stress and airway responsiveness in patients with AR
and NAR, revealing distinct pathophysiological responses. In
winter, when pollutant concentrations were elevated, the NAR
group exhibited a significant decline in TAS and an increase in
bronchial hyperresponsiveness, whereas the AR group showed
greater functional impairment on spirometry but maintained
stable antioxidant profiles.

These findings suggest phenotype-specific vulnerability to
environmental stressors. Previous studies have shown that PM
and gaseous pollutants such as NO, and CO contribute to
epithelial barrier dysfunction and oxidative stress via excessive
ROS production.>® Oxidative imbalance has been well
documented in asthma and AR, but data regarding NAR remain
limited. Our results demonstrate that NAR patients, despite
lacking IgE-mediated inflammation, may exhibit impaired
redox balance during high-exposure periods, consistent with
emerging studies on non-atopic airway diseases.'®

Interestingly, TAS levels declined significantly only in the
NAR group, while TOS and OSI remained stable across all
phenotypes. This may suggest that antioxidant depletion, rather
than oxidant excess, is a key driver of seasonal redox shifts in
NAR. Li et al.'” reported similar patterns in asthmatic children
exposed to air pollution, noting stronger oxidative biomarker
responses in non-allergic subtypes. Pekince and Baccioglu™
also demonstrated that oxidative impairment due to pollution
was more prominent in non-allergic asthma patients, paralleling
our observations in NAR. However, the wide standard deviation
observed in TOS values likely reflects inter-individual biological
heterogeneity, potentially driven by genetic polymorphisms in
antioxidant enzyme systems (e.g. GSTM1, GSTP1), which are
known to modulate individual responses to oxidative triggers'®
rather than methodological limitations. This suggests that
antioxidant capacity (TAS) might be a more sensitive marker for
detecting pollution-induced redox shifts in this cohort.

AHR, classically associated with asthma and AR'" was also
significantly increased in NAR during winter. Crucially, although
seasonal AHR was observed in both groups, the underlying
mechanisms appear to diverge. The specific reduction in
TAS observed in NAR suggests that airway reactivity in this
phenotype may be driven by failure of antioxidant defenses,
whereas in AR it likely results from aggravation of established
allergic inflammation, independent of systemic redox shifts. This
raises the possibility that NAR patients may have heightened
reactivity to non-allergic stimuli, such as air pollutants, through
non-Igt  pathways involving neurogenic inflammation or
epithelial-derived mediators.'?° The modest inverse correlation
between TAS and TNSS further supports the hypothesis that
oxidative stress contributes to symptom exacerbation.

Environmental pollutant levels (PM,,, NO, CO) were
significantly associated with reduced pulmonary function and
elevated TOS/OSI values, corroborating previous research
linking air pollution to systemic inflammation and respiratory
morbidity.*> These findings emphasize that ambient exposures
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can impact both upper and lower airway physiology, even in
individuals without classic allergic sensitization.

This study contributes to the growing recognition that
NAR is not a benign or “residual” diagnosis, but rather may
represent a distinct inflammatory endotype with environmental
susceptibility. The observed functional and biochemical
impairments highlight the need for individualized clinical
management, including environmental exposure counseling
and possibly antioxidant strategies.

While this study has several strengths, including seasonal design
and the use of validated clinical and biochemical markers,
some limitations must be acknowledged. The sample size
was modest, and individual exposure levels were not directly
measured. The methacholine challenge, although standardized,
may not capture all dimensions of AHR in rhinitis patients. TAS
and TOS are systemic markers and may not fully reflect local
nasal or bronchial oxidative status. Air pollution exposure was
estimated using city-level data from fixed monitoring stations,
without personal exposure monitoring or time-activity diaries.
Therefore, individual exposure misclassification is possible.
Indoor air pollutant levels and detailed home microenvironment
characteristics were not systematically measured. The study
was conducted in a single center with a modest sample size,
which limits generalizability to populations with different
genetic, dietary, or pollution profiles. Multicenter studies in
diverse settings are needed to confirm these phenotype-specific
patterns. These limitations may introduce bias and should be
considered when interpreting our findings.

In summary, our findings support a model in which seasonal air
pollution induces distinct oxidative and functional responses in
AR and NAR phenotypes. The disproportionate impact on NAR
patients suggests that environmental monitoring, phenotype-
specific evaluation, and tailored interventions are critical for
optimal disease management in polluted settings.

CONCLUSION

Seasonal air pollution exerts differential effects on patients with
AR and NAR. While AR patients exhibited greater bronchial
hyperresponsiveness, individuals with NAR demonstrated
significant reductions in antioxidant capacity during the winter
months, highlighting a potential vulnerability to an oxidative
imbalance. These findings underscore the need for phenotype-
specific management strategies that incorporate environmental
exposure assessment. Monitoring redox biomarkers and
implementing protective interventions during high-pollution

periods may improve clinical outcomes in susceptible
populations.
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ABSTRACT

OBJECTIVE: The lung transplantation-specific valued life activities (LT-VLA) is a 15-item questionnaire developed to assess limitations
in activities of daily living in LT recipients. This study aimed to evaluate the validity and reliability of its Turkish version.

MATERIAL AND METHODS: Twenty-two LT recipients participated in this single-center cross-sectional study. Test-retest reliability
was assessed using intraclass correlation coefficients (ICC), and internal consistency was measured with Cronbach’s alpha (o).
Criterion validity was examined by comparing LT-VLA scores with the Saint George Respiratory Questionnaire, Short Form-12 (SF-
12), London Chest Activity of Daily Living Scale (LCADL), and modified Medical Research Council (mMRC) scale.

RESULTS: Cronbach’s o values for the mean difficulty, activities affected, and activities unable subscales were 0.945, 0.906, and
0.934, respectively. ICC values ranged from 0.828 to 0.897. The mean difficulty score showed a moderate correlation with LCADL
self-care (r = 0.543, P=0.009) and SF-12 physical (r = -0.532, P=0.011). The activities affected subscale was correlated with SF-12
physical (r = -0.587, P=0.004) and with mMRC (r = 0.563, P = 0.006).

CONCLUSION: The Turkish version of the LT-VLA is a reliable and valid tool for assessing activity limitations in LT recipients. It
will be a useful and feasible tool for rehabilitation professionals to assess activity limitations in LT recipients undergoing pulmonary
rehabilitation.

KEYWORDS: Lung Transplantation, rehabilitation, activities of daily living, quality of life, treatment outcome
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INTRODUCTION

Lung transplantation (LT) is a life-saving therapeutic intervention for patients with end-stage lung disease that also enhances
health-related quality of life (HRQL) and improves patient-centered outcomes (PCOs)." Reported survival rates in lung
transplant recipients are 85% at one year and 59% at five years.? These improved survival outcomes have increased the
importance of evaluating HRQL and activities of daily living (ADLs) in this patient group, according to the framework of
the International Classification of Functioning (ICF), Disability and Health.>#

The poorer quality of life and limitations in ADLs of lung transplant recipients are multifactorial in origin.” Graft-related
complications such as chronic lung allograft dysfunction and bronchiolitis obliterans syndrome may lead to functional
limitations due to deterioration in pulmonary function.® Corticosteroid-induced myopathy, infectious disorders, and
tacrolimus-related neurotoxicity impair functional capacity and are recognized adverse effects of immunosuppressive
therapy.” This progressive deterioration frequently results in clinically significant limitations in ADLs.® Furthermore,
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post-transplant  complications, including critical illness
polyneuromyopathy, inactivity-induced sarcopenia, and post-
transplant diabetes mellitus, may substantially compromise
ADLs.?

In the literature, patients’” ability to perform ADLs and patients’
quality of life are considered essential metrics of post-lung
transplant outcomes.’® Furthermore, the assessment of HRQL
and ADLs is a critical parameter for evaluating the effectiveness
of pulmonary rehabilitation programs for transplant recipients.'’
The LT-specific valued life activities (VLA) scale, developed by
Singer et al.'?, is a brief and practical tool designed to assess
limitations in ADLs among lung transplant candidates and
recipients. The LT-VLA was designed to assess not only basic
ADLs but also more complex and personally valued activities
that contribute to enjoyment and overall quality of life, such
as social interaction, travel, and leisure pursuits. This broader
scope represents a key feature that distinguishes the LT-VLA
from traditional ADL-based measures. In the original validation
study of the LT-VLA, the 15-item LT-VLA demonstrated high
internal consistency [Cronbach’s alpha (o) = 0.92] in the lung
transplant population and showed moderate correlations with
objective clinical measures such as pulmonary function tests
and 6-minute walk distance. Furthermore, the LT-VLA scale has
proven to be a sensitive measure of clinical improvements after
transplantation.’> PCOs developed for specific disease states
outperform generic instruments because of their disease-specific
content validity, greater sensitivity to clinical changes, and
improved patient compliance achieved through appropriately
tailored questions.” There are chronic lung disease-specific
ADLs assessment tools or questionnaires that evaluates effects of
respiratory diseases on activity but none of them corresponds to
specific needs for lung transplant populations.'' There is also
a lack of knowledge about the most appropriate ADL evaluation
tools for patients with chronic respiratory disorders.'®

Therefore, the cultural and linguistic adaptation of the LT-
VLA scale into Turkish can enable the objective assessment
of disability levels in patients’” ADLs in both clinical practice
and research, providing a valuable ICF-based outcome.'” The
objective of this study is to evaluate the validity and reliability
of the Turkish version of the LT-VLA scale to assess limitations
in ADLs among lung transplant recipients.

Main Points

e Turkish version of the lung transplant-specific valued life
activities (LT-VLA) scale was developed and tested for
reliability and validity in LT recipients.

The scale showed excellent internal consistency with
Cronbach’s alpha values between 0.906 and 0.945.

Test-retest reliability was high with intraclass correlation
coefficient values ranging from 0.828 to 0.897 and
criterion  validity was confirmed with moderate
correlations to Short Form-12, London Chest Activity
of Daily Living Scale, and modified Medical Research
Council.

Turkish LT-VLA is a valid and reliable tool for assessing
activity limitations in LT recipients and can be used in
pulmonary rehabilitation practice.
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MATERIAL AND METHODS

Study Design and Participants

Twenty-two lung transplant recipients who were followed up at
the Chest Surgery Clinic of Ankara Bilkent City Hospital were
included in this cross-sectional methodological study between
February 2024 and March 2025. The inclusion criteria for the
study were: at least three months since LT, an acceptable level
of cooperation, the ability to read and understand Turkish, an
age between 18 and 70 years, and willingness to participate
in the study. Patients who underwent single-LT, those unable
to read or understand Turkish, and those with difficulties
cooperating were excluded from the study. Only bilateral lung
transplant recipients were included in the study. The primary
reason for excluding single-lung transplant recipients was to
ensure methodological homogeneity of the study sample and
minimize potential confounding factors. Bilateral and single-
lung transplant procedures may differ in terms of postoperative
physiological capacity, complication profiles, and long-term
functional outcomes. Therefore, in this validation study that
evaluated the psychometric properties of the LT-VLA scale,
a homogeneous patient group (bilateral lung transplant
recipients) was preferred to avoid potential confounding from
different functional and symptomatic profiles associated with
transplant type that could affect scale performance and validity
coefficients. The study was approved by the Ankara Bilkent
City Hospital No. 1 Clinical Research Ethics Committee (date:
29.11.2023, approval number: E1-23-4215). The scope and
purpose of the study were explained, and written informed
consent forms were obtained from all participants.

Sample Size Calculation

The sample size calculation was performed based on the
number of items and the minimum acceptable and expected
values of Cronbach’s a to achieve power (1-p) = 80% using
a sample-size calculator for reliability studies.'® Therefore, the
minimum required sample size was 20. Finally, we were able to
reach 22 patients with LT.

Data Collection Tools

All questionnaires and scales were administered during clinical
follow-up visits by a researcher using face-to-face interviews,
and participants’ verbal responses were recorded.

Sociodemographic and Clinical Data

The sociodemographic, physical and clinical data, including
age, body mass index, the presence of supplemental oxygen
support, smoking history, education level, and last lung function
test results were recorded for all patients. The assesment data
were through face-to-face inter-views with patients during
routine follow-up visits.

The Lung Transplantation Specific Valued Living Activities
Scale

The LT-VLA scale, developed by Singer et al.'?, is a brief, valid,
and practical-to-administer disease-specific assessment tool
designed to determine limitations in ADLs among lung transplant
candidates and recipients. This tool assesses levels of disability
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in three domains: obligatory (e.g., self-care), committed (e.g.,
work), and discretionary (e.g., social activities). Participants
rate the difficulty of performing each activity on a 4-point
Likert scale (0 = no difficulty; 3 = unable to perform). They
also have the option to mark items as “does not apply”. The
LT-VLA scale produces three summary scores: mean difficulty,
proportion of activities affected, and proportion of activities not
applicable.” The LT-VLA scale generates three summary scores
to assess disability severity: I) mean difficulty score (range:
0-3), calculated as the sum of item scores divided by total
items rated, where scores near 0 indicate minimal disability
(activities performed easily), 1.5-2 reflect moderate disability
(significant difficulty), and scores approaching 3 denote severe
disability (inability to perform activities); II) percentage of
affected activities, derived from the proportion of items scored
>1 (any difficulty), with 0-30% indicating mild disability
(limited impact), 50-80% moderate-severe disability (broad
limitations), and 100% universal difficulty; III) percentage of
unable-to-perform activities, based on items scored = 3 (unable
to perform), where 0-10% suggests minimal functional loss,
20-50% significant limitations (including basic activities), and
>50% profound disability. These metrics collectively quantify
disability progression and post-transplant recovery, as validated
in the original study.

The Saint George Respiratory Questionnaire

The Saint George Respiratory Questionnaire (SGRQ) was
used to assess disease-specific HRQL. The SGRQ consists
of 76 items and yields a total score and three domain scores
(symptoms, activity, and impacts). The total scores for each
domain range from 0 (no effect on HRQL) to a maximum
score of 100 (maximum perceived distress), and a higher score
reflects lower HRQL.>"?

The Short Form-12

The Short Form-12 (SF-12) was used to assess generic quality
of life. SF-12 includes 12 items that generate two summary
scores: the physical component summary (PCS) and the mental
component summary. The scores for each component range
from 0 to 100, with higher scores indicating better health
status.2021

The London Chest Daily Life Activity Scale

The London Chest Daily Life Activity Scale (LCADL) was
used to assess dyspnea-related limitations in daily activities in
patients with chronic lung disease. This scale consists of 15
items grouped into four domains: self-care, domestic, physical
activity, and leisure. Each item is scored based on the degree of
dyspnea experienced during the activity. Total LCADL scores
range from O to 75, with higher scores indicating greater activity
limitation due to breathlessness.'*??

The Modified Medical Research Council Dyspnea Scale

The modified Medical Research Council (mMRC) dyspnea scale
was used to assess the degree of breathlessness during daily
life. The mMRC scale is a single-item, five-point scale (ranging
from 0 to 4), which reflects the level of activity that provokes
dyspnea. A higher score indicates more severe breathlessness
and greater functional limitation.?>?*
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Translation and Adaptation Procedure of LT-VLA Scale

First, written permission was obtained via email from the
original developers of the scale to investigate the validity and
reliability of the Turkish version of the LT-VLA scale. As a first
step, the LT-VLA scale was translated into Turkish by two native
Turkish speakers proficient in English, after obtaining permission
from the authors of the original versions to translate and use
the questionnaires. The two translators were physiotherapists
specializing in cardiopulmonary rehabilitation. The two Turkish
translations were synthesized into a single consensus version
by the two translators. Two native English-speaking translators
back-translated the final Turkish version of the LT-VLA scale
during the back-translation step. These two back-translated
versions were synthesized into a final version by consensus
among the translators. The consensus English version was sent
to the corresponding author of the original version (Jonathan
Paul Singer) for final review. After the corresponding author’s
final check and revisions were completed, the final version of
the LT-VLA scale was created."”

The LT-VLA was applied to participants twice, 30 minutes apart,
to determine test-retest reliability. Four instruments (mMMRC,
SGRQ, SF-12, LCADL) were used to evaluate criterion validity.

Statistical Analysis

Statistical analyses were performed using the IBM Statistical
Package for the Social Sciences (IBM SPSS Corp., Armonk, NY,
USA), version 23.0 for Windows. The data were expressed as
mean = standard deviation and minimum-maximum values
for quantitative variables and as percentage (%) for categorical
variables. The criterion validity of the LT-VLA was assessed
using Spearman correlation analysis between the Turkish
version of the LT-VLA scale and the mMRC score, SF-12 scores,
LCADL (total and subscale scores), and SGRQ (total and
subscale scores). Correlation strengths were interpreted as very
weak (Irl<0.1), weak (0.1<Irl<0.3), moderate (0.3<Ir|<0.7),
strong (0.7<Irl<0.9), or very strong (IrI>0.9) based on Schober
et al.?, with all observed correlations in this study falling within
the moderate range (0.3<Irl<0.7). The internal consistency of
the LT-VLA was assessed using Cronbach’s o coefficient. A
Cronbach’s a value of 0.60 < a < 0.79 is considered quite
reliable and o > 0.80 is considered highly reliable.?® The test-
retest reliability was measured using the intraclass correlation
coefficients (ICC), which indicates excellent reliability of
the instrument if ICC >0.80.” The probability of error in the
statistical analyses was set at P < 0.05.

RESULTS

Twenty-two lung transplant recipients (mean age: 45.63+14.59
years, 36.4% female, 63.6% male) were included in the study.
The time since transplantation ranged from 3 to 180 months
among patients (mean time: 64.86+43.48 months). The
underlying diseases necessitating transplantation were chronic
obstructive pulmonary disease (COPD) in 9 patients (40.9%),
interstitial lung disease (ILD) in 8 patients (36.4%), cystic
fibrosis (CF) in 3 patients (13.6%), and pulmonary hypertension
(PH) in 2 patients (9.1%). The sociodemographic and clinical
data of the patients in the study are shown in Table 1.
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Test-retest Reliability

Internal consistency and test-retest reliability of the LT-VLA
scale are shown in Table 2. The Cronbach’s o value of the mean
difficulty, activities affected and activities unable subscales of
LT-VLA test and retest scores were recorded as 20.80 indicating
that the scale is highly reliable and have excellent internal
consistency (0.945, 0.906, 0.934 respectively, Table 2). The
test-retest ICC values for each subscale of LT-VLA were above
0.80, indicating excellent reliability, as shown in Table 2. The
mean ICC values ranged from 0.828 to 0.897. The LT-VLA
subscale scores were also strongly and significantly correlated
with their retest scores (P < 0.001, Table 2).

Criterion Validity

The correlation coefficients between the LT-VLA score and the
criterion questionnaires are presented in Table 3. The correlation
analysis revealed that LT-VLA mean difficulty scores were
moderately correlated with the SGRQ symptom score and with
the LCADL self-care and physical activity scores. Additionally,
LT-VLA mean difficulty scores showed a moderate negative
correlation with the SF-12 physical scores and a moderate
positive correlation with the mMRC scores. Furthermore, LT-
VLA mean difficulty score was moderately correlated with
waiting time on the transplant list (r = 0.426; P = 0.048). The
LT-VLA activities affected scores showed moderate correlations
with the SGRQ symptom scores, LCADL self-care scores, SGRQ
total scores, and mMRC scores, as well as a moderate negative
correlation with the SF-12 physical scores. Waiting time on the
transplant list was moderately correlated with the LT-VLA mean
difficulty subscore (r = 0.426, P = 0.048). Otherwise, all LT-
VLA subscales showed no statistically significant associations
with spirometric measures (P> 0.05). The relationship between
SGRQ-symptom score and LT-VLA mean difficulty score and

Table 1. The demographic and clinical data of the lung
transplant recipients

LT recipients (n = 22) Mean = SD Min-max
Age (years) 45.63+14.59 22-69
Height (cm) 166.64+7.42 153-180
Weight (kg) 66.95+12.91 42-92

BMI (kg/m?) 24.21+£4.01 16.82-33.79
(Sggt_i;f;:)posure 22.04+28.45 2-42

FEV, (%) 71.81+30.85 22-121

FVC (%) 72.63+22.84 30-115
FEV./FVC (%) 79.37+17.32 37.50-99.80
PEF (%) 6.93+6.79 1.46-36
MMRC score (0-4) 0.86+0.88 0-3
tamsplantation (monthy 648624348 3180
Waiting time on the 23.81418.40 3-60

transplant list (months)

LT: lung transplantation, SD: standard deviation, Min: minimum, max:
maximum, BMI: body mass index, FEV : forced expiratory volume in 1 second,
FVC: forced vital capacity, FEV,/FVC: ratio of forced expiratory volume in 1
second to forced vital capacity, PEF: peak expiratory flow, mMRC: modified
Medical Research Council Dyspnea scale
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the relationship between SF-12 physical score and LT-VLA
activities affected score are presented in Figures 1 and 2.

DISCUSSION

The main finding of this study was that the Turkish version
of the LT-VLA scale had excellent reliability and internal
consistency. The Turkish version of LT-VLA is a valid PCO that
demonstrates associations with generic and HRQL measures
and with dyspnea perception during daily activities. The Turkish
version of the LT-VLA is a feasible, practical, reliable, and valid
assessment tool for evaluating limitations in daily life activities
among lung transplant recipients, and it can be used by health
professionals for ICF-based assessments within medical and
rehabilitation interventions. The principal strength of the LT-
VLA in both clinical and research settings lies in its ability to
capture not only limitations in basic physical functioning but
also restrictions in activities that add meaning and satisfaction
to patients’ lives. In this respect, the LT-VLA provides a more
comprehensive perspective than traditional ADL measures for
pre-transplant counseling and post-transplant quality of life
monitoring.

Table 2. The internal consistency and ICC values of Turkish
version of the LT-VLA scale

15t test 2" test
Mean x SD Mean = SD
3 r=0.905
MPVILA [ieen 0.53+0.09 0.47+0.47
difficulty P=<0.001
: Vit r=0.873
ARERCEtS o oo 5 e | embiea
affected% P = <0.001
3 Wit r=0.749
LT-VLA activities 3.44+2.18 4.15+10.86
unable% P=<0.001
Cronbach’s o  ICC 95% CI
MEVLA e 0.945 0.897 0.768-0.956
difficulty
LT-VLA activities
foctadlon 0.906 0.828 0.631-0.925
HRVLA SENES o o, 0.877 0.727-0.947
unable%

LT-VLA: Lung Transplant Valued Life Activity scale, ICC: intraclass correlation
coefficient, Cl: confidence interval, SD: standard deviation

Table 3. The bivariate correlations between the LT-VLA score and
scores of the criterion scales for criterion validity

Questionnaires LT-VLA mean LT-VLA activities
for criterion Subscores  difficulty affected%
Va|idity r P r P

Symptom  0.479 0.024* 0.510 0.015*
SGRQ

Total 0.455 0.033*

Self-care 0.543 0.009* 0.476 0.025*
LCADL

Physical 0.448*  0.036* 0.479 0.024*
SF-12 Physical -0.532  0.011* -0.587 0.004*
mMRC score 0.461 0.031* 0.563 0.006*

*Indicates statistically significant difference (P < 0.05)

SGRQ: Saint George Respiratory Questionnaire, LCADL: London Chest Activity
of Daily Life Scale, mMRC: modified Medical Research Council scale, LT-VLA:
Lung Transplant Valued Life Activity scale, SF-12: Short Form-12
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To the best of our knowledge, few assessment tools for ADLs
in LT recipients and candidates have been adapted for the
Turkish population, and most of these are chronic lung disease-
specific or generic measures that do not reflect the specific
needs of LT patients.'*'> The present study demonstrated that
the Turkish version of the LT-VLA scale subscale scores have
high internal consistency level with Cronbach’s a value >0.80.
The Cronbach’s o values for the mean difficulty, activities
affected, and activities unable subscores of the LT-VLA were
0.945, 0.906, and 0.934, respectively, indicating excellent
internal consistency. This shows us that the LT-VLA scores are
stable despite the time interval between test and retest. We also
showed high ICC values for test-retest reliability (=0.80) and
strong correlation level between test and retest LT-VLA scores
for each subscales. Therefore, the Turkish version of the LT-VLA
scale demonstrated high reliability for evaluating ADLs among
LT recipients. The results obtained with the Turkish version
closely resemble those reported in the validation study of the
original English version by Singer et al.’ (Cronbach’s o value:
0.92).

We used the mMRC, LCADL, SGRQ), and SF-12 assessment
tools to evaluate the criterion validity of the Turkish version
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Figure 1. The relationship between SGRQ-symptom score and LT-VLA
mean difficulty score

SGRQ: Saint George Respiratory Questionnaire, LT-VLA: Lung Transplant
Valued Life Activity scale, SF-12: Short Form-12
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Figure 2. The relationship between SF-12 physical score and LT-VLA
activities affected score

SF-12: Short Form-12, LT-VLA: Lung Transplant Valued Life Activity scale,
SGRQ: Saint George Respiratory Questionnaire
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of the LT-VLA scale. A moderate correlation was found
between mMRC and the LT-VLA mean difficulty and activities
affected subscores in LT recipients. Additionally, Singer et
al.”? demonstrated that patients with higher LT-VLA scores
had lower forced vital capacity (FCV) values. Patients had
increased FVC% and mMRC scores after LT transplantation.®
As patients’ perception of dyspnea during daily life increased,
ADL performance was negatively affected. In our study, the
dyspnea levels we found to be associated with LT-VLA mean
difficulty and activities affected scores are consistent with the
literature.?®

The LCADL scale is a tool that assesses difficulties in ADLs
due to shortness of breath from COPD and other chronic
respiratory diseases.?? Because the LT-VLA scale also assesses
limitations, we chose to use it in this validation study. Both
the mean difficulty and activities affected scores of the LT-VLA
show moderate correlations with the self-care and physical
activity scores of the LCADL. This finding confirms the impact
of shortness of breath on ADLs in LT recipients, particularly on
self-care skills (e.g., dressing, washing) and physical activities
(e.g., walking, housework). As shortness of breath worsens,
patients experience greater difficulty performing daily activities
and report more restricted tasks. Since dyspnea is a critical
parameter in LT patients, we believe it is valuable to associate
the LT-VLA with a scale that specifically reflects the impact of
shortness of breath on daily functioning.

Since the ability to perform ADLs is a key determinant of
HRQL, our study incorporated assessments of both HRQL and
ADLs as parts of the ICF framework.> We found a moderate,
significant correlation between the LT-VLA activities affected
score and the SGRQ total score. Given that the SGRQ total
score reflects a composite of all subparameters, it serves as a
comprehensive indicator of overall HRQL. In contrast, the LT-
VLA activities affected score specifically indicates limitations
in functional activities.' This positive correlation suggests that
greater functional disability is associated with poorer quality
of life. There was a moderate positive correlation among the
SGRQ symptom score, LT-VLA mean difficulty score, and
activities affected score in our study. This finding indicates
that an increased symptom burden-particularly the frequency
and severity of respiratory symptoms such as cough, sputum
production, wheezing, and dyspnea-negatively affects patients’
ability to perform daily activities and increases the number
of activities that patients are unable to complete. This result
supports the presence of a direct relationship between symptom
burden and functional limitation in respiratory diseases.'”” The
original English version of the LT-VLA scale was also validated
using the SF-12 score.'? Consistent with the original article, our
study found a moderately negative correlation between the SF-
12 Physical score and the LT-VLA mean difficulty and activities
affected subscale scores. This study demonstrates that when
patients perceive themselves as physically healthier, they tend
to experience less difficulty in performing daily tasks and report
fewer activity limitations. In a study by Seijo et al.*® examining
factors affecting quality of life and survival after LT, a 0.3-unit
increase in the LT-VLA mean difficulty score was associated
with a 4-point improvement in SF-12 physical scores. The
current data from these studies indicate that the correlation
between LT-VLA scores and the SF-12 PCS scores is not only
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cross-sectional but also sensitive to change over time, such as
in repeated assessments during the post-transplant period.

There was also a significant positive correlation between the
LT-VLA mean difficulty score and the waiting time on the
transplant list. This finding suggests that patients who waited
longer for LT tended to report greater difficulty in performing
daily activities. From a clinical perspective, this is consistent
with the progressive nature of end-stage lung diseases, where
prolonged waiting times may be associated with further
deterioration in physical functioning.’’ Regarding validity, we
consider that this correlation supports the construct validity of
the Turkish version of the LT-VLA because it reflects changes in
patients’ activity limitations over time that are consistent with
their clinical status. Therefore, we believe the scale is sensitive
to variations in disease burden, further reinforcing its utility
in both clinical follow-up and research settings. The lack of
significant correlations between LT-VLA scores and spirometric
measures suggests that patients’ perceived functional limitations
may reflect multisystem factors beyond pulmonary function,
consistent with the known discordance between objective
lung parameters and subjective disability in chronic respiratory
diseases.*

In our Turkish adaptation of the LT-VLA, we noted that male
participants frequently selected the response “This does not
apply to me” for household activities (e.g., cooking and cleaning)
rather than indicating inability or difficulty. Importantly, and in
accordance with the original scoring guidelines, these items
were correctly excluded from those participants’ total scores.
This pattern suggests a lack of participation based on culture
or gender role, rather than a true functional limitation. This
observation is consistent with findings from other LCADL
studies, which show that men often receive a zero score not
because they are unaffected by dyspnea, but because they
do not perform household tasks.' Failing to consider this
distinction may result in a misrepresentation of their actual
functional status.

Study Limitations

The first limitation of our study was the heterogeneity of
the sample, which included LT recipients with various pre-
transplant diagnoses such as COPD, ILD, CE and PH. While this
reflects the diversity of clinical practice, it may have introduced
variability in functional limitations and symptom perception,
potentially affecting LT-VLA responses. Future studies should
consider evaluating the psychometric properties of the Turkish
LT-VLA in more homogeneous subgroups to determine
whether disease-specific adaptations or interpretations are
warranted. Another limitation of our study is the relatively
small sample size. Although the LT-VLA consists of 15 items,
our study included only 22 participants. This sample size is
below the generally recommended subject-to-item ratio for
validation studies, due to the limited number of eligible and
available LT recipients during the study period at a single
transplant center.>> Despite the limited number of participants,
we conducted robust psychometric analyses that yielded
satisfactory results. Given this, future studies should consider
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multi-center collaborations to recruit larger and more diverse
patient populations, thereby enhancing the generalizability of
the findings.

CONCLUSION

In conclusion, the Turkish version of the LT-VLA scale has been
validated as a reliable and clinically useful tool for assessing
activity limitations in lung transplant recipients. Its practical,
self-administered format makes it valuable for multidisciplinary
teams, including occupational therapists, physiotherapists, and
physicians. For therapists, the scale provides critical insights into
patients” challenges with meaningful daily activities, enabling
targeted interventions to improve occupational participation
and quality of life. Physiotherapists can use the scale to monitor
physical function and tailor pulmonary rehabilitation programs,
while physicians can integrate patient-reported outcomes with
medical assessments to guide comprehensive care. Despite
its strengths, limitations, such as the modest sample size and
single-center recruitment, suggest the need for further validation
in broader populations. Future studies should investigate the
scale’s responsiveness to various therapeutic interventions,
including occupational and physical therapy protocols, to
further establish its clinical utility. By offering a standardized
measure of functional limitations, the Turkish LT-VLA scale
enhances collaborative, patient-centered care and serves as a
foundation for developing culturally adapted tools in Ttirkiye’s
transplant rehabilitation landscape.
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ABSTRACT

OBJECTIVE: Aerosol therapy is widely used in intensive care units (ICUs) for managing respiratory conditions. However, non-
adherence to evidence-based guidelines can compromise outcomes and increase healthcare costs. This study evaluated the
compliance of aerosol therapy with the “Indian Guidelines on Nebulization Therapy” and the cost incurred in critically ill patients.

MATERIAL AND METHODS: A prospective observational study was conducted in 307 adult patients across the ICUs of a tertiary
care hospital during a six-month study period. Analysis was performed using the chi-square test and the Wilcoxon rank-sum test in
RStudio (version 4-4.3, 2024). Multivariate logistic regression identified independent predictors of compliance.

RESULTS: Of the 307 ICU patients analyzed, 64.5% were male, with an average age of 57+16 years. Jet nebulizers were used
in 91.5% of cases. Bronchodilators (47.13%) and corticosteroids (35%) were widely used classes of drugs. Compliance of drug
therapy with evidence-based guidelines varied significantly by duration of ICU stay (P = 0.0062) and by ICU category (P = 0.0005).
Drug compliance was higher in critical care and neurology ICUs [odds ratio (OR): 6.500, P = 0.0001; OR: 4.574, P = 0.005].
Administration compliance was significantly associated with the diagnosis category (P = 0.00186) and was higher among patients
with non-respiratory diagnoses (OR: 4.96, P =0.0068). Adherence to guidelines for drug therapy significantly lowered costs (P =
0.0103).

CONCLUSION: Targeted interventions, protocol standardization, and staff training are needed to enhance compliance, optimize
patient care, and control aerosol-related expenditures. Clinically, these findings highlight that adherence to evidence-based aerosol
therapy not only enhances patient outcomes but also reduces ICU expenditure, thereby supporting integration into routine clinical
practice.

KEYWORDS: Aerosol, critically ill patients, ICU, nebulizers, compliance, nebulization, cost
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INTRODUCTION

Aerosol therapy plays a crucial role in the management of respiratory conditions, particularly among critically ill patients
who require immediate intervention. The prevalence of aerosol therapy use in India has been reported as 72.48%.!

The administration of aerosolized medications enables direct delivery to the lungs, thereby ensuring rapid therapeutic
response, increased bioavailability at the target site, minimized systemic side effects, and reduced risk of toxicity.>? It
is routinely used for both mechanically ventilated and non-ventilated patients presenting with diseases such as asthma,
chronic obstructive pulmonary disease (COPD), acute respiratory distress syndrome, pneumonia, and cystic fibrosis.
Frequently administered medications, used as monotherapy or in combination, include bronchodilators, corticosteroids,
mucolytics, and antibiotics."*?
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The clinical efficacy of aerosol therapy depends on numerous
factors, for example, characteristics of aerosolized particles,
the patient’s respiratory physiology, and management of the
device.?>® An extensive range of aerosol delivery devices is used
in hospital settings, including jet, vibrating mesh, and ultrasonic
nebulizers, each with its advantages and disadvantages.*’

Despite its therapeutic benefits, aerosol therapy is accompanied
by several limitations, including variability in drug deposition
due to device type, patient condition, and administration
technique. Its effectiveness is further limited in the intensive
care unit (ICU) environment due to increased risk of nosocomial
infections due to device contamination,® lack of standardized
protocols, and inconsistency in clinical practice.”’® Additionally,
the limited availability of aerosol formulations and the high cost
of advanced nebulization devices hinder their widespread use,
particularly in resource-limited settings such as India.”'"'?

Non-compliance with established guidelines further reduces
the effectiveness of aerosol therapy. Issues such as reduced drug
efficacy, increased incidence of adverse effects, variability in
delivery techniques, inadequate training of healthcare personnel,
and poor maintenance of devices are commonly observed in
clinical practice.”''* Financial barriers also play a significant
role. In developing countries such as India, ICU-related expenses,
including costs associated with aerosol therapy, ventilator
use, and equipment maintenance, are often borne directly by
patients and their families. This economic burden, compounded
by inefficient drug delivery and deviations from recommended
protocols, frequently results in premature discontinuation of
therapy and suboptimal clinical outcomes.?91

Effective utilization of aerosol therapy in ICUs requires a
structured evaluation of current practices, particularly regarding
guideline adherence and cost-effectiveness. Inconsistent
practices and financial constraints often undermine its potential
benefits, particularly in resource-limited healthcare settings.!"'2

The “Indian Guidelines on Nebulization Therapy” provide
a structured guide for the use of aerosol therapy in clinical
settings, such as ICUs. However, compliance with this
guideline and the associated costs incurred in Indian ICUs
remain unclear.®'® This study aims to determine the proportion
of aerosol therapy sessions in adult ICU patients that complied
with the “Indian Guidelines on Nebulization Therapy” with
respect to (a) drug therapy (indication, drug selection, dose/
frequency, incompatible combinations, and duration) and (b)

Main Points

e Jet nebulizers were the most commonly used aerosol
delivery devices in critically-ill patients.

e Compliance of drug therapy with evidence-based
guidelines varied significantly across intensive care unit
(ICU) categories and duration of ICU stay.

e Non-respiratory  patients ~ demonstrated  higher
administration compliance as compared with respiratory
groups.

e Drug regimen adherence was associated with a
significant reduction in mean cost incurred.
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administration practices (device selection and placement,
carrier gas, and device hygiene).

MATERIAL AND METHODS

Study Design and Ethics

A prospective, exploratory (descriptive) observational study
was conducted among 307 patients in the ICU and high-
dependency unit of Bharati Hospital and Research Centre,
Pune, and was approved by the Bharati Vidyapeeth (Deemed
to be University) Medical College Ethics Committee (approval
ID: BVDUMC/IEC/91/24-25, date 28/09/2024). The study
was conducted over a period of six months (October
2024-March 2025). This study was not registered with CTRI.
The authors acknowledge that registration is recommended for
observational studies in clinical practice and will register future
audits of a similar nature and encourage readers to take this
into consideration when interpreting the results. All procedures
were conducted in accordance with the ethical standards of the
institutional research committee and the principles outlined in
the Declaration of Helsinki (2024 revision). A waiver of written
informed consent for this observational study was approved by
the Ethics Committee, as data collection used routine clinical
records and did not require changes to patient care.

Sample Size

For the primary outcome, the sample size was calculated based
on the proportion of aerosol therapy sessions expected to be
compliant with guideline recommendations. Based on published
estimates of aerosol therapy guideline adherence and utilization
in India (expected compliance =72.48% from ™) using a two-
sided 95% confidence level (Z = 1.96) and a desired absolute
precision of 5%, the required sample size was: n = (Z? x p x
(1-p)) / d*=(1.962 x 0.7248 x 0.2752) / 0.05% = 307).

Study Criteria

The study included patients aged more than 18 years receiving
aerosol therapy for 224 hours during their ICU stay. All patients
older than 85 years and those receiving aerosol therapy for
more than 2 months were excluded from the study. Additionally,
patients using inhalation devices, such as dry powder inhalers
and pressurized metered-dose inhalers, as well as those
receiving nebulization therapy with normal saline alone were
not included. A structured proforma was designed, consisting
of three sections (information related to aerosol drug therapy,
compliance and cost) and validated by four expert panelists,
in adherence to the evidence-based guideline of the “Indian
Guidelines on Nebulization Therapy”.

Diagnostic Characterization

The study classified patients into three broad diagnostic
categories: respiratory, respiratory with comorbidities, and non-
respiratory because this structure reflects how cases are typically
organized and managed in the ICU. Individual disease labels,
such as COPD, pneumonia, myocardial infarction, or sepsis,
had very small numbers of patients in several groups, which
would not allow for statistically meaningful comparisons and
would violate chi-square assumptions. Using the three broader
categories ensured adequate sample distribution, maintained
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statistical validity, and allowed a more reliable evaluation of

compliance patterns.

Operational Definitions and Timing

Aerosol Therapy Session: Any discrete episode of administration
of an inhaled medication via a nebulizer or other inhalation
device, documented in the patient’s chart.

Drug Therapy Compliance: A session was considered compliant
with drug therapy if all of the following criteria were met: (a)
the indication for therapy matched guideline indications; (b)
the drug class selection was appropriate for the indication;
(c) the dosing frequency was in accordance with guideline
recommendations; (d) no guideline-listed incompatible drug
combinations were present; and (e) the duration was appropriate
for the indication (Supplementary Table 1).

Administration Compliance: A session was considered
compliant if device selection, device placement (e.g.,
endotracheal tube or venturi mask), carrier gas (oxygen, air, or
ventilator setting), and device hygiene (documented cleaning/
disinfection) adhered to the components recommended in the
“Indian Guidelines on Nebulization Therapy” Supplementary
Table 2.

Time Points Assessed: Data were recorded systematically for
each aerosol therapy session using information present in the
patient’s drug chart and respiratory sheet during the patient’s
ICU stay.

Statistical Analysis

All data were compiled and cleaned in Microsoft Excel.
Analysis was performed using RStudio software (version
4-4.3, 2024). Average age was presented as mean =+ standard
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deviation. Categorical variables were presented as counts
(n) and percentages (%). Associations between categorical
variables (e.g., device placements) and compliance status
(evaluated as per the guideline) were assessed using the chi-
square test. To identify independent predictors of compliance,
multivariate logistic regression models were used because they
are well suited for binary outcomes. Covariates were selected
based on clinical relevance and included ventilation type, age
category, ICU categorization, length of ICU stay, and primary
diagnosis. Results were expressed as odds ratios (ORs) with
95% confidence intervals (Cls).

Cost Incurred Assessment

The costs incurred in the study included direct medical costs
attributable to aerosol therapy during the ICU stay, such as
aerosol medication, device costs, respiratory therapist fees,
nebulizer costs, and oxygen costs. Indirect (overhead) costs
(e.g., ICU bed charges) were not included. The Wilcoxon
rank-sum test was used to compare costs between compliant
and non-compliant groups. A P value <0.05 was considered
significant. In addition, a simple linear regression model was
applied using ICU stay (in days) as the independent variable
and total cost as the outcome, with model fit reported using R?.

RESULTS

Patient Characteristics and Clinical Outcomes

A total of 307 patients admitted to the ICU between October
2024 and March 2025 were included in the study. The cohort
had a male predominance, with 198 (64.5%) males and 109
(35.5%) females, and a mean age of 57+16 years. Of the total
study population, 140 patients (45.6%) were discharged, 83
(27.03%) were transferred to the general ward, and 34 (11.07%)
left against medical advice. The observed in-hospital mortality

Table 1. Demographic and clinical characteristics of the study population

All patients receiving
aerosol therapy

therapy
(n =307) (n = 99)
Age (years) 57+16
198 (64.5%)/109
Male/female ¢ 4
(35.5%) (33.33%)

Categorization of ICU

Critical care medicine 143 (46.6%)

Neurological 47 (15.3%) 7 (7.1%)
Cardiovascular 25 (8.14%) 9 (9.1%)
Surgical 17 (5.53%) 6 (6.1%)

Non-speciality 75 (24.43 %)
Classification of study population based on primary diagnosis
41 (13.3%)

139 (45.3%)

127 (41.4%)

Respiratory
Respiratory with co-morbidities
Non-respiratory

Values are presented as mean =+ standard deviation or n (%), as appropriate
ICU: intensive care unit

Patients receiving
invasive aerosol

66 (66.67%)/33

61 (61.6%)

16 (16.1%)

5 (5.1%)
43 (43.4%)
51 (51.5%)

Patients receiving both
invasive and non-invasive
aerosol therapy

(n = 34)

Patients receiving non-
invasive aerosol therapy

(n=174)

108 (62.1%)/66
(37.9%)

24 (70.6%)/10
(29.4%)

61 (35.1%) 21 (61.8%)

35 (20.1%) 5 (14.7%)
12 (6.8%) 4 (11.8%)
10 (5.7%) 1(2.9%)
56 (32.2%) 3 (8.8%)
32 (18.4%) 4 (11.8%)

77 (44.3%)
65 (37.3%)

19 (55.8%)
11 (32.4%)
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rate was 14%, whereas 2.3% of patients were transferred to
deluxe care units for continued treatment. Regarding ventilation
type, 99 (32.23%) received aerosol therapy via invasive
ventilation, 174 (56.7%) via non-invasive ventilation (NIV), and
34 (11.07%) transitioned between these two modalities during
their ICU stay. The details of ICU categorization and primary
diagnoses are summarized in Table 1.

Drugs and Devices Used for Aerosol Therapy

Jet nebulizers were the most widely used devices, accounting
for 91.5% of cases, whereas vibrating mesh nebulizers (VMNs)
accounted for 8.5%. Ultrasonic nebulizers were not employed
in this study.

Among the 575 aerosol therapy sessions analyzed, 543/575
(94.43%) involved single-agent therapy, and the remaining 32/575
(5.56%) were administered in combination. Among single-agent
treatments, the majority [47.13% (271/575)] were bronchodilators,
followed by corticosteroids [35% (201/575)]. In terms of regimen
complexity, 36.2% of patients received monotherapy, 47.6%
received dual-drug therapy, and 11.4% received a regimen
consisting of three aerosolized medications. A small subset (4.8%)
received more than four aerosolized medications. The distribution
of medication classes is shown in Figure 1.

Indications for Aerosol Therapy

Aerosol therapy was most frequently prescribed for respiratory
conditions, accounting for 58.63% (n = 180) of the cohort,
with pneumonia and COPD being the leading indications. The
remaining patients received aerosol therapy for neurological,
cardiac, or post-surgical indications (see Table 1).

Device Placements for Aerosol Therapy

Device placement varied significantly across the types of
ventilation used. For jet nebulizers, invasive ventilation
predominantly used endotracheal tube placement, while
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NIV was almost exclusively managed with Venturi masks.
Patients who received both modalities commonly received
a combination of a Venturi mask and an endotracheal tube.
Similar patterns were observed in patients using VMNs. These
findings, presented in Table 2, indicate a significant association
between the type of ventilation and device placement for
aerosol delivery.

Administration of Aerosol Therapy

Oxygen was the primary carrier medium, with the highest
prevalence observed in the NIV group (77.32%). Flowmeter-
based oxygen administration was used in 15.3% of cases,
whereas ventilator-based delivery was limited to patients
receiving invasive or combined ventilation. The diversity of
administration methods highlighted the central role of oxygen
in facilitating effective aerosol drug delivery. The distribution of
administration methods is illustrated in Figure 2.

Compliance of Aerosol Therapy with Evidence-based
Guideline

Compliance with evidence-based guidelines was assessed in
two domains: drug therapy and administration (Tables 3 and 4).

The compliance with drug therapy was evaluated in terms of
frequency, combination, and duration of treatment.

Drug therapy compliance varied significantly according to ICU
categorization (P = 0.0005), suggesting that specific units of
care may affect adherence. Furthermore, ICU stays affected
drug compliance (P = 0.0062), indicating an influence on
treatment adherence. Other variables, such as age group and
diagnosis, were not associated with substantial differences in
drug compliance. Drug administration compliance was largely
uniform across all clinical subgroups, with no significant
associations identified for most subgroups; however, a
significant association was noted between diagnosis category
and compliance (P = 0.00186).

Anti-Microbials

Bronchodilator + Corticosteroids
Bronchodilators

Corticosteroids

Haemostatic agent
Muco-protective agent
Mucolytics & Expectorants

) Sympathomimetic agent

LN N N N NN

°®

200

Figure 1. Drugs used as aerosol therapy in the study population. Dot plot depicting the number of ICU patients receiving aerosolized drugs, categorized
by drug class. Each dot represents a drug; drug categories are color-coded. Frequencies are plotted on the x-axis

ICU: intensive care unit
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Table 2. Device placements for aerosol therapy in the study population

Type of aerosol delivery device Device placements
Endotracheal tube
Nasal prongs

. Venturi mask
Jet nebulizer

Venturi mask + endotracheal tube

Nasal prongs + venturi mask
Endotracheal tube
Nasal prongs

Vibrating mesh nebulizer VUSR] T

Venturi mask + endotracheal tube

Nasal prongs + venturi mask

Invasive Non-invasive Both P value
33/99 (33.33%)  0/174 (0%) 2/34 (5.9%) P<0.01
4/99 (4.04%) 0/174 (0%) 1/34 (2.94%) 0.14
22/99 (22.22%)  173/174 (99.4%) 5/34 (14.7%) P<0.01
20/99 (20.20%)  0/174 (0%) (2508/.38420/0) P<0.01
0/99 (0%) 0/174 (0%) 1/34 (2.94%) 1.00
13/99 (13.13%)  0/174 (0%) 1/34 (2.94%) P<0.01
0/99 (0%) 0/174 (0%) 0/34 (0%) -

6/99 (6.06%) 1/174 (0.6%) 0/34 (0%) 0.02
1/99 (1.01%) 0/174 (0%) ?1/3%76%) 0.14

0/99 (0%) 0/174 (0%) 0/34 (0%) -

Data are presented as the number of patients (percentage within group). P values were calculated using the chi-square test. P value of <0.05 was considered

significant

Proportional Bar Plot of Administration Type by Ventilation Route
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Figure 2. Patterned proportional bar chart representing types of aerosol therapy administration by ventilation route (invasive, non-invasive, both). Bars
represent the proportion of each administration method used across invasive, non-invasive, and combined ventilation routes. Patterns differentiate the

ventilation modes

HAI, hyperoxic anoxia

These findings highlight that, while drug administration
practices were largely consistent, variations in medication
adherence were influenced by incompatible drug combinations,
prolonged therapy duration, and improper drug regimens.

Multivariate Analysis for Predictors of Compliance with
Evidence-based Guideline

Multivariate logistic regression analysis identified several
significant predictors of both drug and administration
compliance, as illustrated in Figures 3a and 3b. For drug
therapy, patients admitted to critical care medicine had higher
odds of compliance than those in cardiology (OR: 6.50; 95%
Cl: 2.60-16.25; P = 0.0001), and patients in neurology ICUs
also demonstrated increased compliance (OR: 4.57; 95% ClI:
1.57-13.32; P=0.005). In contrast, patients in cardiology ICUs
had lower odds of compliance compared with both surgical
(OR: 0.15; 95% Cl: 0.03-0.83; P = 0.02) and non-speciality
ICUs (OR: 0.13; 95% Cl: 0.04-0.36; P = 0.0001). Shorter ICU

stays were associated with higher compliance (OR: 2.38; 95%
Cl: 0.97-5.85, P=0.05).

With respect to administration compliance, most comparisons
did not reveal notable relationships. However, a significant
association between diagnosis and compliance was observed:
patients with non-respiratory conditions had significantly
higher odds of compliance with the evidence-based guideline
compared with those with respiratory illness and co-morbidities
(OR:4.959; 95% Cl: 1.399-17.57; P=0.007).

Cost Incurred Due to Aerosol Therapy

Among patients compliant with drug therapy protocols, the
mean cost incurred was significantly lower (P = 0.01). Linear
regression showed that ICU stay duration explained a moderate
proportion of cost variation (R? = 0.56), with an estimated
increase of ¥3495.5 per additional ICU day. These findings
underscore the economic burden of prolonged hospitalization
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Table 3. Drug compliance in terms of frequency, combination and duration of therapy with evidence-based guideline among

different clinical variables in the study population

Compliance category  Clinical variable Sub group Compliant (n) Non-compliant (n) P value
Invasive (n = 99) 79/99 (79.8%) 20/99 (20.2%)
Invasive/non-invasive  Non-invasive (n = 174) 148/174 (85.1%)  26/174 (14.9%) 7
Both (n = 34) 27/34 (79.4%) 7/34 (20.6%)
Critical care medicine (n = 143)  123/143 (86%) 20/143 (14%)
Neurological (n = 47) 38/47 (80.9%) 9/47 (19.1%)
ICU categorization Cardiology (n = 25) 12/25 (48%) 13/25 (52%) P=0.01
Surgery (n = 17) 15/17 (88.2%) 2/17 (11.8%)
Non-speciality (n = 75) 66/75 (88%) 9/75 (12%)
B canalliEnes <5 days (n = 65) 57/65 (87.7%) 8/65 (12.3%)
Days in ICU 6-10 days (n = 129) 106/129 (82.2%)  23/129 (17.8%) P=0.01
>10 days (n =113) 91/113 (80.5%) 22/113 (19.5%)
<30 (n=16) 13/16 (81.3%) 3/16 (18.7%)
30-44 (n = 46) 37/46 (80.4%) 9/46 (19.6%)
Age 45-59 (n = 82) 67/82 (81.7%) 15/82 (18.3%) 0.36
60-74 (n = 101) 89/101 (88.1%) 12/101 (11.9%)
>75 (n = 62) 48/62 (77 .4%) 14/62 (22.6%)
Respiratory (n = 41) 35/41 (85.4%) 6/41 (14.6%)
Bragieshs Non-respiratory (n = 127) 101/127 (79.5%)  26/127 (20.5%) 0.42

Respiratory with co-morbidities

(n=139)

118/139 (84.9%)  21/139 (15.1%)

Compliance patterns for aerosol therapy in ICU patients are represented for drug therapy. The table presents the number of patients categorized as compliant or
non-compliant for drug use. Comparisons are made across ventilation type, ICU categorization, ICU stay duration, aerosol mode, age and diagnosis. Statistically

significant results are highlighted with corresponding P values
ICU: intensive care unit

and highlight the potential financial benefits of improving
compliance. A detailed summary of cost data is presented as a
grouped box plot in Figure 4.

DISCUSSION

This study provides a detailed evaluation of aerosol therapy
utilization, compliance, and associated costs in critically

ill patients admitted during the study period. The findings
underscore the complexity of delivering standardized aerosol
treatment in high-acuity settings and reveal important gaps in
adherence despite well-established recommendations.

Among the 307 patients studied, demographic patterns and
clinical outcomes were comparable to national data, reflecting
the typical profile of critically ill patients in Indian ICUs. These
consistencies reaffirm that the study cohort represents real-
world practice and aligns with previously published literature
on ICU severity and outcomes.'”?

Bronchodilators emerged as the most frequently administered
drug class (47.13%), consistent with previous findings
emphasizing their essential role in managing obstructive airway
diseases.®'" Respiratory illnesses constituted the majority of
indications for aerosol therapy. These findings mirror those
reported in multiple Indian and international studies that
identify respiratory infections and airway obstruction as the

predominant drivers of nebulization in ICU settings."* This
study supports the notion that aerosol therapy is primarily
reserved for such conditions, while highlighting the importance
of ongoing evaluation of compliance, cost-effectiveness, and
staff training.!"1?

The research also assessed adherence to the “Indian Guidelines
on Nebulization Therapy”,'> which are divided into two key
areas: medication regimen (drug frequency, incompatible
combinations & duration of therapy) and administration
procedures. While some elements of the treatment were
consistent with the guidelines, there were notable discrepancies
in several areas, highlighting a disconnect between theoretical
recommendations and practical implementation.

The study highlighted issues with drug regimens, including
extended treatment periods and the use of incompatible agents.
These practices are frequently influenced by the prescriber’s
preferences and by a lack of awareness of guidelines." Such
deviations can result in reduced therapeutic effectiveness,
increased adverse drug reactions, and prolonged ICU stays. To
improve the rational use of aerosol therapy, it is essential to
systematically incorporate guidelines into clinical practice.

Irregularities in dosing frequency were observed: some patients
received excessive aerosol treatment, thereby increasing
their risk of adverse events; others were undertreated,
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Table 4. Administration compliance in terms of delivery of aerosol drugs (oxygen or air-driven)with evidence-based guideline among

different clinical variables in the study population

Compliance category Clinical variable Sub group Compliance (n) Non-compliance (n) P value

Invasive (n = 99) 95/99 (96%) 4/99 (4%)

Invasive/non- Non-invasive (n = 174) 158/174 (90.8%)  16/174 (9.2%) 0.71

invasive
Both (n = 34) 31/34 (91.2%) 3/34 (8.8%)
Critical care medicine (n = 143) 136/143 (95.1%) 7/143 (4.9%)
Neurological (n = 47) 42/47 (89.4%) 5/47 (10.6%)

ICU categorization Cardiology (n = 25) 25/25 (100%) 0/25 (0%) 0.20
Surgery (n = 17) 14/17 (82.4%) 3/17 (17.6%)
Non-speciality (n = 75) 67/75 (89.3%) 8/75 (10.7%)
<5 days (n = 65) 62/65 (95.4%) 3/65 (4.6%)

Adiiseton commilFemes Days in ICU 6-10 days (n = 129) 118/129 (91.5%) 11/129 (8.5%) 0.71

>10 days (n = 113) 104/113 (92%) 9/113 (8%)
<30 (n=16) 15/16 (93.8%) 1/16 (6.2%)
30-44 (n = 46) 44/46 (95.7%) 2/46 (4.3%)

Age 45-59 (n = 82) 76/82 (92.7%) 6/82 (7.3%) 061
60-74 (n =101) 92/101 (91.1%) 9/101 (8.9%)
>75 (n = 62) 57/62 (91.9%) 5/62 (8.1%)
Respiratory (n = 41) 38/41 (92.7%) 3/41 (7.3%)

Diagnosis Non-respiratory (n = 127) 122/127 (96.1%)  5/127 (3.9%) P=0.02

Respiratory with co-morbidities

(n=139)

124/139 (89.2%) 15/139 (10.8%)

Compliance patterns for aerosol therapy in ICU patients are represented for administration. The table presents the number of patients categorized as compliant
or non-compliant for administration. Comparisons are made across ventilation type, ICU categorization, ICU stay duration, aerosol mode, age and diagnosis.

Statistically significant results are highlighted with corresponding P values
ICU: intensive care unit

raising concerns about therapeutic insufficiency and clinical
deterioration.”'* These patterns emphasized the need for
standardized scheduling and electronic administration records
to minimize human errors and optimize clinical decisions.

Regarding device selection, the study confirmed that jet nebulizers
predominated, reflecting their affordability and widespread
availability. VMNs, though used less frequently, demonstrate
superior drug delivery efficiency and reduced medication loss,
consistent with published evidence from Western settings.® '

An important clinical observation was that non-respiratory
patients demonstrated higher compliance with administration.
This may be due to simpler therapeutic protocols, fewer
aerosol sessions, and reduced disease complexity, which
allow guideline-recommended administration to be
implemented more consistently than in patients with
respiratory illnesses.

Maintenance and hygiene practices showed positive trends,
with high adherence to cleaning protocols and disinfection
standards outlined by national guidelines. This contrasted with
earlier reports documenting poor compliance with device
hygiene and elevated risks of nosocomial infections.” Effective
sterilization and maintenance practices contribute to improved
clinical outcomes and patient safety.

The cost assessment of aerosol therapy revealed that multiple
factors contributed to the overall expense in the ICU. Non-

compliance with treatment protocols, particularly with respect
to device selection, dosing, and the use of incompatible
combinations, was associated with higher therapy costs."" 8
Inappropriate device choices, especially frequent reliance on
jet nebulizers, led to inefficient drug utilization and higher
cumulative costs despite their initially lower unit price.*'
Adoption of VMNs in Indian ICUs, while limited due to cost,
could offer savings in the long-term and improved therapeutic
outcomes.

Frequent bronchodilator use, although clinically justified,
contributed to increased pharmaceutical costs and indicated
potential overuse or inappropriate dosing.” Studies suggest that
implementing a national-level standardized aerosol protocol
could reduce ICU expenditure by as much as 25-40%.%'2

This study adds a meaningful real-world perspective by
demonstrating that following guideline-based aerosol therapy in
critically ill patients can help maintain therapeutic effectiveness
while reducing unnecessary costs. Optimized drug regimen
(frequency and duration of therapy) and appropriate device
selection, both of which can enhance drug delivery efficiency
and minimise wastage, are likely to contribute to these benefits.
However, the findings acknowledge that strict adherence
may not always be feasible in resource-limited ICUs, where
variations in practice may justify deviations from guidelines.
This highlights the importance of balancing protocol adherence
with individualized treatment.
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Forest Plot of Clinical Variables Associated with Drug Compliance in ICU Patients
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Figure 3a. Forest plot of clinical predictors of drug therapy compliance to aerosol therapy in ICU patients. It depicts the forest plot of odds ratios for
drug therapy across various clinical comparisons. Statistically significant comparisons are shown in blue, with 95% confidence intervals represented

by horizontal lines

ICU: intensive care unit
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Figure 3b. Forest plot of clinical predictors of administration compliance to aerosol therapy in ICU patients. It depicts the forest plot of odds ratios for
administration across various clinical comparisons. Statistically significant comparisons are shown in blue, with 95% confidence intervals represented

by horizontal lines

ICU: intensive care unit

Future research should include multicentre studies conducted
across diverse settings and regions to ensure external validity.
Also, incorporating physician perspectives through qualitative
or mixed-methods research could provide valuable insights
into decision-making practices and challenges in guideline
adherence.

Clinical Significance

Ensuring compliance with evidence-based guidelines for
aerosol therapy in the ICU setting promotes uniformity in
prescribing, administration, and overall patient care. This not
only enhances therapeutic effectiveness and patient safety, but
also minimizes unnecessary expenditure. Regular monitoring,
periodic staff training, and cost-awareness strategies should

be integrated into the hospital’s ICU protocols to increase
compliance and cost efficiency.

Study Limitations

The study has several limitations which must be
acknowledged. Although data collection was prospective,
the study was conducted in a single tertiary care teaching
hospital, which limits the generalizability of its results to
other healthcare settings with different infrastructure and
resource availability. The relatively short duration of the study,
i.e., 6 months, limited the ability to assess long-term trends in
compliance and cost-effectiveness; a longer follow-up period
could provide more insight into sustained adherence to
guidelines. Validated severity scores (e.g., APACHE 1I/SOFA)



Thorac Res Pract. 2026;27(3):155-164

Raut et al. Aerosol Therapy Compliance and Cost in ICU Patients

Grouped boxplot comparison of mean cost (%) by compliance status across drug therapy
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Figure 4. Grouped boxplot comparison of mean cost () by compliance status across drug therapy. It shows a boxplot comparison of mean aerosol
therapy costs between compliant and non-compliant cases across the drug therapy. Costs (%) are represented for compliant and non-compliant groups

were not available for all patients, and adjustment for illness
severity could not be undertaken because these scores are not
routinely recorded in the hospital’s workflow. This limits the
study’s ability to adjust for baseline severity, and the absence
of a standardized severity assessment may have influenced
the observed associations among compliance, duration of
ICU stay, and overall cost. The study of costs incurred only
included direct medical costs and excluded broader system
or societal costs; integrating a formal health-economic
evaluation would strengthen the study’s conclusion. The
study did not take into account the variability of clinical
decision-making because physician preferences, experience
level, awareness, workload, and institutional constraints were
not assessed. These factors can act as barriers and affect the
compliance pattern to it. Lastly, the study was not registered
in CTRI, which is considered a methodological limitation
with respect to clinical research transparency.

CONCLUSION

This single-centre study identified significant non-adherence
to the “Indian Guidelines on Nebulization Therapy” among
critically ill patients, particularly in the choice of drug regimen
and its duration; this non-adherence was associated with
increased healthcare expenditure and poorer therapeutic
outcomes. Compliance with drug therapy was associated with
lower direct costs of aerosol therapy. Non-compliance resulted
in increased medication wastage, prolonged therapy, and
extended ICU stays, which, in total, increased expenditures.
The findings of this study underscore the imperative need for
standardized protocols, comprehensive training, enforced
compliance audits, and an enhanced focus on adherence.
Reinforcing hospital policies and fostering interdisciplinary
synergy among healthcare providers, including pharmacists
and respiratory therapists can enhance the quality and cost-
effectiveness of aerosol therapy in ICUs, ensuring judicious
resource allocation and superior patient outcomes.
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ABSTRACT

OBJECTIVE: To estimate the direct and indirect costs associated with tuberculosis (TB) prevention, control, and treatment activities
conducted at a TB control dispensary in Turkiye and to assess the economic burden of TB at the patient level.

MATERIAL AND METHODS: Patient-level cost data for individuals treated in 2023 with International Classification of Diseases,
10" Revision diagnostic codes A15-A19 were analyzed from the perspective of the healthcare provider. Direct medical costs were
calculated based on healthcare service utilization using reimbursement prices specified in the Turkish Social Security Institution’s
Health Implementation Communiqué. Indirect costs were estimated using patient-reported data and included productivity loss, time
spent accessing healthcare services, transportation expenses, and other out-of-pocket expenditures. All costs were calculated as the
average annual cost per patient.

RESULTS: The average annual direct cost per patient was $346.39 (9,271.59t), with prescribed medications constituting the largest
component of direct costs. The average annual indirect cost per patient amounted to $1,087.80 (32,013.50t), mainly driven by
productivity losses and time spent in healthcare facilities. Overall, the average annual cost per TB patient was estimated at $1,434.22
(41,285.09t), with indirect costs accounting for nearly three-quarters of the total economic burden.

CONCLUSION: The findings demonstrate that TB imposes a substantial economic burden on patients, primarily through indirect
costs, even when TB-related healthcare services are covered by the social security system. These results underscore the need for TB
control strategies that extend beyond medical care and incorporate social protection and economic support mechanisms to reduce
productivity losses and financial vulnerability among patients.

KEYWORDS: Tuberculosis, health care cost, cost of illness, tuberculosis control, health expenditures
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INTRODUCTION

Tuberculosis (TB) is a respiratory disease caused by the bacillus Mycobacterium tuberculosis, typically affecting the lungs.'
It has been stated that approximately 85% of patients can be treated with the treatment regimens recommended by the
World Health Organization (WHQO), but in cases where access to treatment is not possible, the mortality rate can be up
to 70%.' For this reason, on a global scale, one of the United Nations Sustainable Development Goals (2016-2030) is to
reduce deaths from TB by 90 per cent by 2030.*

WHO has stated that TB was the second leading cause of death from a single infectious agent worldwide in 2022,
despite being a preventable and treatable disease. More than 10 million people are newly diagnosed with TB every year,
and approximately 1.3 million individuals worldwide died due to TB in 2022." The global incidence of TB in 2022 was
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133 per 100,000, and the estimated mortality rate was 19.7 per
100,000. According to the data for 2021, the incidence rate of
TB in Turkiye is 15 per 100,000 and the estimated mortality rate
is 0.55 per 100,000."* TB dispensaries play an important role
in the outpatient follow-up and treatment of patients diagnosed
with TB in Turkiye.

TB control activities in Turkiye date back to 1918, with the
establishment of the Tuberculosis Control Society by Besim
Omer Akalin and the opening of the first TB dispensary
in Istanbul in the early 1920s.5 Today, tuberculosis control
dispensaries (TCD) operate under the Ministry of Health at the
provincial level, providing comprehensive services including
diagnosis, contact tracing, directly observed treatment, and
preventive care. As of the end of 2021, a total of 173 TCDs were
actively providing services across the country.>® In accordance
with national regulations, anti-TB medications are financed by
the Social Security Institution for patients with social security
coverage and by the government for patients without social
security coverage.

While the number of patients entering the records of TCDs in
Tarkiye in 2019 was 11,401, this number decreased to 8,925
in 2020. The TB case rate in 2020 was 10.7 per 100,000 for
Turkiye overall and 13.9 per 100,000 for Balikesir province.
When the distribution of cases by gender was analyzed, it
was found that males were more common in Tirkiye and
Balikesir province (57.2% and 64.5%, respectively). When the
distribution of cases by site of involvement was analyzed, the
lungs were the most common site; the lung involvement rate
was 58.4% for Turkiye overall and 66.9% for Balikesir province.
In addition, most cases occurred in individuals aged 65 years
and over. The treatment success rate among patients treated at
TCDs was 82.6% for new cases, 71.9% for previously treated
cases, and 81.9% for total cases. One of the factors contributing
to this success is the strategy of directly supervised treatment.
The National Tuberculosis System was launched in 2018 to
effectively collect data on TB in Turkiye.> TB imposes direct and
indirect costs on individuals, society, and the health system.

Studies show that the economic burden of TB on the national
economy is high."7 In addition, TB treatment can be lengthy,
Main Points
e The annual total cost per tuberculosis patient was

calculated as $1,434.22, with 76% of this amount
attributed to indirect costs.

38.6% of patients were identified as low-income, which
significantly increases the disease’s economic impact.

e Among direct cost components, prescribed medications
represented the highest expense, at $240.47;
Streptomycin, pyrazinamide, and rifampicin were the
most costly medications.

e Acid-fast bacilli microscopy and culture tests were
performed 24 times per year, constituting the largest
laboratory expense.

61.4% of the patients had additional chronic illnesses,
indicating a high risk of developing complications
during the treatment process.
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ranging from 4-6 months to 1 year, and in Turkiye typically lasts
between 6 months and 1 year.® As patients may be unable to
work during treatment, they may require cash support. In order
to benefit from these cash social aids in Turkiye, patients must
be a Turkish citizen, be physically followed up at a TCD and
receive TB treatment, be registered in the national TB system,
adhere to TB treatment, undertake to comply with the treatment
and take their medication every day under the supervision of
health personnel, and be approved by the responsible physician
of the TCD to receive this aid.'®

In addition to the high cost of TB treatment, indirect costs
impose a substantial economic burden on families and can
lead to catastrophic expenditures. In particular, loss of income
and the costs of food and nutritional supplements beyond
patients’ regular diets are the main causes of catastrophic costs.
These catastrophic expenditures have been found to impose
a large economic burden on patients.'"'2 A systematic review
and meta-analysis of the financial burden of TB diagnosis and
treatment among patients with TB in Ethiopia found that 51% of
patients faced catastrophic costs. Drug-resistant TB, TB-human
immunodeficiency virus (HIV) co-infection and hospitalisation
have been found to be associated with catastrophic costs.”
Based on studies in the literature, it is important to determine
the direct and indirect costs of treating TB patients at TB
dispensaries. It was stated that the treatment and management
costs of TB disease are among the basic inputs for economic
evaluations to assess the cost-effectiveness of public health
interventions and are important for determining health policies
and making public health planning.”> This study aimed to
calculate the direct and indirect disease-related costs of patients
who received outpatient treatment at the TCD in Bandirma
district of Balikesir province from 1 January to 31 December
2023. The aim was to calculate the costs of TB for primary
health care services and patients, and to propose future TB
prevention, control, and treatment policies.

MATERIAL AND METHODS

This cost-of-illness study was conducted at a TCD in Tirkiye.
In this study, annual follow-up data for TB patients with
International Classification of Diseases, 10™ Revision diagnosis
codes AT5-A19 in 2023 were used. All patients who received
treatment at the TCD in 2023 were initially considered for
inclusion. However, 12 patients were excluded based on
predefined exclusion criteria, including (i) irregular adherence
to treatment or follow-up schedules, (ii) discontinuation of
treatment for any reason, (iii) incomplete service records that
did not allow reliable estimation of direct and/or indirect costs,
and (iv) failure to complete the follow-up period within the study
timeframe. Accordingly, service data from 70 patients aged 18
years or older were analyzed. The study was conducted from
a service provider perspective. Ethical approval for the study
was obtained from the Bandirma Onyedi Eylil University Non-
Interventional Research Ethics Committee on June 21, 2023,
with the decision number 2023-98.

Retrospectively obtained data were used in this study. As this
was a retrospective analysis based on routinely collected
data, informed consent was not required. Cost data were
derived from two primary sources and classified as direct and
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indirect costs. Clinical characteristics of the patients were also
reviewed; no cases of drug-resistant TB or HIV positivity were
identified during the study period. All patients included in the
study (n =70, 100%) received directly observed therapy (DOT)
in accordance with the national TB control program. Direct
medical costs were obtained from patient service records
maintained by the TCD and included physician examinations,
laboratory tests, imaging procedures, and prescribed
medications. These procedures were costed in accordance
with the reimbursement prices specified in the Republic
of Turkiye Healthcare Implementation Communique.™
Indirect costs, derived from patient-reported data collected
through a structured questionnaire administered voluntarily
after completion of treatment, included productivity loss,
transportation expenses, and other out-of-pocket expenditures
related to TB care.

Average direct medical costs per patient were determined
according to the level of utilisation of physician examinations,
laboratory tests, imaging procedures, and prescribed medicines.
Indirect costs were defined as productivity loss due to illness,
productivity loss associated with time spent in healthcare
facilities, transportation costs, and other out-of-pocket
expenditures incurred during the treatment process, in line with
standard cost-of-illness methodology.''®

In determining the average costs of medicines prescribed during
patient follow-up, the number of tablets or capsules and the
retail prices per mg/mcg of the active ingredients were used as
the basis. Cost calculations were performed using the formula
Cost = Y, (number of procedures) x (unit price) x (patient rate
%), and pharmaceutical costs were valued based on retail
prices in accordance with national reimbursement tariffs.

Indirect cost data were obtained using a structured questionnaire
voluntarily administeredto patients after completion of treatment.
The questionnaire collected information on transportation
expenses incurred due to healthcare visits, productivity loss
associated with time spent within the healthcare system, and
other out-of-pocket expenditures related to TB care.

Transportation costs were calculated based on the total
number of healthcare visits for diagnostic, treatment, and
follow-up purposes and the average round-trip transportation
cost reported per visit and expressed as average annual
transportation costs per patient. Productivity loss related to time
spent in the healthcare system was estimated by determining
the total number of days that patients spent attending medical
examinations, diagnostic tests, treatment sessions, and follow-
up visits, and multiplying this duration by a daily reference
income. The national minimum wage for 2023 was used as
the reference income, corresponding to 11,402t per month
($425.8) a nd 447.15t per day ($16.7), as determined by the
Minimum Wage Determination Commission of the Ministry of
Labour and Social Security of the Republic of Turkiye.'” The use
of the national minimum wage as a reference income represents
a conservative and standardized approach commonly applied in
cost-of-illness studies where income levels are heterogeneously
defined.'>'®

Allindirect costs were calculated and reported as average annual
costs per patient. Costs were converted to US dollars using the
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exchange rate of the Central Bank of the Republic of Tirkiye
effective on 1 September 2023 ($1 = 26.766t), consistent
with the effective date of the Healthcare Implementation
Communique tariff applied."

RESULTS

Sociodemographic Profile

Of the TB patients included in the study, 68.6% were male
and 31.4% were female. Regarding income status, 38.6% of
patients reported monthly incomes of 5,001-10,000t, 31.4%
reported 10,001-30,000t, and 30.0% reported 0-5,000t,
indicating that most patients belonged to low- and middle-
income groups. More than half of the patients (61.4%) reported
having at least one comorbid chronic condition in addition to
TB, and a substantial proportion (72.9%) did not have social
security coverage.

With respect to disease status, 80.0% of patients were newly
diagnosed cases of TB, while 20.0% were relapse cases. Most
patients (85.7%) received treatment and follow-up services
within the same city, whereas 14.3% accessed care from
another city. Pulmonary TB was observed in 65.7% of patients,
while 34.3% had extrapulmonary involvement. Body mass
index (BMI) assessment showed that 52.9% of patients had
a BMI in the 21-29 kg/m? range, 25.7% were classified as
obese (3042 kg/m?), and 21.4% had a BMI in the 8-20 kg/m?
range. These sociodemographic and clinical characteristics are
summarized in Table 1.

Cost Findings

Examinations, tests, radiological imaging, and prescribed
medications for patients with TB constitute the direct costs of
the disease. Indirect costs include loss of labor due to disease
or medical leave, time spent in healthcare institutions, and
transportation costs.

Direct Costs

During TB treatment, patients attend examinations 14 times
per year (on average every 25 days). Within the framework
of the Ministry of Health HIC in Tirkiye, the average annual
physician examination cost for TB dispensaries —primary
health care institutions under the Ministry of Health Health
Implementation Communiqué— was determined to be $33.96
(908.88t), including normal and control examinations.

Various biochemical laboratory are performed during
patients’ annual follow-up. Among these tests: C-reactive
protein test was performed 6 times with a total annual cost of
$1.47 (39.30t); complete blood count (haemogram) test was
performed 6 times with a total cost of $1.51(40.37t); lactate
dehydrogenase test was also performed 6 times; the adenosine
deaminase activity test was performed once a year with a total
cost of $0.50 (13.45t); the procalcitonin test was performed 2
times with a total cost of $1.14 (30.51t); and the procalcitonin
test was performed 2 times with a total cost of $2.14 (57.24t).
Accordingly, the total annual cost for biochemistry laboratory
tests was $6.76 (180.87t) (Table 2).

As part of microbiological examinations and culture tests,
mycobacterial culture was performed nine times per year, at
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Table 1. Sociodemographic and clinical characteristics of the patients

Characteristics

Gender

Income status

Do you have any other chronic illnesses?

Do you have social security?

Case status

Do you provide transport for treatment/follow-up from another city?

Site of disease

Body mass index (kg/m?)

Variable Number [percentage (%)]
Woman 22 (31.4)
Man 48 (68.6)
0-5000t 21 (30.0)
5001-10000t 27 (38.6)
10001-30000L 22 (31.4)
Yes 43 (61.4)
No 27 (38.6)
Yes 19 (27.1)
No 51(72.9)
New 56 (80.0)
Relapse 14 (20.0)
Yes 10 (14.3)
No 60 (85.7)
Pulmonary 46 (65.7)
Non-pulmonary 24 (34.3)
8-20 kg/m? 15 (21.4)
21-29 kg/m? 37 (52.9)
30-42 kg/m? 18 (25.7)

The information in Table 1 includes information on the sociodemographic and clinical characteristics of the patients included in the study

a total cost of $25.16 (673.32t). Direct microscopy for acid-
fast bacilli was also performed nine times, incurring a total cost
of $8.80 (235.42t). In addition, sputum culture testing was
performed six times, with a total cost of $4.69 (125.40t). The
total annual cost of microbiological examinations and culture
tests was calculated to be $38.65 (1034.14t) (Table 2).

Within the scope of functional assessment tests, pulmonary
function tests were performed once a year at a cost of $2.88
(77.21t), and bronchoalveolar lavage test was performed twice
a year at a total cost of $17.89 (478.80t). The total annual cost
of functional assessment was $20.77 (556.01t) (Table 2).

Within the scope of radiological imaging procedures, chest
X-rays were performed 4 times a year at a total cost of $3.42
(91.54t). High-resolution chest computed tomography (CT)
and non-contrast thorax CT tests were also performed, with
total costs of $0.08 (2.06t) and $2.31 (61.73t), respectively.
The total annual cost of radiological imaging procedures was
$5.81 (155.33%) (Table 2).

Among the prescribed drugs, streptomycin  ($86.63),
pyrazinamide ($65.21), and rifampicin ($54.02) had the
highest costs. Isoniazid ($31.17) and ethambutol ($3.44) were
also among the important cost items. The total annual cost
of prescribed drugs was $240.47 (6436.37t). In this context,
total direct patient costs were determined to be $346.39
(9271.59t). Most of these costs are due to prescription drugs,
microbiological tests, and laboratory tests. It is noteworthy that
drug costs constitute the largest component of direct treatment
expenditures.

Indirect Costs

This section presents patient-level findings on average
annual indirect costs related to TB. Indirect costs consisted of
productivity loss due to illness, loss of labour resulting from
medical leave and from time spent in healthcare facilities,
transportation expenses, and other out-of-pocket expenditures.
These costs were estimated based on patient-reported data
collected through a structured questionnaire administered
after completion of treatment. Patients were reported to be
on medical leave for an average of 40 days and to have spent
25 days in healthcare institutions during the annual treatment
period. Accordingly, the average annual productivity loss due to
illness was calculated at $607.75 (17,886t) per patient, while
the labour loss associated with medical leave and time spent
in healthcare facilities was estimated at $379.85 (11,178.75t)
per patient. Regarding transportation costs, 85% of patients
reported attending healthcare facilities alone, whereas the
remaining patients were accompanied. Transportation costs
were calculated based on the number of healthcare visits and
the average round-trip cost reported by patients, resulting in an
average annual transportation cost of $100.20 (2,948.75t) per
patient. Overall, the average annual indirect cost per patient
was $1,087.80 (32,013.50t). Indirect patient follow-up costs
for TB in TCDs are presented in Table 3.

Cost of lllness (Direct and Indirect Costs)

In this section of the study, the direct and indirect costs
associated with the treatment of patients with TB were analyzed.
The total annual cost of routine physician examinations
was USD 33.96 (TRY 908.88),while the total annual cost of
biochemistry laboratory tests, microbiological examinations,
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Table 2. Direct costs

HIC code

Examination

Transactions

Unit price (1)

520030 Normal physician examination 64.92

Biochemistry laboratory tests

L101850 C-reactive protein 9.36

L107020 Complete blood count (haemogram)  11.21

1104920 Lactate dehydrogenase 3.74

L100230 Adenosine deaminase activity 38.14

L106240 Procalcitonin (serum/plasma) 95.41

Microbiological investigations and culture tests

906160 Mycobacteria culture 74.81

906141 M}/cobacteria search (ARB) direct 26.16
microscopy

905671 Urine culture 20,90

905675 Sputum culture 20.90

Functional assessment

701220 Pulmonary function tests 77.21

701080 Bronchoalveolar lavage 239.40

Radiological imaging

801720 Lung X-ray 25.43

R100030 CT, lung, high resolution 205.77

R100450 CT, thorax, without contrast 205.77
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Active ingredient of prescribed drugs
Izoniazid
Rifampisin
Etambutol
Pirazinamid
Streptomisin
Total

The information in Table 2 includes the direct costs of tuberculosis
ARB: acid-fast bacilli, CT: computed tomography

Table 3. Annual indirect costs
Cost items

Lost productivity due to illness

Lost productivity due to time spent in the health institution and health report

Transport costs
Total

The information in Table 3 includes the indirect costs of tuberculosis

functional assessments, and radiological imaging was USD
71.99 (TRY 1,926.35). Prescribed medications-particularly
streptomycin, pyrazinamide, and rifampicin-constituted the
highest cost components incurred by patients, with a total
cost of USD 240.47 (TRY 6,436.37). Accordingly, total direct
costs per patient amounted to USD 346.39 (TRY 9,271.59).
The total indirect costs were calculated as USD 1,087.80 (TRY
32,013.50).

Utilisation Number of Total Total
percentage (%) uses (n) amount () amount ($)
1 14 908.88 33.96
0.7 6 39.30 1.47
0.6 6 40.37 1.51
0.6 6 13.45 0.50
0.8 1 30.51 1.14
0.3 2 57.24 2.14
1 © 673.32 25.16
1 9 235.42 8.80
1 9 188.10 7.03
1 6 125.40 4.69
1 1 77.21 2.88
1 2 478.80 17.89
0.9 4 91.54 3.42
0.01 1 2.06 0.08
0.3 1 61.73 2.31
834.25 31.17
1445.86 54.02
92.19 3.44
1745.30 65.21
2318.77 86.63
9271.59L $346.39

Total cost (1) Total cost ($)

17886t $607.75
11178.75¢ $379.85
2948.75t $100.2

32013.5t $1087.8

Consequently, the overall direct and indirect costs incurred by
TB patients throughout the treatment period were estimated at
USD 1,434.22 (TRY 41,285.09). These findings indicate that
patients experience a substantial economic burden during
the treatment process, driven not only by healthcare-related
expenditures but also by indirect costs.
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The catastrophic cost burden among TB patients was evaluated
in accordance with the WHO definition, whereby catastrophic
costs are defined as TB-related expenditures exceeding 20% of
annual household income. Based on this criterion and using the
midpoint of reported household income categories to estimate
annual income, 68.6% of patients (48 out of 70) were identified
as experiencing catastrophic total costs during the treatment
period. Catastrophic costs were predominantly observed
among patients in lower-income groups, indicating that despite
the coverage of TB-related health services, the combined effect
of direct and indirect costs imposes a substantial financial
burden on households.

DISCUSSION

Primary healthcare services play a critical role in the prevention
and control of TB.* The prolonged treatment duration,
complexity of diagnostic procedures, and the use of multiple
medications contribute to a significant economic burden
associated with TB.” The study by Capeding et al.?' revealed
that, except for resistant cases and pediatric patients, the costs
of TB follow-up care in hospitals are generally higher compared
to primary healthcare facilities.

In this study, the annual direct cost for TB patients followed
up as outpatients at a district TCD was, on average, $346.39
(9,271.59t). Medication costs accounted for the largest
proportion of direct expenses, with an average cost of $240.47
(6,436.37t). A study conducted in the United States reported
that the total per-person cost for drug-susceptible TB treatment
over 4- or 6-month regimens was $23,000 and $34,600,
respectively.”!* The same study indicated that outpatient visits
cost approximately $400 per person, while resistant cases
could incur costs up to $1,200. The average cost of laboratory
and imaging tests was estimated at $1,500, rising to $4,200 in
resistant cases. The cost of anti-TB medications was estimated to
be $800 on average, but this increased to $30,400 for resistant
cases. A study in South Africa found that the average cost of
treating drug-susceptible TB in primary healthcare facilities was
$141.29, with 44% of costs attributed to fixed expenditures,
30.7% to outpatient visits, 19.3% to medication, and 6% to
laboratory tests.?? In another study conducted in Malawi, the
indirect costs of TB follow-up over 56 days were estimated
at $8.47 per patient, with 5% of these expenses leading to
catastrophic costs.??

In this study, the annual indirect costs incurred by patients
followed up atthe TCD were calculated as $1,087.8 (32,013.5t)
per person. The largest component of these indirect costs
was productivity loss due to illness, amounting to $607.75
(17,886t). The findings show that indirect costs are higher
than direct costs. Similar results have been reported in the
literature.?*2° Studies conducted in low- and middle-income
countries suggest that indirect costs for TB are generally high,
reaching an average of $530 per patient.?> A study in Ethiopia
found that 70.6% of the total costs incurred by TB patients were
indirect costs.®® In rural India, the average indirect costs for TB
patients treated in primary healthcare settings were $526.87.%

In this study, the total direct and indirect costs for TB treatment
amounted to $1,434.22 (41,285.09t) per patient. John et al.?
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reported that the average total cost for TB treatment in primary
healthcare settings was $562.66 per patient. Notably, these
findings emerge in a setting with a long-established, well-
functioning DOT short-course infrastructure, where diagnosis
and treatment are widely accessible. Despite this strong
healthcare delivery system, TB patients continue to experience
a considerable economic burden, driven predominantly by
indirect costs.

This contrast highlights that the financial impact of TB extends
beyond medical expenditures and underscores the importance
of early diagnosis and timely initiation of treatment to reduce
productivity losses and hospitalization-related  costs.?'*
Given the high hospitalization costs observed, strengthening
TB control within primary healthcare services through early
detection and outpatient-based management may contribute to
cost containment.?2732:34

Study Limitations

From a broader health policy perspective, these findings are
closely aligned with the WHQO’s End TB Strategy, which
emphasizes the elimination of catastrophic costs for TB-
affected households.* The persistence of high indirect costs
in a context of universal access to TB services suggests that
achieving this goal will require not only effective clinical care
but also strengthened social protection and economic support
mechanisms.

This study has several limitations. First, catastrophic costs were
estimated using the midpoint values of reported household
income categories rather than exact household income data.
This approach may have introduced some degree of estimation
bias. Second, individual productivity losses were estimated
based on the minimum wage rather than patients’ self-reported
income. This assumption was considered a limitation, as it may
have led to an overestimation or underestimation of the actual
costs.

CONCLUSION

This study demonstrates that TB imposes a substantial economic
burden on patients, with indirect costs constituting the
dominant component of total costs. The average direct medical
cost per patient was calculated to be $346.39 (9,271.59t) and
included physician examinations, laboratory tests, radiological
imaging, and prescribed medications. In contrast, indirect costs
amounted to $1,087.80 (32,013.50t) per patient, representing
approximately 76% of the total cost burden.

Despite coverage of TB-related healthcare services by the social
security system, patients continue to incur significant out-of-
pocket expenditures and loss of income during treatment. The
average annual cost per patient was estimated at $1,434.22
(41,285.09t), indicating that the financial burden of TB extends
well beyond direct medical expenditures. Consistent with
this finding, a substantial proportion of patients in this study
experienced catastrophic total costs, defined as TB-related
expenditures exceeding 20% of annual household income,
highlighting the pronounced financial vulnerability of affected
households.
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The predominance of indirect costs and the high prevalence
of catastrophic cost burden underscore the socioeconomic
impact of TB, particularly among lower-income groups. These
findings suggest that TB control strategies should not be
limited to the provision of medical care alone but should also
incorporate social and economic support mechanisms aimed
at reducing indirect costs. Policies that promote early timely
treatment initiation, improve access to healthcare services, and
strengthen social protection programs for TB patients may play
a critical role in mitigating the overall economic burden of
the disease. Addressing both the medical and socioeconomic
dimensions of TB is essential for achieving sustainable disease
control and enhancing the efficiency and equity of healthcare
systems.
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ABSTRACT

OBJECTIVE: Obstructive sleep apnea (OSA) is a common sleep-related breathing disorder associated with cardiometabolic morbidity.
However, its clinical presentation is heterogeneous, and subjective sleepiness does not consistently reflect disease severity. We aimed
to describe the clinical and polysomnographic characteristics of moderate-to-severe OSA and to identify factors independently
associated with disease severity in a large nationwide sleep clinic cohort.

MATERIAL AND METHODS: This cross-sectional study was conducted within the Turkish Sleep Apnea Database cohort and
included 12,715 adults with complete baseline clinical and polysomnographic data from 34 sleep centers. Moderate-to-severe OSA
was defined as an apnea-hypopnea index (AHI) 215 events/h. Demographic and anthropometric variables, sleep-related symptoms,
Epworth Sleepiness Scale (ESS) scores, polysomnographic parameters, and comorbidities were analyzed. Independent factors
associated with moderate-to-severe OSA were identified using multivariable logistic regression.

RESULTS: Overall, 8,393 patients (66.0%) had moderate-to-severe OSA and 4,322 (34.0%) had no or mild OSA (AHI <15 events/h).
Patients with moderate-to-severe OSA were older, more frequently male, and had a higher body mass index (BMI) (all P < 0.001).
Although excessive daytime sleepiness (ESS 211) was more common (25.8% vs. 17.7%, P < 0.001), ESS score was not independently
associated with disease severity. Increasing age, male sex, higher BMI, snoring, witnessed apneas, and nocturnal dyspnea remained
independent associates of moderate-to-severe OSA.

CONCLUSION: In this large nationwide sleep clinic cohort, objective risk factors and classic nocturnal symptoms were more
informative than subjective sleepiness in identifying clinically significant OSA and support a risk-based approach in routine
pulmonary practice.
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INTRODUCTION

Obstructive sleep apnea (OSA) is a common chronic sleep-
related breathing disorder characterized by recurrent upper
airway obstruction during sleep, leading to intermittent
hypoxemia and sleep fragmentation. Global prevalence
estimates indicate that nearly one billion adults have OSA,
with approximately 400-450 million affected by moderate-to-
severe disease [apnea-hypopnea index (AHI) >15 events/h],
underscoring its major public health impact.’

Moderate-to-severe OSA is strongly associated with adverse
cardiometabolic ~ outcomes. Large observational and
longitudinal studies have demonstrated robust associations
between OSA and hypertension (HT), coronary artery disease
(CAD), heart failure (HF), diabetes mellitus (DM), and increased
cardiovascular morbidity and mortality.*” These associations
are thought to be mediated by sympathetic nervous system
activation, oxidative stress, endothelial dysfunction, metabolic
dysregulation, and systemic inflammation driven by intermittent
hypoxia and sleep disruption.®? In addition, OSA is linked to
impaired daytime functioning, neurocognitive complaints,
reduced quality of life, and increased risk of motor vehicle and
occupational accidents.*"2

Despite these well-established consequences, the clinical
presentation of OSA is heterogeneous. While loud snoring,
witnessed apneas, and excessive daytime sleepiness (EDS)
are considered classic features, symptom burden does not
consistently parallel objective disease severity."® EDS is
commonly assessed using the Epworth Sleepiness Scale
(ESS), a validated and widely used questionnaire.”> However,
a substantial proportion of patients with moderate-to-severe
OSA report minimal subjective sleepiness, whereas some
individuals with lower AHI values experience marked daytime
impairment.'o

Demographic and anthropometric factors remain among the
most consistent clinical correlates of OSA severity. Increasing
age, male sex, obesity, and central adiposity—often reflected
by body mass index (BMI) and neck circumference—are

Main Points

e In a large nationwide cohort of over 12,000 sleep clinic
patients, two-thirds were diagnosed with moderate-to-
severe obstructive sleep apnea (OSA), highlighting the
substantial burden of clinically significant disease in
routine practice.

Obijective risk factors—including increasing age, male
sex, higher body mass index, and classic nocturnal

symptoms  (snoring, witnessed apneas, nocturnal
dyspnea)—were independently associated with OSA
severity.

Although excessive daytime sleepiness was more
prevalent in patients with moderate-to-severe OSA,
subjective sleepiness (Epworth Sleepiness Scale score)
was not an independent predictor of disease severity.

These findings support a risk-based, symptom-informed
diagnostic approach, emphasizing objective clinical
characteristics over subjective sleepiness in the
identification of clinically relevant OSA.
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strongly associated with moderate-to-severe OSA across
populations.>*1>'¢ Nevertheless, the relative contribution of
symptoms, anthropometrics, and comorbidities may vary by
population and referral setting.

Using data from a nationwide sleep clinic cohort, the present
study aimed to characterize demographic, anthropometric,
polysomnographic, symptomatic, and comorbidity profiles
associated with moderate-to-severe OSA and to identify clinical
factors independently associated with this disease severity.

MATERIAL AND METHODS

Study Design and Data Source

The present study was conducted as a cross-sectional analysis
within the framework of the Turkish Sleep Apnea Database
(TURKAPNE), a nationwide, multicenter cohort established to
investigate the clinical and polysomnographic characteristics of
patients evaluated for OSA in routine clinical practice.'” Since
October 2017, adults referred to participating sleep centers for
suspected OSA have been prospectively enrolled.

For the current analysis, records obtained from 34 accredited
sleep centers were screened. Only patients with complete
demographic information, anthropometric measurements,
clinical characteristics, questionnaire data, and full-night
polysomnography were included (Figure 1). Individuals with
advanced systemic illnesses limiting life expectancy, active
or uncontrolled malignancy, alcohol dependence, or prior
treatment with positive airway pressure devices or mandibular
advancement devices were excluded to avoid confounding.

Ethical Approval and Patient Consent

All procedures were performed in accordance with
internationally accepted ethical standards. The study protocol
received approval from the Ethics Committee of the Medical
Faculty of Marmara University, Istanbul (approval no:
09.2016.311, date: 05.09.2016). Written informed consent
was obtained from all participants prior to data collection. The
TURKAPNE registry is listed on ClinicalTrials.gov (identifier:
NCT02784977).

Registry Structure and Data Management

Clinical data were entered into a dedicated, password-protected
electronic registry designed specifically for the TURKAPNE
project. Each participating center accessed the system using
individualized credentials and entered patient data through
standardized electronic case report forms. Data were stored
on a secure central server, while personally identifiable
information remained locally archived at each center. To ensure
data reliability, periodic random audits were conducted by an
independent monitoring committee with unrestricted access to
the database.

Clinical, Demographic, and Anthropometric Assessments

Baseline demographic characteristics included age and sex.
Elderly status was defined as age =65 years. Anthropometric
assessments comprised BMI, calculated as weight divided by
height squared (kg/m?), obesity was defined as a BMI >30 kg/m?.
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Raw TURKAPNE Database
(September 2, 2025)
N =15,579

Excluded
Repeated visits /incorrect data /
missing PSG
n=2,864

Final Study Cohort
Baseline PSG and clinical data
n=12715

Moderate-to-Severe OSA
(AHI =15 events/h)
n=8,393

Figure 1. Flow chart of the participants

No / Mild OSA
(AHI <15 events/h)
n=4,322

OSA: obstructive sleep apnea, PSG: polysomnography, AHI: apnea—
hypopnea index

Clinical symptom variables were derived from standardized
patient-reported items recorded in the registry and included
sleep-related complaints (difficulty initiating sleep, difficulty
maintaining sleep, subjective sleep latency >30 minutes,
total sleep time <6 hours, and reduced sleep efficiency),
nocturnal symptoms (snoring, witnessed apneas, nocturnal
dyspnea, nocturia, night sweats, and morning headache), and
daytime outcomes (daytime sleepiness, daytime tiredness,
fatigue, impaired concentration, and history of sleep-related
accidents).

Comorbid conditions were identified based on physician-
reported diagnoses and/or ongoing medical treatment, and
categorized as cardiometabolic (HT or antihypertensive
medication use, DM, hyperlipidemia, CAD, and HF); respiratory
(chronic  obstructive pulmonary disease and asthma);
neuropsychiatric (depression, restless legs syndrome, epilepsy,
and other psychiatric disorders); endocrine (hypothyroidism);
cerebrovascular disease (prior stroke or transient ischemic
attack); and malignancy. Concomitant medication use, including
antihypertensive, antidiabetic, lipid-lowering, antiepileptic,
and immunosuppressive therapies, was also recorded and
considered in the analyses.

Assessment of Sleep-related Symptoms and Daytime Function

Sleep-related symptoms were evaluated using standardized
patient-reported items embedded in the TURKAPNE registry.
These included habitual snoring, witnessed apneas, nocturnal
dyspnea, nocturia, night sweats, morning headache, difficulties
with sleep initiation or maintenance, prolonged subjective
sleep latency (=30 minutes), short sleep duration (<6 hours),
impaired concentration, and history of sleep-related accidents.

Daytime sleepiness was quantified using the validated Turkish
version of the ESS. The ESS yields a total score between 0
and 24, with higher scores indicating greater daytime sleep
propensity. EDS was defined as an ESS score of 11 or higher.”?

Polysomnographic Evaluation and Obstructive Sleep Apnea
Classification

All participants underwent attended overnight polysomnography
with a minimum recording duration of seven hours. Subjects
were instructed to refrain from alcohol, caffeine, and
sedative agents on the day of the study. Standard recordings
included electroencephalography, electrooculography,

Balcan et al. OSA Severity in TURKAPNE Cohort

electromyography, electrocardiography, airflow measurements,
respiratory effort, oxygen saturation, snoring, and body position.

Sleep staging and respiratory event scoring were performed
according to contemporary international criteria.’® Apnea
was defined as a reduction in airflow of at least 90% lasting
10 seconds or longer, while hypopnea was defined as a
reduction in airflow of at least 30% lasting 10 seconds or
longer, accompanied by either oxygen desaturation of >3% or
an arousal.

The AHI was calculated as the number of respiratory events
per hour of sleep. OSA was defined as an AHI >5 events/h.
For the purposes of this study, patients were categorized as
having moderate-to-severe OSA if AHI was >15 events/h.
Severe OSA was defined as an AHI 230 events/h. Additional
polysomnographic parameters included sleep architecture,
arousal index, oxygen desaturation index, minimum and mean
oxygen saturation, time spent with oxygen saturation below
90%, rapid eye movement (REM)-related AHI, and supine AHI.

Statistical Analysis

Continuous variables were summarized as mean + standard
deviation, while categorical variables were presented as counts
and percentages. The normality of continuous variables was
assessed visually and statistically. Between-group comparisons
by OSA severity (moderate-severe vs. non-moderate-severe
OSA) were performed using the independent-samples t-test
for continuous variables and the chi-square test for categorical
variables. Polysomnographic parameters, sleep architecture
variables, sleep-related symptoms, daytime outcomes, and
comorbid conditions were compared between groups using the
same approach. A two-sided P value was considered statistically
significant. To identify independent predictors of moderate-to-
severe OSA, univariable logistic regression analyses were first
performed on demographic, anthropometric, sleep-related, and
clinical variables. Subsequently, multivariable logistic regression
models were constructed using a hierarchical modeling
strategy. Results of logistic regression analyses were reported as
odds ratios with 95% confidence intervals. All analyses were
conducted using a standard statistical software package, and
statistical significance was defined as a two-tailed P value <0.05.

RESULTS

Study Population

As shown in Figure 1, 15,579 individuals were screened from
the TURKAPNE database. After exclusion of repeated visits,
incorrectly entered records, and missing polysomnographic
data (n = 2,864), the final study cohort comprised 12,715
adults with complete baseline clinical and polysomnographic
information. Of these, 8,393 patients (66.0%) had moderate-to-
severe OSA (AHI >15 events/h), while 4,322 (34.0%) had no
or mild OSA.

Demographic and Anthropometric Characteristics

Patients with moderate-to-severe OSA were older, more likely
to be male, and had a higher prevalence of obesity and greater
central and peripheral adiposity compared with those without
moderate-to-severe OSA (all P < 0.001; Table 1).
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Polysomnographic Characteristics and Sleep-related characterized by a higher proportion of N1 sleep and lower
Symptoms proportions of N3 and REM sleep (all P < 0.001; Table 2).

Moderate-to-severe OSA was associated with a substantially ~ Several nocturnal and daytime symptoms, including snoring,
higher respiratory event burden, more pronounced nocturnal ~ witnessed apneas, nocturnal dyspnea, daytime sleepiness,
hypoxemia, ahigherarousalindex, and alteredsleeparchitecture,  fatigue, and sleep-related accidents, were more prevalent in

Table 1. Demographic characteristics and anthropometric measures according to OSA severity
Moderate-to-severe OSA No/mild OSA

Variable = 8393 o = 4322 P value
Age, years 51.8+11.7 46.9+£12.3 <0.001
Female sex, % 26.7 40.9 <0.001
Elderly (265 years), % 14.2 7.8 <0.001
BMI, kg/m? 32.7+6.0 29.6+5.6 <0.001
Obesity (BMI 230 kg/m?), % 63.8 40.7 <0.001
Neck circumference, cm 42.0+5.3 39.3+5.1 <0.001
Waist circumference, cm 111.1£15.4 102.1x£13.7 <0.001
Hip circumference, cm 113.1+£12.6 109.2+29.9 <0.001

OSA: obstructive sleep apnea, BMI: body mass index

Table 2. Polysomnographic features, sleep architecture, and sleep-related symptoms according to OSA severity
Variable Moderate-to-severe OSA No/mild OSA P value

Polysomnographic and sleep architecture parameters

PSG-AHI 43.5+24.6 7.4+4.1 <0.001
ODI 42.8+44.2 8.0+£9.5 <0.001
REM-AHI 43.3+27.0 16.6+26.4 <0.001
Supine AHI 56.9+27.7 15.8+15.0 <0.001
Nadir SpO,, % 76.4x11.5 85.8+7.3 <0.001
Time with SpO, <90%, min 56.4+81.4 22.0+51.6 <0.001
N1 sleep, % 6.9+9.1 4.9+6.7 <0.001
N3 sleep, % 21.6+17.3 25.3+17.6 <0.001
REM sleep, % 13.6+9.1 14.8+8.0 <0.001
Arousal index 26.2+25.5 14.1+£15.8 <0.001

Sleep-related symptoms and daytime outcomes

Difficulty falling asleep 18.4 16.7 0.031
Sleep latency 230 min 17.7 24.3 <0.001
Difficulty maintaining sleep 15.4 14.4 0.204
Total sleep time <6 h 24.0 24.2 0.746
Sleep efficiency <85% 51.8 51.0 0.410
Night sweats 27.7 18.0 <0.001
Nocturia 27.6 18.1 <0.001
Morning headache 19.2 13.2 <0.001
Daytime sleepiness 46.8 30.8 <0.001
Daytime tiredness 46.8 33.6 <0.001
Fatigue 46.7 33.6 <0.001
ESS score 6.14+6.25 4.95+5.47 <0.001
ESS >11 25.8 17.7 <0.001
Difficulty in concentration 19.6 16.4 <0.001
Sleep-related accident 2.8 1.9 0.002

OSA: obstructive sleep apnea, PSG: polysomnography, AHI, apnea—hypopnea index, ODI: oxygen desaturation index, SpO,: peripheral oxygen saturation, N1: stage
N1 sleep, N3: stage N3 sleep, REM: rapid eye movement, ESS: Epworth Sleepiness Scale
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patients with moderate-to-severe OSA. Although ESS scores
and the prevalence of EDS (ESS >11) were higher in this group,
subjective sleepiness showed limited discriminatory value
when considered alongside objective disease characteristics
(Table 2).

Comorbidities

Patients with moderate-to-severe OSA had a higher prevalence
of cardiometabolic comorbidities, including HT, DM, CAD,
HF and chronic obstructive pulmonary disease, as well as
depression and restless legs syndrome (all P < 0.007; Table 3).
No significant between-group differences were observed for
arrhythmia, cerebrovascular disease, asthma, hypothyroidism,
or malignancy.

Factors Independently Associated with Moderate-to-Severe
OSA

In multivariable logistic regression analyses (Table 4, Figure 2),
increasing age, male sex, and higher BMI remained strong
independent predictors of moderate-to-severe OSA across
all models. After full adjustment, snoring, witnessed apneas,
and nocturnal dyspnea were independently associated with
moderate-to-severe OSA, whereas ESS score and nocturia were
not. Cardiometabolic comorbidities did not retain independent
associations with disease severity in the fully adjusted model.

DISCUSSION

Principal Findings

In this large, nationwide, multicenter sleep clinic cohort,
moderate-to-severe  OSA had a distinct clinical profile
characterized by older age, male sex, and increased general
and central adiposity. These demographic and anthropometric
features remained the strongest independent predictors of
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disease severity, even after comprehensive adjustment for
symptoms and comorbidities. In contrast, subjective daytime
sleepiness showed limited discriminatory value once objective
risk factors and nocturnal symptoms were considered.

Demographic and Anthropometric Correlates of Obstructive
Sleep Apnea Severity

The strong associations between advancing age, male sex,
and moderate-to-severe OSA observed in the present study
are consistent with prior population-based and clinic-based
investigations.>*'° Age-related changes in upper airway anatomy,
neuromuscular control, and ventilatory stability, together
with sex-specific differences in fat distribution and airway
collapsibility, are likely to underlie these associations.>*101?

Obesity emerged as a central determinant of disease severity,
in line with extensive evidence linking increased body mass
to upper airway narrowing and collapsibility. Beyond BMI,
patients with moderate-to-severe OSA had larger neck, waist,
and hip circumferences, underscoring the importance of central
and peripheral adiposity. Prior imaging and physiological
studies have demonstrated that fat accumulation in cervical and
abdominal regions contributes to reduced lung volumes and
mechanical loading of the upper airway, thereby exacerbating
airway instability during sleep.?*2? Collectively, these findings
reinforce the clinical relevance of anthropometric assessment
when evaluating OSA severity in routine practice.

Sleep Architecture, Hypoxemia, and Symptom Burden

Patients with moderate-to-severe OSA demonstrated greater
respiratory event burden, more pronounced nocturnal
hypoxemia, and increased sleep fragmentation, consistent with
earlier polysomnographic studies linking disease severity to
disrupted sleep continuity.?* The observed shift toward lighter
sleep stages and relative reduction in slow-wave and REM sleep

Table 3. Cardiometabolic, respiratory, and neuropsychiatric comorbidities and medication use according to OSA severity

Variable Moderate-to-severe OSA No/mild OSA P value
Hypertension/antihypertensive use 35.5 23.5 <0.001
Diabetes mellitus 18.0 11.7 <0.001
Hyperlipidemia 6.6 4.2 <0.001
Coronary artery disease 5.2 2.7 <0.001
Heart failure 3.8 1.9 <0.001
COPD 4.5 3.1 <0.001
Arrhythmia 4.2 3.9 0.356
Stroke/TIA 0.8 0.6 0.311
Depression 15.3 12.2 <0.001
Restless legs syndrome 14.7 11.6 <0.001
Psychiatric disorders (overall) 6.1 6.5 0.498
Asthma 8.2 9.1 0.090
Hypothyroidism 4.0 4.6 0.108
Cancer 0.4 0.4 0.752
Immunosuppressive drug use 0.3 0.6 0.028
Antiepileptic drug use 0.9 1.1 0.505

OSA: obstructive sleep apnea, COPD: chronic obstructive pulmonary disease, TIA, transient ischemic attack
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aligns with experimental and clinical data showing preferential
suppression of restorative sleep in the presence of recurrent
respiratory events and arousals.?*?*

Indices of nocturnal hypoxemia appear to play a particularly
important role in shaping the clinical symptom burden. Prior
work has suggested that measures such as oxygen desaturation
index and cumulative hypoxemic exposure may correlate
more closely with daytime impairment than AHI alone.?® In
agreement with this concept, patients with moderate-to-severe
OSA in the present study reported higher rates of daytime
sleepiness, fatigue, impaired concentration, and sleep-related
accidents, supporting the clinical relevance of hypoxemia-
driven sleep disruption.?>%¢

Subjective Sleepiness and Disease Severity

Despite higher ESS scores and a greater prevalence of EDS
among patients with more severe OSA, subjective sleepiness
did not remain independently associated with moderate-to-
severe disease after multivariable adjustment. This finding
corroborates previous observations that subjective sleepiness
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alone is an imperfect marker of OSA severity and may be
influenced by interindividual differences in arousal threshold,
sleep perception, comorbid conditions, and adaptive
mechanisms.?>?” These results highlight the limitations of
relying solely on subjective sleepiness when stratifying disease
severity and underscore the importance of integrating objective
risk factors with nocturnal symptom profiles.

Comorbidities and Obstructive Sleep Apnea Severity

Moderate-to-severe  OSA was associated with a higher
prevalence of cardiometabolic comorbidities, including HT,
DM, CAD, and HE consistent with extensive epidemiological
evidence linking OSA severity to cardiometabolic disease
burden.*”? The increased prevalence of chronic obstructive
pulmonary disease among patients with more severe OSA
aligns with prior reports describing the overlap syndrome and
its association with more severe nocturnal hypoxemia and
adverse cardiopulmonary outcomes.?®

However, most comorbid conditions did not retain independent
associations with disease severity in fully adjusted models,

Table 4. Multivariable logistic regression analysis of factors associated with obstructive sleep apnea across sequentially adjusted

models

Model 1. Demographic and anthropometric variables
Age (per year)

Male sex

BMI (kg/m?)

Model 2. Model 1 + sleep-related symptoms and ESS
Age (per year)

Male sex

BMI (kg/m?)

Snoring

Witnessed apneas

Nocturnal dyspnea

Nocturia

ESS score

Model 3. Fully adjusted model
Age (per year)

Male sex

BMI (kg/m?)

Snoring

Witnessed apneas

Nocturnal dyspnea

Nocturia

ESS score

COPD

Coronary artery disease
Hypertension/antihypertensive use

Diabetes mellitus

OR 95% CI P value
1.041 1.038-1.045 <0.001
3.196 2.915-3.505 <0.001
1.112 1.104-1.121 <0.001
1.045 1.040-1.049 <0.001
3.023 2.718-3.362 <0.001
1.104 1.094-1.114 <0.001
2.355 2.120-2.617 <0.001
1.865 1.645-2.114 <0.001
1.258 1.103-1.435 <0.001
0.992 0.881-1.118 0.897
1.007 0.999-1.015 0.097
1.045 1.040-1.050 <0.001
3.037 2.729-3.379 <0.001
1.104 1.094-1.114 <0.001
2.353 2.118-2.615 <0.001
1.863 1.643-2.113 <0.001
1.260 1.104-1.437 <0.001
0.994 0.882-1.121 0.928
1.007 0.999-1.015 0.096
0.871 0.676-1.123 0.287
0.962 0.741-1.249 0.770
1.003 0.892-1.127 0.964
1.018 0.885-1.172 0.799

AHI: apnea-hypopnea index, BMI: body mass index, Cl: confidence interval, COPD: chronic obstructive pulmonary disease, ESS: Epworth Sleepiness Scale, OR:

odds ratio, OSA: obstructive sleep apnea
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Forest plot - Table 4, Model 3 (Fully Adjusted)
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Figure 2. Multivariable regression analysis of the parameters related to moderate-to-severe OSA

OSA: obstructive sleep apnea, BMI: body mass index, ESS: Epworth Sleepiness Scale, COPD: chronic obstructive pulmonary disease

suggesting that their observed relationships with OSA may be
largely mediated through shared risk factors such as age, sex,
and obesity. With respect to neuropsychiatric conditions, the
higher prevalence of depression and restless legs syndrome
is consistent with earlier reports,?*' whereas the absence of
differences in overall psychiatric morbidity underscores the
heterogeneity of neuropsychiatric manifestations in OSA.

Clinical Implications

The present findings have important implications for
clinical practice. Classic nocturnal symptoms, together with
demographic and anthropometric risk factors, provided greater
discriminatory value for identifying moderate-to-severe OSA
than subjective sleepiness alone did. These results support a
comprehensive, risk-based approach to OSA assessment that
integrates objective clinical characteristics with symptom
profiles, rather than reliance on daytime sleepiness as a primary

indicator of disease severity.

Strengths and Limitations

Key strengths of this study include the large sample size,
nationwide multicenter design, and standardized data collection
within a well-established registry. Several limitations merit
consideration. The cross-sectional design precludes causal
inference, and the sleep clinic—based population may limit
generalizability to community settings. Symptom reporting and
comorbidity data were based on patient report and physician
documentation, introducing potential  misclassification.
Residual confounding by unmeasured factors cannot be
excluded, and the lack of longitudinal follow-up precludes
assessment of disease progression or treatment effects.

CONCLUSION

In this large multicenter sleep clinic cohort, moderate-to-
severe OSA was associated with a distinct demographic,
anthropometric, and clinical profile characterized by older
age, male sex, greater adiposity, more severe nocturnal
hypoxemia, and increased sleep fragmentation. While
subjective sleepiness was more prevalent in patients with more
severe disease, objective risk factors and classic nocturnal
symptoms demonstrated greater discriminatory value. These
findings emphasize the importance of integrating demographic,
anthropometric, and symptom-based information for the
identification and risk stratification of clinically significant OSA
in real-world practice.
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ABSTRACT

Environmental exposures experienced throughout life, collectively referred to as the exposome, play a fundamental role in
shaping epithelial barrier integrity, repair capacity, and vulnerability to disease. These exposures encompass a broad spectrum
of chemical, physical, biological, and lifestyle-related factors. Despite growing recognition of their importance, a key unresolved
challenge is understanding how single exposures and, more importantly, complex real-world exposure mixtures jointly disrupt
epithelial organization, stem and progenitor cell niches, and immune-epithelial communication across different organs. This review
consolidates current evidence on environmentally relevant exposomes that directly affect epithelial barrier function and examines
their consequences for tissue architecture, niche stability, and frontline defense mechanisms. We further discuss recent advances in
new approach methodologies, including organ-specific epithelial barrier models, organoids, organ-on-a-chips, and interconnected
multi-organ platforms. By synthesizing evidence across organ systems, we highlight convergent biological processes, such as
oxidative stress, inflammatory signaling, disruption of intercellular junctions, and impaired epithelial survival or regeneration, as
shared pathways linking environmental stressors to barrier failure. We hope that this review will help bridge exposure science,
epithelial biology, and bioengineered human-based models to define critical knowledge gaps and key translational priorities for the
field.
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INTRODUCTION

Epithelial barrier integrity has emerged as a fundamental
determinant of immune homeostasis and disease susceptibility;
the epithelial barrier hypothesis proposes that progressive
disruption of barrier integrity by environmental stressors drives
chronic inflammation and disease.! The human body is in
continuous interaction with a wide range of environmental
stimuli from the earliest stages of life until death. This complex
and dynamic network of interactions is captured by the concept
of the exposome, which encompasses all environmental
exposures experienced across the lifespan and provides a
critical framework for understanding the origins of human
disease and for identifying potential therapeutic strategies.?
According to the European Academy of Allergy and Clinical
Immunology guidelines, the exposome-which integrates indoor
and outdoor factors, such as air, water, and soil pollution,
wildfires, dust storms, nutrition, pathogens, and radiation,
with internal biological processes including metabolism,
inflammation, DNA damage responses, and oxidative stress—
fundamentally shapes the trajectory of health and disease.**

The principal epithelial tissues of the human body include
those that line the respiratory tract, the gastrointestinal system,
and the skin. Beyond their structural roles, epithelial barriers
regulate molecular transport, activate immune responses,
and help maintain microbial tolerance, thereby coordinating
frontline  defense  mechanisms against environmental
challenges.” According to the epithelial barrier hypothesis,
increasing environmental pressures associated with climate
change and extreme atmospheric conditions have intensified
exposure to a broad spectrum of agents that compromise barrier
integrity. These include airborne pollutants, particulate matter
(PM), volatile organic compounds (VOCs), ozone, household
chemicals, micro- and nanoplastics (MNPs), aeroallergens,
bioaerosols, pollen, diesel exhaust emissions, and dietary
components such as food emulsifiers that directly damage
epithelial barriers.'®'> Such exposures rarely occur in isolation;
rather, they manifest as complex mixtures that collectively
disrupt the tightly regulated architecture of epithelial
tissues across multiple organ systems. The emergence of an
increasingly aggressive and difficult-to-control exposome is
largely driven by rapid technological advancement and modern
lifestyle factors, including the widespread consumption of ultra-
processed foods and the routine use of chemically complex

Main Points

e Lifelong environmental exposures collectively shape

epithelial barrier integrity, repair capacity, and
susceptibility to disease.
e Complex real-world exposome mixtures disrupt

epithelial organization, stem cell niches, and immune-
epithelial interactions across organs.

Oxidative  stress, inflammation, and junctional
dysfunction represent common pathways linking
environmental stressors to epithelial barrier failure.

e Human-relevant new approach  methodologies,
including organoids and organ-on-a-chip platforms,
enable mechanistic and translational investigations into
exposome-driven epithelial dysfunction.
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household cleaning and cosmetic products. In parallel, the
exponential growth of electronic waste and its largely informal
recycling have introduced a poorly regulated and inequitable
source of environmental exposure at the global level."
Notably, this complex exposome landscape coincides with a
marked global rise in chronic non-communicable diseases,
including obesity, cardiovascular disorders, cancer, respiratory
diseases such as asthma, autoimmune conditions, mental
health issues, and neurodegenerative disorders, including
Alzheimer’s disease, as well as preterm birth in infants.®'#1®
Accumulating epidemiological and experimental evidence
links this trend to cumulative exposure (exposome) and its
long-term effects on epithelial barrier integrity and immune
regulation. Addressing the complexity of exposome-driven
epithelial dysfunction requires experimental systems that
extend beyond reductionist approaches. In this context, in vitro
organotropic and microphysiological models have emerged as
indispensable tools for mechanistic and translational research.
New approach methodologies (NAMs), including organoids
and organ-on-a-chip (OoC) platforms, enable reconstruction of
three-dimensional (3D) in vivo-like architecture and modeling
of functional epithelial barriers under biologically relevant
exposure conditions.”'® Importantly, this technological shift
is being reinforced by evolving regulatory frameworks; recent
U.S. Food and Drug Administration (FDA) initiatives, including
the FDA Modernization Act reforms and subsequent NAMs-
oriented guidance, which were further expanded by updates
such as Act 3.0, approved in early 2026 are accelerating
the adoption of human-relevant experimental systems by
encouraging the integration of artificial intelligence, organoid-
based assays, and microphysiological platforms.™

In this review, we provide a comprehensive overview of
environmental exposomes related to epithelial function and
the physiological roles of epithelial barriers examine how
in vitro microphysiological tools are used to interrogate the
complexity of the exposome-driven interactome. We then
survey the established and emerging molecular mechanisms
underlying epithelial barrier damage and discuss how these
processes influence disease initiation and progression. Building
on this framework, we synthesize evidence across organ
systems to examine how single exposures and complex, real-
world exposure mixtures disrupt epithelial organization, niche
stability, and immune-epithelial communication, to highlight
convergent pathways linking environmental stressors to barrier
dysfunction, and to explore how next-generation NAMs can
be used to move the field from descriptive associations toward
mechanistic and predictive understanding (Figure 1).

ENVIRONMENTAL EXPOSOMES RELEVANT TO
EPITHELIAL FUNCTION

Epithelial tissues constitute the primary interface of the
human body with the external environment and are therefore
continuously exposed to a wide range of environmental
stressors. The concept of the environmental exposome has
provided a comprehensive framework to understand how
lifelong exposure to chemical, physical, and biological factors
influences epithelial barrier integrity, tissue regeneration, and
disease susceptibility.?® Rather than acting as passive barriers,
epithelial surfaces actively sense environmental cues and
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Figure 1. Overview of how environmental exposures compromise healthy epithelial integrity to drive chronic inflammation, and the application of
NAMs as OoC and organoids to model these interactions. Created with BioRender.com

NAMs: new approach methodologies, OoC: organ-on-a-chip

translate them into molecular and cellular responses that shape
immune activation, metabolic adaptation, and repair processes.
The biological consequences of this co-exposure reality
are therefore rarely captured by single-agent experimental
paradigms, which may substantially underestimate the
cumulative and often synergistic impact of the real-world
exposome.

Airborne PM is among the most extensively studied exposome
components affecting epithelial function. While PM2.5 mass
concentration has historically served as a regulatory metric,
accumulated evidence suggests that epithelial toxicity is driven
primarily by particle composition and chemical reactivity
rather than by particle mass alone.?' Studies have demonstrated
that specific PM2.5 species and ultrafine particle fractions are
associated with distinct metabolomic signatures, reflecting
differential biological reactivity linked to metal-rich and organic
aerosol components.?? In our previous study, we comparatively
evaluated the impact of respirable inorganic <PM2.5 silica
particles on airway epithelial barrier integrity using a biomimetic
airway epithelial barrier-on-chip platform and ex vivo human
bronchial tissue slices under static and dynamic conditions.
Short-term exposure to extremely high concentrations of PM2.5
disrupted epithelial permeability, adhesion, junctional markers,
and induced robust proinflammatory responses, particularly
under dynamic flow, demonstrating the translational relevance
of lung-on-chip systems for modeling environmentally
realistic particulate exposures.'? Additionally, Kaya and Yesil-
Celiktas,” developed a human lung epithelium-on-a-chip
platform incorporating a flexible, transparent ionic liquid-based
membrane and a mechanically actuated air-liquid interface to
recapitulate breathing-associated mechano-stress. PM0.5 silica
particle exposure under dynamic conditions, in combination
with  mechanical strain, modulates epithelial viability,
cytotoxicity, and proinflammatory signaling, emphasizing the
importance of biomechanical cues in exposome-relevant lung
toxicity assessment.??

These findings underscore that epithelial responses to PM
exposure depend on source-related physicochemical properties,
which modulate oxidative stress pathways, inflammatory
signaling, and cellular metabolism.?* Moreover, at the epithelial
surface, PM exposure has been shown to disrupt barrier integrity
through oxidative stress-dependent mechanisms. Studies have
demonstrated that PM induces the generation of reactive oxygen
species (ROS), leading to tight junction (T)) disassembly and
increased epithelial permeability, thereby facilitating pathogen
invasion and sustained inflammatory responses.?>2° Such barrier
dysfunction is particularly relevant in airway epithelia, where
chronic exposure to ambient particles may impair mucosal
defense and predispose to infectious and inflammatory airway
diseases.”

In addition, VOCs represent a major component of the
exposome, especially in indoor environments. Certain VOCs,
such as formaldehyde, directly impair epithelial barrier
function by inducing oxidative stress and disrupting T)
protein organization.?® In human airway epithelial models,
formaldehyde exposure has been shown to increase ROS
production and compromise barrier integrity, highlighting
the vulnerability of epithelial tissues to gaseous chemical
stressors.? These effects are often exacerbated in the presence
of co-exposures, reinforcing the concept that epithelial injury
arises from cumulative and interactive environmental insults. In
line with this perspective, exposome-oriented analytical studies
have demonstrated that indoor VOC mixtures, including BTEX
(benzene, toluene, ethylbenzene, xylenes), can be sensitively
detected by advanced monitoring strategies, enabling a more
accurate assessment of epithelial exposure burdens.*

Beyond air pollutants, the exposome also encompasses
household chemicals, detergents, surfactants, and other daily-
use compounds that come into direct contact with epithelial
surfaces.>’ These agents exhibit a high affinity for lipid
membranes and T) complexes, leading to increased epithelial
permeability and altered immune signaling. Integrative reviews
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led by Celebi Sozener et al.” and Mitamura et al.*? from Akdis
group, have synthesized compelling evidence that chronic
exposure to such environmental agents drives epithelial barrier
breakdown, promotes alarmin release, and facilitates type
2-skewed immune responses. This body of work culminated
in the formulation of the “epithelial barrier hypothesis”, which
proposes that sustained barrier disruption represents a unifying
mechanism linking environmental exposures to the rising
prevalence of allergic, autoimmune, and chronic inflammatory
diseases.!

Recently, MNPs have emerged as a novel and increasingly
relevant class of environmental contaminants with direct
implications for epithelial health. Due to their small size and
high surface reactivity, these particles can interact intimately
with epithelial cells, inducing oxidative stress, apoptosis, and
disruption of TJs.>* Experimental evidence demonstrates that
MNPs compromise the intestinal epithelial barrier function
through ROS-mediated mechanisms, leading to increased
permeability and epithelial cell death.** Broader reviews suggest
that microplastic exposure perturbs epithelial-microbiome
interactions and metabolic homeostasis, potentially contributing
to chronic inflammatory and systemic disease processes.*®

Epithelial surfaces are continuously exposed not only to
chemical pollutants but also to pollen, fungal spores, bacterial
fragments, viruses, endotoxins, and complex aerosol mixtures
formed by their interactions.>?**” Pollen and fungal spores
are recognized as potent biological agents capable of directly
modulating epithelial barrier function through their associated
proteins, lipids, polysaccharides, and secondary metabolites.?”
In particular, it has been reported that pollen- and fungal-derived
aerosol fractions interacting with environmental stressors
induce distinct alterations in metabolomic profiles, resulting in
metabolic reprogramming of epithelial cells and activation of
inflammation-related signaling pathways.*® Collectively, these
findings underscore that bioaerosols should be considered not
only in the context of allergy and infection but also within the
broader framework of exposome-driven chronic inflammation,
epithelial regeneration, and disease susceptibility.

Collectively, these findings highlight that environmental
exposomes relevant to epithelial function exert their effects
through shared mechanistic pathways, including oxidative
stress, barrier disruption, immune activation, and metabolic
remodeling. The biological impact of environmental
exposures is shaped not only by exposure intensity but also
by chemical composition, co-exposure patterns, and tissue-
specific susceptibility. Understanding how diverse exposome
components converge on epithelial barriers is therefore
essential for elucidating the origins of chronic disease and for
developing preventive strategies that reflect the complexity of
real-world environmental exposures.

EPITHELIAL BARRIERS AND THEIR
PHYSIOLOGICAL ROLES

Epithelial barriers are continuous cellular interfaces that line
the skin and mucosal surfaces, including the gastrointestinal,
respiratory, and urogenital tracts, where they physically
separate host tissues from the external environment while
permitting controlled exchange with it.>*® Across organs,
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epithelial barriers share a conserved architectural framework
consisting of polarized epithelial cells interconnected by
specialized intercellular junctional complexes that define
apical-basolateral organization and paracellular sealing. The
junctional apparatus comprises TJs, adherens junctions (AJs),
and desmosomes, which together establish epithelial cohesion
and mechanical resilience.*® TJs are formed by claudins,
occludins, and junctional adhesion molecules, which are linked
to cytoplasmic scaffolding proteins such as zonula occludens-1
(ZO-1), ZO-2, and ZO-3, creating a selectively permeable seal
at the apical border* AJs, built around E-cadherin-catenin
complexes, stabilize cell-cell adhesion and support epithelial
polarity, while desmosomes reinforce tissue integrity under
mechanical stress.*

Barrier architecture is further specialized according to tissue
function. In the gastrointestinal tract, a single-layered epithelium
is overlaid by a mucus layer rich in gel-forming mucins that
spatially segregates luminal contents from epithelial cells.*
In contrast, the skin barrier relies on a stratified, cornified
epithelium in which terminally differentiated keratinocytes
form the stratum corneum, a structure essential for preventing
transepidermal water loss and chemical penetration.* These
tissue-specific adaptations illustrate that epithelial barrier
structure is tightly aligned with physiological demands rather
than uniform across organs.**

Epithelial barriers are dynamic systems sustained by continuous
cell turnover driven by tissue-resident stem cell populations.
In the intestine, epithelial renewal is organized along the
crypt-villus axis, where intestinal stem cells located at crypt
bases generate differentiated lineages, including absorptive
enterocytes, goblet cells, enteroendocrine cells, and Paneth
cells.* In barrier tissues affected by chronic inflammation, stem
cell function and differentiation programs are altered, which
are associated with impaired regeneration and barrier fragility.
These observations indicate that epithelial stem cell niches
contribute to barrier physiology beyond their role in epithelial
renewal.”#® A core physiological function of epithelial barriers is
the regulation of selective permeability, permitting the exchange
of nutrients, ions, and gases while restricting the passage
of pathogens, toxins, and allergens.*” TJs serve as dynamic
regulators of paracellular transport, adjusting permeability in
response to physiological cues rather than functioning as static
seals. Disruption of junctional organization results in increased
epithelial permeability, commonly referred to as barrier
leakiness, which facilitates the translocation of microbes and
antigens into subepithelial tissues.*® Experimental and clinical
studies have reported that increased epithelial permeability
frequently accompanies and, in some contexts, precedes
chronic inflammatory conditions in different tissues, suggesting
that barrier dysfunction may contribute to inflammatory
pathogenesis.*>>" Environmental agents, including detergents,
emulsifiers, and airborne pollutants, have been shown
experimentally to disrupt T) integrity, reduce transepithelial
electrical resistance, and induce a heterogeneous distribution
of junctional proteins in epithelial models.”? These findings
highlight barrier integrity as a vulnerable and actively regulated
physiological property.'03¢
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Epithelial barriers function as immunologically active tissues
that directly participate in host defense. Epithelial cells express
pattern recognition receptors that detect microbial products
and environmental signals, activating intracellular pathways
such as nuclear factor kappa B (NF-kB), inflammasomes,
and autophagy to reinforce barrier defenses.”> Upon barrier
perturbation, epithelial cells release alarmins, including
thymic stromal lymphopoietin (TSLP), interleukin-25 (IL-25),
and IL-33, which initiate coordinated immune responses
by activating dendritic cells, innate lymphoid cells, and
macrophages.”**>  This epithelial-driven signaling links
physical barrier disruption to immune activation and tissue
remodeling. In the gut, macrophages are key effector cells in
epithelial barrier maintenance. Tissue-resident macrophages
secrete I1L-10 and growth factors such as epidermal growth
factor and transforming growth factor-beta, which stabilize
TJs and promote epithelial repair following injury. These
mechanisms are experimentally supported and contribute to
the restoration of barrier integrity during post-inflammatory
and post-infectious states.**

Epithelial barriers are central regulators of tissue homeostasis
through their role in controlling host-microbiota interactions.*>”
The mucus layer and epithelial antimicrobial peptides spatially
confine commensal microbes and prevent direct contact with
the epithelium. Microbial metabolites, including short-chain
fatty acids and tryptophan derivatives, modulate epithelial
metabolism, TJ expression, and inflammatory tone, reinforcing
barrier function under homeostatic conditions.’®>° Barrier
disruption is associated with microbial dysbiosis and increased
transepithelial microbial translocation, which can amplify
immune activation and further compromise barrier integrity.
Such feed-forward interactions have been described in allergic,
autoimmune, and metabolic conditions, emphasizing the broad
physiological relevance of epithelial barrier function.®® Taken
together, epithelial barriers function as integrated systems
coordinating structural containment, selective permeability,
immune signaling, and metabolic interactions. Beyond passive
protection, epithelial barriers contribute to the regulation of
stem cell niches, immune responses, and host-microbiota
interactions.®’®>  Together, these observations establish
epithelial surfaces not merely as passive physical boundaries,
but as metabolically active, immunologically instructive tissues
whose integrity is continuously negotiated with the surrounding
environment.®>64

MECHANISMS OF EXPOSOME-INDUCED
EPITHELIAL BARRIER DISRUPTION

The exposome compromises epithelial barrier integrity through
both direct mechanisms of cellular injury and indirect effects
on immune responses, microbiota composition, epigenetic
regulation, and metabolic processes. Numerous studies have
demonstrated that the environmental exposome disrupts
epithelial structure and function across various barrier surfaces,
including the skin, respiratory tract, and gastrointestinal
system.'®®> This disruption occurs through complex biological
pathways involving oxidative stress, activation of inflammatory
signaling, weakening of intercellular junctional complexes,
dysbiosis, and epigenetic alterations in epithelial and immune
cells.’® Taken together, these pathways form an interconnected
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biological network in which oxidative and inflammatory
signals initiate epithelial injury, while microbial, metabolic,
and epigenetic alterations contribute to the maintenance and
progression of barrier dysfunction over time.*67.68

One of the major mechanisms underlying epithelial barrier
dysfunction is the destabilization of TJ and A} complexes,
which maintain epithelial cohesion. Experimental studies
have demonstrated that pesticide exposure impairs epithelial
barrier integrity by disrupting the organization and function of
intercellularjunctions. Exposureto chlorpyrifos and imidacloprid
has been shown to compromise intestinal epithelial barrier
properties through alterations in key TJ components, including
occludin, claudins, and the adaptor protein ZO-1, resulting in
increased paracellular permeability.*®7° Similarly, deltamethrin
exposure has been reported to modulate epithelial barrier
function by altering monolayer integrity and permeability,
indicating a functional disturbance of junctional complexes.”
Surfactants and detergents disrupt epithelial barrier integrity
primarily by perturbing membrane lipid protein interactions,
thereby promoting degradation and mislocalization of T)
components. Experimental studies employing primary human
airway epithelial cultures have demonstrated that household
cleaning products, including dishwashing detergents and rinse
aids, directly injure epithelial cells and induce pronounced
junctional breakdown, characterized by disrupted ZO-1 and
occludin continuity, reduced barrier resistance, and increased
paracellular permeability at concentrations relevant to daily
exposure.”*7* MNPs further compromise epithelial stability
by interacting with the apical membrane and disrupting
membrane protein organization, thereby weakening barrier
integrity.** Beyond these surface-level effects, MNPs have
been shown to translocate across both airway and intestinal
epithelia and, during epithelial passage, trigger oxidative stress
and inflammatory signaling, which further amplify junctional
disruption and may contribute to systemic exposure.?’”>

Airpollutants such as PM2.5, PM10, diesel exhaust particles, and
ozone similarly impair epithelial barrier function by activating
cytoskeletal contraction pathways, resulting in destabilization
of tight and AJ complexes and enhanced epithelial
permeability.”>’® Long-term environmental monitoring studies
have demonstrated that PM concentrations frequently exceed
guideline thresholds in urban and industrialized regions,
underscoring the relevance of chronic low-dose exposure
scenarios.”” Recent source-apportionment analyses indicate
that PM2.5 derived from industrial and traffic emissions is
enriched in transition metals such as nickel, vanadium, and
zinc, as well as in carbonaceous fractions (elemental and
organic carbon), which are strongly associated with oxidative
stress-driven epithelial injury and barrier dysfunction.”®

Another mechanism contributing to epithelial barrier
dysfunction is oxidative stress, which has been consistently
observed across epithelial models following diverse
environmental exposures. Experimental evidence from human
epithelial models demonstrates that pesticide exposure
induces excessive intracellular ROS generation, leading to
mitochondrial dysfunction and activation of intrinsic apoptotic
pathways, characterized by increased Bcl-2-associated X
protein/B-cell lymphoma 2 ratios and caspase-3/9 activation.”®
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Air pollutants similarly provoke ROS-dependent epithelial
injury, resulting in disruption of junctional organization and
increased epithelial permeability, thereby linking oxidative
stress to functional barrier impairment.®® In parallel, oxidative
stress—driven mitochondrial dysfunction has been shown to
compromise epithelial barrier function by reducing cellular
energy availability and weakening barrier integrity, even in the
absence of overt junctional protein loss.®

Environmental exposures frequently trigger the release of
epithelial-derived alarmins, including IL-33, IL-25, and TSLP
which initiate potent type 2 inflammatory responses at barrier
surfaces. Experimental studies in human epithelial models
have demonstrated that the release of epithelial alarmins is
closely associated with impaired barrier integrity, characterized
by disrupted TJ organization and increased epithelial
permeability.®*®" These alarmins activate dendritic cells, T
helper 2 cells, and group 2 innate lymphoid cells, leading to
increased production of IL-4, IL-5, and IL-13 cytokines, which
further destabilize TJs and promote mucus hypersecretion,
thereby deepening barrier dysfunction.?>®> Sublethal epithelial
damage has been shown to promote the release of nuclear
alarmins such as high-mobility group box 1 (HMGBT1), which
functions as a central danger-associated molecular pattern
amplifying inflammatory signaling following epithelial stress.
HMGB1-mediated damage-associated molecular pattern
signaling has been implicated in sustaining epithelial-immune
crosstalk and perpetuating inflammatory feedback loops,
thereby linking epithelial injury to chronic, type 2-skewed
inflammation and progressive weakening of barrier function
across tissues.**#+87 Climate change-related increases in pollen
burden further compromise epithelial defense mechanisms.
Elevated pollen exposure suppresses type Il interferon
lambda production, an essential antiviral mechanism, thereby
increasing susceptibility to virus-induced epithelial injury
and potentially augmenting alarmin release during allergen
encounter.’> Processed foods increase exposomal pressure.
Emulsifiers such as polysorbate-20 and polysorbate-80
weaken epithelial cohesion, increase paracellular leakiness,
and induce inflammatory responses within the gut.®®% In
addition, advanced glycation end products generated during
high-temperature processing of ultra-processed foods activate
epithelial danger-signaling pathways, disrupt TJ integrity, and
increase susceptibility to allergic sensitization.*®

Alterations in  gut microbiota represent an additional
consequence of exposome exposure. Pesticides, including
imidacloprid and chlorpyrifos, alter the microbial composition
by reducing beneficial Lactobacillus spp. and promoting the
expansion of Escherichia coli pathobionts. These compositional
changes are associated with reduced production of short-
chain fatty acids, which are essential metabolites for epithelial
energy balance and immune regulation, and may impair Aryl
hydrocarbon receptor-dependent signaling pathways involved
in mucosal homeostasis. Barrier disruption facilitates the
translocation of microbial products, such as lipopolysaccharide,
which has been associated with enhanced NF-kB-mediated
inflammatory signaling in epithelial and immune cells.>06:%
Beyond these compositional alterations, the gut microbiota
actively regulate epithelial barrier permeability by continuously
modulating T) architecture. Interactions between commensal
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bacteria, their metabolites, and epithelial cells influence the
expression, localization, and assembly of junctional proteins,
including claudins, occludin, and ZO-1, thereby dynamically
controlling paracellular permeability. Dysbiosis-associated
depletion of short-chain fatty-acid-producing bacteria
compromises epithelial energy metabolism and TJ reassembly,
resulting in increased epithelial permeability and a heightened
susceptibility to inflammatory stress.”’ Importantly, epithelial
barrier breach enables sustained activation of innate microbial
sensing pathways, including Toll-like receptor-myeloid
differentiation factor 88 (MyD88) signaling, establishing a
feed-forward epithelial-immune-microbiota loop that stabilizes
chronic inflammation and reinforces long-term barrier
dysfunction, as demonstrated in mucosal tissues.®®

Exposome-associated epigenetic and metabolic alterations
further compromise epithelial integrity. Environmental toxicants
induce DNA methylation changes, histone modifications, and
chromatin remodeling that affect epithelial differentiation,
barrier formation, and immune gene regulation.”?> Metabolic
dysfunction in immune cells has also been implicated in
secondary epithelial stress and injury. In individuals living
with human immunodeficiency virus, reduced peroxisome
proliferator-activated receptor gamma expression in colon-
residentcytotoxic Tlymphocytes (CD8 + T-cells) impairsfatty acid
oxidation and mitochondrial function, increasing their uptake of
epithelial lipids and amplifying epithelial stress responses and
apoptotic susceptibility.®” Notably, single-cell transcriptomic and
integrative bioinformatics analyses provide critical insights into
how exposome-related stressors shape cellular heterogeneity,
immune crosstalk, and tissue regeneration. High-resolution
omics approaches reveal that chronic microenvironmental
cues induce stable, disease-associated transcriptional programs
in immune cells, particularly macrophage subsets characterized
by enhanced lipid metabolism, responses to hypoxia, and
immunoregulatory signatures. The persistence and expansion
of these transcriptional states reflect long-term metabolic and
transcriptional remodeling within stressed tissues, which may
indirectly compromise epithelial barrier integrity and repair by
sustaining inflammatory and metabolic pressure on epithelial
cells, thereby contributing to disease-associated tissue
remodeling.>%

Collectively, these findings demonstrate that the exposome
reshapes oxidative, inflammatory, microbial, epigenetic,
and metabolic pathways within epithelial and immune cells,
establishing a persistent and multifactorial mechanism that
undermines epithelial barrier integrity across organ systems.

ORGAN-SPECIFIC EPITHELIAL BARRIER
MODELS: NAMS AND ORGAN-AXIS
APPROACHES

Traditional in vitro cell culture and in vivo animal models have
significant limitations in recapitulating human epithelial barrier
function, multi-organ communication, and long-term responses
to environmental exposures.”>” These limitations have driven
the adoption of NAMs as the methodological backbone of
modern exposome research, offering human-relevant platforms
that bridge reductionist cell culture and ethically constrained
animal experimentation'”7397% These systems may integrate
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cutting-edge bioengineering tools: microfluidics, genetically
engineered cell sources, biomaterials, and tissue-specific
architecture, enabling the study of epithelial barriers under
conditions that closely mimic in vivo physiology.?%-1%2

OoC platforms represent advanced micro-bioengineering
technologies that enable high-quality in vitro modeling of
human organ functions by recapitulating the mechanical and
chemical microenvironment through microfluidic and tissue
engineering approaches. These systems offer considerable
potential for evaluating disease mechanisms, predicting drug
efficacy and toxicity, and capturing patient-specific responses.
However, they still face several challenges related to scalability,
standardization, reproducibility, real-time measurement, and
regulatory acceptance, which are currently being addressed
through  bioengineering-based  strategies.’?%%1%%  OQoC
platforms, such as lung-on-a-chip, skin-on-a-chip, gut-on-a-
chip, and blood-brain barrier-on-a-chip, recreate key structural
and functional features of real tissues using one or more
cell types from a specific tissue, including spatio-temporal
structure, TJ formation, cellular polarity, mechanical stretch,
and vascularization,297:101102105-108 QoC platforms have also
been developed for the retina, liver, kidney, placenta, and other
organs, providing tools to investigate organ-specific responses to
environmental stressors. These models are particularly valuable
for exposome research because they allow controlled studies of
the effects of chemical, physical, and biological exposures on
barrier integrity and function.®109110

In recent years, organoids, self-organizing “stem cell-derived
miniature tissues”, which function as 3D in vitro culture systems
derived from tissue stem cells, progenitor cells, or induced
pluripotent stem cells (iPSCs), have enabled studies that reflect
human genetic variation and person-to-person differences,
and have become essential tools for remodeling human organ
physiology, epithelial barriers, regeneration, and disease
processes.”>'"112 Organoid-based systems can recapitulate the
cellular diversity, architecture, and many functional aspects of
native tissues reproduce the histopathology, molecular profiles,
and responses to therapies of their primary counterparts, and
offer substantial advantages over traditional 2D immortalized
cell culture and patient-derived xenograft mouse models.">'13
In addition to existing organoid models for all organ systems,
recent advances in lung, intestinal, brain, and liver organoid
models underscore the increasing importance of 3D human-
relevant systems for studying tissue homeostasis, regeneration,
and disease. Lung parenchymal tissue or bronchoalveolar lavage
fluid-derived airway and alveolar organoids enable detailed
interrogation of epithelial progenitor states, lineage plasticity,
and early oncogenic events,''>''* while intestinal organoids
provide mechanistic insights into stem cell metabolism, niche
signaling, and diet-driven tumorigenesis.""""">'" |n parallel,
unguided, guided, and assembled brain organoids recapitulate
key features of human neurodevelopment, including enriched
cellular diversity, functional neuronal networks, and progressive
tissue maturation'”""% and liver organoids faithfully model
hepatic heterogeneity, multi-zonal architecture, and disease-
specific molecular traits with high translational relevance.'?*'*!

While organoids alone offer great promise, their capabilities
are further enhanced when combined with OoC technologies,
resulting in systems termed “organoid-on-chip” (OrgoC)
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that provide controllable microphysiological environments
for mechanistic toxicology, including the assessment of
environmental exposures and exposome effects on human
tissues.”>122 OrgoC approaches further enhance physiological
relevance by combining the multicellular complexity of
organoids with the dynamic control of microfluidic systems.
These platforms aim to emulate not only the cellular and
architectural complexity of tissues but also the dynamic
microenvironment: flow, shear stress, oxygen/nutrient gradients,
vascularization, and multi-compartment barrier interfaces.'”’

Multi-organ or organ-axis platforms enable investigation of
organ-to-organ communication, systemic metabolite exchange,
and the effects of barrier impairment. Recent studies demonstrate
that these models can capture complex scenarios, including
environmental pollutant-induced organ barrier disruption
and consequent neuroinflammatory responses.”®%%12> Among
these systems, the brain-lung-liver-intestine axis constitutes a
critical multi-organ network orchestrating systemic responses
to environmental and chemical insults.”* Inhaled pollutants
can trigger inflammatory and oxidative signaling within the
lung epithelium, with mediators subsequently disseminated
via the circulation to distal organs such as the liver and
brain, thereby eliciting secondary organ-specific effects.'?>12¢
Likewise, orally ingested MNPs or pharmaceutical compounds
undergo intestinal absorption and hepatic biotransformation,
processes that may generate bioactive metabolites capable
of crossing physiological barriers and influencing central
nervous system function.' Critically, single-organ models are
inherently unable to capture what happens downstream of an
initial exposure event; when the lung epithelium responds to an
inhaled pollutant, the resulting inflammatory mediators enter
the systemic circulation and may elicit secondary responses in
distal organs such as the liver, gut, or brain, producing effects
that a lung model alone will miss entirely."?#'2% Multi-organ
axis platforms allow observation of these propagated cross-
organ consequences within a single connected human-relevant
system, revealing systemic vulnerabilities that single-organ
models cannot structurally detect."°

Despite the recognized importance of mixture-based
exposures, most NAM studies to date have employed single-
agent or binary exposure designs, which inadequately reflect
the complexity of real-world environmental conditions.''" 32
Translating this complexity into experimental NAM platforms is
methodologically feasible. For example, differentiated primary
human nasal epithelial cells cultured at ALl have been used to
model multi-allergen exposures, including birch, timothy grass,
and ragweed pollen, delivered as aqueous extracts, suspensions,
or particle aerosols, using dedicated aerosolization systems.'
Similarly, ALl-based epithelial models have enabled the
study of complex environmental co-exposures such as fungal
spores combined with grass pollen allergens, demonstrating
how epithelial barrier responses can be interrogated under
environmentally relevant multi-agent exposure conditions.'**
Beyond aeroallergens, co-exposure protocols combining PM
with VOCs, dietary contaminants, or microbial components can
be implemented within existing organoid and OoC platforms
to generate ecologically relevant exposure scenarios; emerging
evidence already demonstrates that exposures to mixtures elicit
biological responses qualitatively distinct from those produced
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by individual agents alone.' Considerations of dose realism
and temporal dynamics are equally critical, as acute high-dose
designs capture fundamentally differentbiology than the chronic,
low-level, and sequential exposure patterns that define human
environmental experience. Key unresolved challenges include
the lack of standardized mixture protocols across platforms, the
difficulty of attributing specific biological effects to individual
constituents within a mixture, and the poorly understood role of
synergistic and antagonistic pollutant interactions at epithelial
surfaces.’?® Addressing these challenges through the integration
of multi-omics profiling and computational toxicology with
NAM-based mixture experiments represents a tractable path
forward, the translational implications of which are discussed
further in Section 6.°

The choice of NAM platform should be guided by the
experimental question at hand. Organoids are best suited to
questions concerning stem cell dynamics, progenitor niche
regulation, or long-term differentiation trajectories, where
the system’s self-organizing capacity is a key advantage.'**'3’
OoC platforms, by contrast, are preferred when the design
requires real-time barrier monitoring, fluid shear stress, cyclic
mechanical stretch, or gas-liquid interfacing conditions that
static cultures cannot replicate.’*®'3% Multi-organ axis systems
become necessary when the scientific question demands cross-
organ communication, for instance, when investigating whether
a pollutant absorbed in the lung epithelium triggers secondary
neuroinflammatory or hepatic responses via the circulation.’'#!
OrgoC platforms, next-generation human organ avatars, can
potentially reflect the complex, detailed human-relevant organ
structures and immune cell circulation within fluid flow.™?
Despite these advances in NAMs, reproducing the full cellular
diversity across laboratories, long-term culture stability, immune
cell interactions, scalability, and organ-to-organ connections
remains technically demanding.'®'* Standardization of design
across platforms, media formulations, biological validation,
regulatory qualification, and read-out metrics is still limited,
particularly in multi-organ systems.** Together, these gaps
define the methodological frontier of the field. Nevertheless,
human iPSC-derived NAMs and NAMs based on CRISPR/
Cas9 gene-editing technology offer the potential to incorporate
genetic variability, thereby supporting personalized toxicology
and disease modeling.'4°

Organ-specific OoC, OrgoC, barrier-on-chip, multi-organ-on-
a-chip, and body-on-chip platforms provide physiologically
relevant, human-based models to study the effects of the
exposome on epithelial integrity, regeneration, and disease.
They bridge the gap between traditional in vitro and in vivo
approaches, enabling mechanistic insights into both local
barrier disruption and systemic organ-axis interactions. Cutting-
edge development and validation of these models will be
critical to fully realize their potential in environmental health
and translational research.

CONCLUSION AND FUTURE PERSPECTIVES

Environmental exposomes function as complex and interacting
mixtures that converge on shared oxidative, inflammatory,
metabolic, microbial, and epigenetic pathways, ultimately
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affecting epithelial integrity, regenerative capacity, and disease
susceptibility across multi-organ systems. This perspective
reframes epithelial barriers as dynamic environmental sensors and
integrators that actively determine tissue resilience and systemic
vulnerability. Despite increasing recognition of exposome
complexity, much of the existing literature remains constrained
by single-agent or short-term exposure models that poorly reflect
real-world conditions. Addressing this gap will require a decisive
shift toward studying multicomponent, low-dose, and temporally
dynamic exposure mixtures, including chemical pollutants,
bioaerosols, dietary contaminants, and microbiome-modulating
agents in combination rather than in isolation. In this context,
next-generation NAMs, particularly organoids, OoC, OrgoC, and
multi-organ axis platforms, offer powerful opportunities to model
human-relevant exposure scenarios. By integrating epithelial
barriers with immune, vascular, and stromal compartments, these
systems enable mechanistic interrogation of exposure-driven
crosstalk across interconnected organ axes. However, further
methodological advances are needed to standardize chronic and
sequential exposure paradigms and to capture cumulative and
non-linear effects.

Future progress will also depend on the ability to trace
exposome components and their transformation products
across epithelial barriers into systemic compartments, primarily
in the lung-gut-skin organ-axis models. The integration of
traceable exposure strategies with high-content imaging,
labelling strategies, multi-omics, and computational modeling
will be critical for linking exposure dose, barrier penetration,
intracellular fate, and functional outcomes. Ultimately, the
convergence of exposome science with advanced NAMs holds
significant promise for moving beyond associative findings
toward causal, predictive, and translational insights that can
inform environmental risk assessment, regulatory frameworks,
and personalized prevention strategies.
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DEAR EDITOR,

| perused the interesting article by Adrianta et al. published in your esteemed journal regarding the CT-defined emphysema
morphology as a predictor for histological subtypes of lung cancer. The authors concluded that certain morphological
patterns can be associated with distinct histological subtypes (e.g., centrilobular emphysema with adenocarcinoma). The
benefits of developing this method are evident in cases where adequate biopsy specimen retrieval is not possible.

In this context, | would like to comment on the technique of micro-computed tomography,?> which is a different method,
sharing however the same rationale: to reach a histological diagnosis without pathological examination, based on
specialized imaging modalities. The development of micro-computed tomography to the extent that its cost will be
permissive and its radiation levels safe for the human organism will hopefully bring important novel applications in the
diagnosis of malignant disease aiming at accurate diagnosis without the need for interventional or surgical tissue retrieval.
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DEAR EDITOR,

We sincerely thank the author for the thoughtful comments and for highlighting emerging imaging approaches regarding
our recently published article entitled “CT-defined Emphysema Morphology as a Predictor for Histological Subtypes of
Lung Cancer: A Single-center Retrospective Study.” We greatly appreciate the opportunity to further discuss the evolving
role of imaging in the noninvasive characterization of lung cancer.

We fully agree with the author that advanced imaging techniques, such as micro-computed tomography (micro-CT),
play an important role in bridging imaging and histopathology. Recent developments have demonstrated that micro-
CT can provide nondestructive three-dimensional “X-ray histology” with micrometer-scale resolution, offering detailed
microarchitecture which further can predict histological characteristic of lung disease.” In this regard, both approaches—
micro-CT and clinical CT-based analysis—share an overarching goal: to enhance imaging’s ability to reflect underlying
tumor biology and to potentially reduce reliance on invasive diagnostic procedures.

Although micro-CT is primarily applied in ex vivo settings under controlled experimental conditions, our study focused
on routinely available clinical CT imaging to identify radiologic phenotypes associated with histological subtypes of lung
cancer. From a practical clinical perspective, such approaches may offer immediate applicability, particularly in situations
where tissue sampling is limited, contraindicated, or technically challenging.?

Within this broader framework, CT-based imaging biomarkers—such as emphysema morphology evaluated in our study—
represent a complementary strategy in the continuum of imaging research. Increasingly, quantitative imaging approaches,
including radiologic phenotyping and radiomics-based analyses, are being explored to further strengthen the link between
imaging features and tumor biology.>> Future integration of high-resolution experimental imaging, quantitative imaging
analysis, and radiologic—pathologic correlation may provide a more comprehensive understanding of lung cancer
heterogeneity.

We thank the author for contributing to this important discussion and for emphasizing the potential of advanced imaging
technologies to advance noninvasive diagnostic strategies.
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