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Thamar University Journal of  

Natural and Applied Sciences (TUJNAS) 

 

Thamar University Journal of Natural & Applied Sciences (TUJNAS) is a peer-

reviewed journal. It is an open-access journal published by Thamar University, Dhamar, 

Yemen twice a year. The aim of the journal is to publish original and review articles in the 

fields of science, agriculture, engineering, medicine, environment, and computer science. 

The journal is published in English only. 

The journal has the following international standard codes: 

ISSN-print: 2073-0764 

ISSN-online: 2959-4340 

 

For more information on editorial policy, manuscript submission, ethics, etc., please visit 

the TUJNAS Journal website:  

https://www.tu.edu.ye/journals/index.php/TUJNAS  
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  Vision  

 Through several procedures, TUJNAS aspires to be a leading regional and 

international natural and applied sciences journal. TUJNAS strives for inclusion in major 

indexing services such as Scopus and Web of Science to boost scholarly visibility and 

citation impact. It publishes open-access research aligned with the UN SDGs. The journal 

continuously refines its editorial policies, ethical guidelines, and production workflows in 

line with COPE and ICMJE recommendations to ensure the timely, transparent, and 

reliable publication of high-quality scientific content. 

 

   Mission  

 TUJNAS exists to publish rigorous, high-impact research in natural and applied 

sciences. It upholds academic integrity through a strict double-masked peer review 

process, safeguarding quality and originality. The journal fosters interdisciplinary 

collaboration to bridge theoretical science with practical applications, driving innovative 

solutions to global and local challenges. Committed to open science, it provides free, 

immediate access to research, enhancing engagement among researchers, practitioners, 

and policymakers. The journal aims to address pressing societal and scientific issues 

worldwide by prioritizing actionable insights. 

 

   Aims  
1. Broad disciplinary coverage: by publishing contributions in: 

• Pure Sciences: Biology, Chemistry, Physics, Mathematics, Earth and Environmental 

Sciences. 

• Applied Sciences & Engineering: Civil, Mechanical, Electrical, Chemical, 

Environmental, Mechatronics, and Renewable Energy Engineering. 

• Life and Health Sciences: Agriculture, Veterinary Medicine, Pharmacology, 

Biotechnology, Clinical Medicine, Public Health, Biomedical Engineering, and 

Health Informatics. 

• Computer & Information Technology: Data Science, Artificial Intelligence, Software 

Engineering, Network Systems, Cybersecurity, and Health Informatics. 
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2. Diverse article types: by encouraging submission of: 

• Original Research Articles presenting novel empirical or theoretical insights. 

• Review Articles synthesizing and critically evaluating current knowledge. 

• Case Studies highlighting unique applications or phenomena in real-world 

contexts. 

• Editorials offering expert perspectives on emerging trends or policy issues. 

• Short communications deliver concise, timely findings of high relevance. 

 

3. Regional engagement and global outreach: 

• Support Early-Career Researchers by offering clear author guidelines, mentorship 

through the review process, and rapid turnarounds. 

• Highlight Local Contexts to address Yemen-specific environmental, agricultural, 

and health challenges while drawing lessons of broader relevance. 

• Promote international collaboration by soliciting contributions from global 

experts and forming editorial alliances with related journals and societies. 

 

4. Ethics and Transparency: 

• Enforce strict adherence to authorship criteria, conflict-of-interest declarations, 

and research ethics (including human/animal welfare and data integrity). 

• Embrace transparent archival of data and methods to enable reproducibility and 

long-term accessibility. 
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  General Supervisor  

 

  Editor-in-chief  

 

  Editorial Director  

 

 

 

 

 

 

Editorial Director Assistant 

 

 

 

 

 

 All correspondence should be sent to:   
Editorial Director, 

Thamar University Journal of 

Natural and Applied Sciences (TUJNAS) 

Thamar University, P O Box: 87246 Dhamar, Republic of Yemen 
E-Mail: tujnas@tu.edu.ye 

 

  

Prof. Dr. Abdullah Ahmed Ali Ahmed 

Position: Professor of Nanoscience, Physics Department, Faculty of Applied 

Sciences, Thamar University, Dhamar, Yemen. 

Address: Faculty of Applied Sciences, Thamar University, P O Box 87246 

Dhamar, Yemen. 

E-Mail: abdullah2803@tu.edu.ye     

 

  

Prof. Dr. Adulkarem Esmail Zabiba 

Position: Vice-Rector of Postgraduate and Scientific Research, Thamar University, 

Dhamar, Yemen. 

Address: Vice Presidency of the University for Postgraduate Studies and 

Scientific Research, Thamar University, P O Box 87246 Dhamar, Yemen. 

E-Mail: karimzabiba@tu.edu.ye     

 

  

Prof. Dr. Mohammed Mohammed Al-Haifi 

Position: Rector of the University, Thamar University, Dhamar, Yemen. 

Address: University Presidency, Thamar University, P O Box 87246 Dhamar, 

Yemen. 

E-Mail: dralhaifi@tu.edu.ye      

 

  

Assoc. Prof. Annas Saeed Ahmad Al-Sharabi 

Position: Professor of Superconductivity, Physics Department, Faculty of Applied 

Sciences, Thamar University, Dhamar, Yemen. 

Address: Faculty of Applied Sciences, Thamar University, P O Box 87246 

Dhamar, Yemen. 

E-Mail: annas.AlSharabi@tu.edu.ye    

mailto:tujnas@tu.edu.ye
mailto:abdullah2803@tu.edu.ye
mailto:karimzabiba@tu.edu.ye
mailto:dralhaifi@tu.edu.ye
mailto:annas.AlSharabi@tu.edu.yetu.edu.ye
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 Advisory Board  

 

  

Prof. Dr. Abdulkafi A. S. Al-Refaei 

Position: Vice-Rector of Students’ Affairs, Thamar University, Dhamar, Yemen. 

Address: Vice Presidency of the University for Student Affairs, Thamar 

University, Dhamar, Yemen. 

E-Mail: alrefaei@tu.edu.ye     

 

 

  

Assoc. Prof. Adel Abdulgani Lutf Al-Ansi 

Position: Vice-Rector of Academic Affairs, Thamar University, Dhamar, Yemen. 

Address: Vice Presidency of the University for Academic Affairs, Thamar 

University, Dhamar, Yemen. 

E-Mail: adel.ansi@tu.edu.ye      

 

 

  

Prof. Dr. Basheer M. Al-Maqaleh 

Position: Dean of Faculty of Computer Sciences and Information Systems, 

Thamar University, Dhamar, Yemen. 

Address: Faculty of Computer Sciences and Information Systems, Thamar 

University, Dhamar, Yemen. 

E-Mail: basheer.almaqaleh@tu.edu.ye      

 

  

Prof. Dr. Daiekh Abed-Ali Abod 

Position: Professor of Organic and Biochemistry, Department of Biochemistry, 

Faculty of Medicine, Thamar University, Dhamar, Yemen. 

Address: Department of Biochemistry, Faculty of Medicine, Thamar University, 

Dhamar, Yemen. 

E-Mail: prof.dr.daiekh@tu.edu.ye   

 

 

Assoc. Prof. Abdul-Qawe Kaed Dabouan 

Position: Dean of Faculty of Applied Sciences, Thamar University, Dhamar, 

Yemen. 

Address: Faculty of Applied Sciences, Thamar University, Dhamar, Yemen. 

E-Mail:  abdulqawe.dabouan@tu.edu.ye      

 

mailto:alrefaei@tu.edu.ye
mailto:adel.ansi@tu.edu.ye
mailto:basheer.almaqaleh@tu.edu.ye
mailto:prof.dr.daiekh@tu.edu.ye
mailto:abdulqawe.dabouan@tu.edu.ye
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Assoc. Prof. Adel Ali Ahmed Amran 

Position: Dean of Faculty of Medical Science, Thamar University, Dhamar, 

Yemen. 

Address: Faculty of Medical Science, Thamar University, Dhamar, Yemen. 

E-Mail: adelamran@tu.edu.ye   

 

 

  

Assoc. Prof. Abdul Ghani Ali Mohammed 

Position: Dean of Faculty of Agriculture & Veterinary Medicine, Thamar 

University, Dhamar, Yemen. 

Address: Faculty of Agriculture & Veterinary Medicine, Thamar University, 

Dhamar, Yemen. 

E-Mail:  abdulghani.ali@tu.edu.ye      

 

  

Assist. Prof. Fouad Mohammed Y. Al-Jarmouzi 

Position: Dean of Faculty of Engineering, Thamar University, Dhamar, Yemen. 

Address: Faculty of Engineering, Thamar University, Dhamar, Yemen. 

E-Mail:  aljarmouzi@tu.edu.ye     

 

 

  

Assist. Prof. Nashwan Hamid Saleh Al-Tairi 

Position: Dean of Faculty of Dentistry, Thamar University, Dhamar, Yemen. 

Address: Faculty of Dentistry, Thamar University, Dhamar, Yemen. 

E-Mail: nashwanh9@tu.edu.ye     

 

 

  

Assist. Dr. Abdullah Al-Murtadha 

Position: Dean of Faculty of Medicine, Thamar University, Dhamar, Yemen. 

Address: Faculty of Medicine, Thamar University, Dhamar, Yemen. 

E-Mail:  abdullah.almurtadha@tu.edu.ye  

 

mailto:adelamran@tu.edu.ye
mailto:abdulghani.ali@tu.edu.ye
mailto:aljarmouzi@tu.edu.ye
mailto:nashwanh9@tu.edu.ye
mailto:abdullah.almurtadha@tu.edu.ye
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Prof. Dr.  Samer Hasan Hussein-Al-Ali         (Jordan) 

Research field: Drug delivery, Chemistry, Controlled Release, Cancer Cells, and 

Nanomaterials.

Position: Dean of Scientific Research, Faculty of Pharmacy, Isra University, 

Amman, Jordan 

Affiliation: Faculty of Pharmacy & Department of Chemistry, Faculty of Science, 

Isra University, Amman 11622, Jordan. 

E-Mail: samer.alali@iu.edu.jo  ,                                         

sameralali72@yahoo.com   

 

  

Prof. Dr. Khalil Saeed Al-Wagih                          (Yemen) 

Research field: Computer Sciences, Machine Learning, Big Data, Artificial 

Intelligence, and IoT.

Position: President of Al-Razi University, Al-Razi University, Sana'a, Yemen. 

Affiliation: Department of Computer Science, Faculty of Computer Science & 

Information System, Thamar University, Dhamar, Yemen. 

E-Mail: khalilwagih@tu.edu.ye ,                                         

khalilwagih@gmail.com  

 

  

Prof. Dr. Salem Aqeel                                     (Canada) 

Research field: Polymer Nanocomposite, Superhydrophobic, Piezoelectric 

Polymers, and Lubricating Oils.

Position: Polymer Scientist at GL CHEMTEC INTERNATIONAL LTD., 1456 

Wallace Road, Oakville Ontario, Canada. 

Affiliation: GL CHEMTEC INTERNATIONAL LTD., 1456 Wallace Road, 

Oakville Ontario, Canada. 

E-Mail: salemaqeel@gmail.com  

 

  

Prof. Dr.  Nabil El-Faramawy                        (Egypt) 

Research field: Radiation & Nuclear Physics and Dosimetry.

Position: Head of Physics Department, Faculty of Science, Ain Shams University, 

Cairo, Egypt. 

Affiliation: Physics Department, Faculty of Science, Ain Shams University, 

Khalifa El-Maamon Street, 11566, Cairo, Egypt. 

E-Mail: nabil_elfaramawi1@sci.asu.edu.eg ,                             

dr.na_bil@yahoo.com                                   

mailto:samer.alali@iu.edu.jo
mailto:sameralali72@yahoo.com
mailto:khalilwagih@tu.edu.ye
mailto:khalilwagih@gmail.com
mailto:salemaqeel@gmail.com
mailto:nabil_elfaramawi1@sci.asu.edu.eg
mailto:dr.na_bil@yahoo.com
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Prof. Dr.  Saeed M. Al-Ghalibi                      (Yemen) 

Research field: Bacteriology, Fungi, Medical microbiology, and Food 

Microbiology.

Position: Deputy Dean of Faculty of Science for Academic Affairs and Graduate 

Studies, Faculty of Science, Sana’a University, Sana’a, Yemen 

Affiliation: Department of Biology, Faculty of Science, Sana’a University, Sana’a, 

Yemen. 

E-Mail: s.alghalabi@su.edu.ye  ,                                             

Alghalibi@gmail.com    

 

 

Prof. Dr. Abdulkarim A. Amad                     (Yemen) 

Research field: Animal nutrition and production feed and feeding. 

Affiliation: Faculty of Agriculture, Thamar University, Dhamar, Yemen and 

Institute of Animal Nutrition, Department of Veterinary Medicine, Frei Universität 

Berlin, Berlin, Germany. 

E-Mail: abdulkarim.Amad@tu.edu.ye ,                                             

abeerobeid@yahoo.com       

 

  

Prof. Dr. Nabil M. Al-Areeq                          (Yemen) 

Research field: Petroleum Geology, Hydrology, Sedimentology, Integrated Water 

Resources Management, Data analysis and Resolving of Water Related Conflicts.

Position: Centre Director of Water Resources and Environment, Thamar 

University, Dhamar, Yemen. 

Affiliation: Department of Geology and Environment, Faculty of Applied Science, 

Thamar University, Dhamar, Yemen. 

E-Mail: alareeqnabil@tu.edu.ye ,                                       

nabilalareeq@yahoo.com  

 

 

  

Prof. Dr. Levan Chkhartishvili                      (Georgia) 

Research field: Semiconducting and Powder Composite Materials.

Position: Professor at the Department of Engineering Physics, Faculty of 

Informatics and Control Systems, Georgian Technical University, and researcher at 

F. Tavadze Metallurgy and Materials Science Institute, Semiconducting and 

Powder Composite Materials Laboratory. 

Affiliation: Department of Engineering Physics, Faculty of Informatics and 

Control Systems, Georgian Technical University, 77 M. Kostava Ave., GTU 

Campus 4, Room 307, Tbilisi, 0160, Georgia. 

E-Mail: levanchkhartishvili@gtu.ge , chkharti2003@yahoo.com  

mailto:s.alghalabi@su.edu.ye
mailto:Alghalibi@gmail.com
mailto:abdulkarim.Amad@tu.edu.ye
mailto:abeerobeid@yahoo.com
mailto:alareeqnabil@tu.edu.ye
mailto:nabilalareeq@yahoo.com
mailto:levanchkhartishvili@gtu.ge
mailto:chkharti2003@yahoo.com
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Prof. Dr. Abduh M. Abdulwahab                      (Yemen) 

Research field: Single Crystal, Crystal Structure, Physical Characterization of 

Solid-State Materials and Solid-State Physics. 

Affiliation: Department of Physics, Faculty of Applied Sciences, Thamar 

University, Dhamar, Yemen. 

E-Mail: abduh.abdulwahab@tu.edu.ye  ,                  

abduhabdulwahab@yahoo.com     

 

  

Prof. Dr. Abeer Omer A. Obeid                     (Yemen) 

Research field: Organic chemistry, Polymers, Liquid Crystals, and synthesis of 

heterocyclic compounds, as well as Anti-cancer and Antibacterial applications. 

Affiliation: Department of Chemistry, Faculty of Science, Sana’a University, 

Sana’a, Yemen. 

E-Mail: ab.obaid@su.edu.ye  ,                                             

abeerobeid@yahoo.com       

 

 

Prof. Dr. Ibrahim Radman Al Shaibani              (Yemen) 

Research field: Veterinary Parasitology. 

Position: Vice Dean for students' affair, Faculty of Veterinary Medicine, Thamar 

University, Dhamar, Yemen. 

Affiliation: Faculty of Veterinary Medicine, Thamar University, Dhamar, Yemen. 

E-Mail: ibrahim.alshaibani@tu.edu.ye ,                                             

dr_ibra67@yahoo.com     

 

 

Prof. Dr. Salah Mahdi Saleem Al-Bader           (Iraq) 

Research field: Fungal taxonomy, Fungal ecology, and Natural products as 

antifungal agents. 

Affiliation: Department of Medical Laboratory Sciences, College of Science, 

Knowledge University, Erbil, Iraq. 

E-Mail: salah.mahdi@knu.edu.iq  

 

 

  

Prof. Dr. Omar M. A. Al Shuja’a                     (Yemen) 

Research field: Materials Chemistry, Polymer Chemistry, and Physical Chemistry. 

Position: Dean of the Center for Development and Quality Assurance, Al-Nasser 

University, Sana’a, Yemen. 

Affiliation: Department of Chemistry, Faculty of Applied Sciences, Thamar 

University, Dhamar, Yemen. 

E-Mail: omrshugaa@tu.edu.ye  ,                              

abduhabdulwahab@yahoo.com     

mailto:abduh.abdulwahab@tu.edu.ye
mailto:abduhabdulwahab@yahoo.com
mailto:ab.obaid@su.edu.ye
mailto:abeerobeid@yahoo.com
mailto:ibrahim.alshaibani@tu.edu.ye
mailto:dr_ibra67@yahoo.com
mailto:salah.mahdi@knu.edu.iq
mailto:omrshugaa@tu.edu.ye
mailto:abduhabdulwahab@yahoo.com
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Assoc. Prof. Salah Abdul-Jabbar Jassim            (Iraq) 

Research field: Thin Films, Semiconductor Devices, and Solid-State Physics. 

Affiliation: Department of Dentistry, AL Kunooze University College, Basrah, 

Iraq. 

E-Mail: salah.abdul.jabbar@kunoozu.edu.iq  ,             

salahjassim200@yahoo.com ,                               

salah.jassim@alayen.edu.iq      

 

  

Assoc. Prof. Shaimaa A. A. Momen                      (Egypt) 

Research field: Entomology. 

Affiliation: Department of Entomology, Faculty of Science, Ain Shams 

University, Khalifa El-Maamon Street, 11566, Cairo, Egypt. 

E-Mail: Shaimaa_momen@sci.asu.edu.eg ,            

Shaimaa_momen@hotmail.com      

 

  

Assoc. Prof. AbdulSalam M. Al-Makdad            (Yemen) 

Research field: Diagnosis, management, and care of acute and chronic liver 

disease and GI diseases. Diagnostic and interventional GI endoscopy.

Position: President of the internal medicine department in AL-Wahda Teaching 

Hospital Maabar, Maabar City, Dhamar, Yemen. 

Affiliation: Department of Internal Medicine, Faculty of Medicine, Thamar 

University, Dhamar, Yemen. 

E-Mail: aalmakdad@tu.edu.ye   

 

  

Assoc. Prof. Essam A. Al-Moraissi                 (Yemen) 

Research field: Oral and maxillofacial surgery, craniomaxillofacial trauma, 

temporomandibular joint disorders, orthognathic surgery, surgical pathology, cleft 

lip and palate, implant dentistry, lower third molar surgery, regenerative medicine, 

and adult mesenchymal stem cells. 

Affiliation: Department of Oral and Maxillofacial Surgery, Faculty of Dentistry, 

Thamar University, Dhamar, Yemen. 

E-Mail: dressamalmoraissi@tu.edu.ye  

 

  

Assoc. Prof. Amin Saif Ahmed                      (Yemen) 

Research field: Energy and control systems engineering. 

Affiliation: Department Mechatronics, Al-Saeed College of Engineering and 

Information Technology, Taiz University, Taiz, Yemen. 

E-Mail: sameeralromima@yahoo.com  , sameeralromima@gmail.com    

 

mailto:salah.abdul.jabbar@kunoozu.edu.iq
mailto:salahjassim200@yahoo.com
mailto:salah.jassim@alayen.edu.iq
mailto:Shaimaa_momen@sci.asu.edu.eg
mailto:Shaimaa_momen@hotmail.com
mailto:aalmakdad@tu.edu.ye
mailto:dressamalmoraissi@tu.edu.ye
mailto:sameeralromima@yahoo.com
mailto:sameeralromima@gmail.com
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 Assoc. Prof. Abdulwahab B. Alwany                (Yemen) 

Research field: Solid State Physics, Thein Films, Materials Science, and 

Nanoscience. 

Affiliation: Department of Physics, Faculty of Science, Ibb University, Ibb, 

Yemen. 

E-Mail: abdualwhab@yahoo.com  ,                            

abdualwhab1974@gmail.com  

 

  

Assoc. Prof. Fawaz M. A. Al-Badaii                (Yemen) 

Research field: Microbiology, Antimicrobial resistance, Environmental Science, 

Heavy metals, and Adsorption Water quality. 

Affiliation: Department of Biology, Faculty of Applied Sciences, Thamar 

University, Dhamar, Yemen. 

E-Mail: fawaz.AlBadai@tu.edu.ye   ,                            
abdualwhab1974@gmail.com  

 

  

Assoc. Prof. Dina Salah Eldin M. Abdelrhman   (Egypt) 

Research field: Gold Nanoparticles, Photochemistry, Nanotechnology, and 

Nanomedicine. 

Affiliation: Biophysics, Physics Department, Faculty of Science, Ain Shams 

University, Khalifa El-Maamon Street, 11566, Cairo, Egypt. 

E-Mail: dinasalah@sci.asu.edu.eg ,                                       

dandy741@hotmail.com ,                                         

dandy741@gmail.com  

 

  

Assoc. Prof. Ali Abdullah A. Al-Mehdar          (Yemen) 

Research field: Pharmacology & Therapeutics. 

Affiliation: Department of Pharmacology and Toxicology, Faculty of Faculty of 

Medicine, Thamar University, Dhamar, Yemen. 

E-Mail: ali.almehdar@tu.edu.ye , alialmehdar2006@yahoo.com  

 

 

  

Assoc. Prof. Sameer A. M. Abdulrahman        (Yemen) 

Research field: Pharmaceutical Analytical Chemistry and Water Treatment. 

Affiliation: Department of Chemistry, Faculty of Education and Sciences-Rada’a, 

Albaydha University, Albaydha 14517, Yemen. 

E-Mail: sameeralromima@yahoo.com  , sameeralromima@gmail.com    

 

mailto:abdualwhab@yahoo.com
mailto:abdualwhab1974@gmail.com
mailto:fawaz.AlBadai@tu.edu.ye
mailto:abdualwhab1974@gmail.com
mailto:dinasalah@sci.asu.edu.eg
mailto:dandy741@hotmail.com
mailto:dandy741@gmail.com
mailto:ali.almehdar@tu.edu.ye
mailto:alialmehdar2006@yahoo.com
mailto:sameeralromima@yahoo.com
mailto:sameeralromima@gmail.com
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Assoc. Prof. Nada M. Al-Hamdani                      (Yemen) 

Research field: Histology, and Physiology, specializing in Endocrinology. 

Affiliation: Department of Biology, Faculty of Science, Sana’a University, Sana’a, 

Yemen. 

E-Mail: n.alhamdni@su.edu.ye  ,                                   

hamdaninadam@gmail.com 

 

  

Assoc. Prof. Abdulbari A. A. Saeed                      (UK) 

Research field: Preparation and characterization of mesoporous from solid waste 

as catalysis for water purification, Separation technology using an adsorption 

process, Water and wastewater treatment, and Biofuel production from organic 

solid waste. 

Affiliation: School of Engineering, Institute for Infrastructure and Environment 

(IIE), University of Edinburgh, Edinburgh EH9 3JL, UK. 

E-Mail: alborani_75@yahoo.co.uk ,   Abdulbari.Saeed@ed.ac.uk     

 

  

Assoc. Prof. Yahya Qaid Hasan Ali                (Yemen) 

Research field: Differential Equations, Numerical Analysis, and Adomian 

Decomposition Method. 

Affiliation: Department of Mathematics, Faculty of Applied Sciences, Thamar 

University, Dhamar, Yemen. 

E-Mail: qaid.Yahya@tu.edu.ye  ,                                            

yahya217@yahoo.com   

 

  

Assoc. Prof. Abdullah Alwarafi                      (Yemen) 

Research field: Social Pharmacy. 

Position: Vice Dean for Student Affairs, Faculty of Dentistry, Ibb University, Ibb, 

Yemen 

Affiliation: Pharmacy Department, Faculty of Dentistry, Ibb University, Ibb, 

Yemen. 

E-Mail: abdullahalwarafi@gmail.com , dentistry@ibbuniv.edu.ye  

 

 

  

Prof. Dr. Ahmed A. M. Alakwa                    (Yemen) 

Research field: Agricultural Economics. 

Position: Head of Scientific Research, Vice Presidency of the University for 

Postgraduate Studies and Scientific Research, Thamar University, P O Box 87246 

Dhamar, Yemen 

Affiliation: Faculty of Agriculture, Thamar University, Dhamar, Yemen. 

E-Mail: Hawali.ahmed@tu.edu.ye ,   alakwaahmed55@gmail.com  

mailto:n.alhamdni@su.edu.ye
mailto:hamdaninadam@gmail.com
mailto:alborani_75@yahoo.co.uk
mailto:Abdulbari.Saeed@ed.ac.uk
mailto:qaid.Yahya@tu.edu.ye
mailto:%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20yahya217@yahoo.com
mailto:%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20yahya217@yahoo.com
mailto:abdullahalwarafi@gmail.com
mailto:dentistry@ibbuniv.edu.ye
mailto:Hawali.ahmed@tu.edu.ye
mailto:alakwaahmed55@gmail.com
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Assoc. Prof. Khalid Al-Hussaini                      (Yemen) 

Research field: Information & Communication Technology (ICT), Computer 

Communications (Networks), Communication Engineering, and Computer 

Engineering. 

Position: University Rector's Advisor for Academic Development & Automation 

and Vice Dean for Student Affairs, Faculty of Computer Science & Information 

Systems, Thamar University, Dhamar, Yemen. 

Affiliation: Department of Information Technology, Faculty of Computer Science 

& Information System, Thamar University, Dhamar, Yemen. 

E-Mail: khalid.alhussaini@tu.edu.ye  

 

 

  

Prof. Dr. Ahmed Ali Saleh Obayeha                    (Yemen) 

Research field: Orthodontics, Pediatric Dentistry, and Preventive Medicine. 

Position: Dean of the Faculty of Dentistry, Al-Razi University, Sana’a, Yemen 

Affiliation: Faculty of Dentistry Sana’a University, Sana’a, Yemen. 

E-Mail: a.Obaya@su.edu.ye  ,   Ahmedobeyah@yahoo.com   

 

 

  

Assoc. Prof. Fathi Ahmed ELShawish             (Yemen) 

Research field: Identification and characterization of genetic sources of 

indigenous and introduced fruits, propagation and breeding of fruit crops, and 

design and layout of gardens. 

Position: Deputy Dean for Postgraduate Studies and Scientific Research, Faculty 

of Agriculture, Thamar University, Dhamar, Yemen 

Affiliation: Faculty of Agriculture, Thamar University, Dhamar, Yemen. 

E-Mail: Fathi.ELShawish@tu.edu.ye   ,      

 

 

Assoc. Prof. Rasheed M. Alsanafi                     (Yemen) 

Research field: Surveying & Urban Engineering and Planning, Civil Engineering. 

Position: Postgraduate Studies and Scientific Research, Faculty of Engineering, 

Thamar University, Dhamar, Yemen. 

Affiliation: Department of Civil Engineering Faculty of Engineering, Thamar 

University, Dhamar, Yemen. 

E-Mail: alsanafy@tu.edu.ye  ,  alsanafy@hotmail.com  

 

mailto:khalid.alhussaini@tu.edu.ye
mailto:a.Obaya@su.edu.ye
mailto:Ahmedobeyah@yahoo.com
mailto:Fathi.ELShawish@tu.edu.ye
mailto:alsanafy@tu.edu.ye
mailto:alsanafy@hotmail.com
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Abstract   

This study aimed to determine the prevalence of Cytomegalovirus (CMV), Rubella, Toxoplasma gondii, and anti-phospholipid (APL) antibodies among women 

who have experienced abortion in Dhamar City, Yemen. Additionally, the research sought to identify risk factors associated with seropositivity for these 

infections and to compare these factors between pregnant women residing in urban and rural areas. The cross-sectional study involved 200 pregnant women, 

aged 15 to 38 years, who had a history of one or more unexplained recurrent abortions. These participants were recruited from various healthcare facilities, 

including Dhamar Hospital, local dispensaries, the Reproductive Health Center, private clinics, and diagnostic laboratories. Participants were screened for IgM 

and IgG antibodies against CMV, Rubella, Toxoplasma, and anti-phospholipids using Enzyme-Linked Immunosorbent Assay (ELISA). Demographic, socioeconomic, 

obstetric, and behavioral data were collected via face-to-face interviews utilizing a pretested questionnaire. The seroprevalence of CMV-specific IgG and IgM 

among the participants was 92.5% and 7.0%, respectively. Rubella-specific IgG and IgM antibodies were detected in 87.0% and 3.5% of the women, respectively. 

Furthermore, the prevalence of Toxoplasma gondii IgG and IgM was 62.5% and 8.0%, respectively. Seropositivity for anti-phospholipid IgG and IgM were 10.0% 

and 20.0%, respectively. In conclusion, the presence of IgM antibodies against Rubella, CMV, and Toxoplasma gondii correlated with recent or primary infections. 

Conversely, positive IgG results for these pathogens indicated prior exposure or convalescent infection. 

Keywords: Serological Study; Abortion in Pregnant Women; Dhamar; Yemen  

1. Introduction    

Recurrent spontaneous abortion (miscarriage) is one of the most 

frequent reproductive complications of early pregnancy. It is clinically 

defined as three or more consecutive pregnancy losses prior to the 20th 

week of gestation, occurring before the fetus reaches a viable gestational 

age [1, 2]. Widely accepted etiologic causes include genetic anomalies, 

immunologic factors, placental abnormalities, endocrine disorders, 

nutritional deficiencies, environmental factors, and maternal systemic 

conditions such as diabetes mellitus and thyroid disease. 

Additionally, maternal infections caused by Toxoplasma gondii, 

Cytomegalovirus (CMV), syphilis, rubella, and herpes, alongside the 

presence of anti-phospholipid (APL) antibodies, are associated with a 

significantly elevated risk of congenital complications [3]. Contracting 

these infections during pregnancy can lead to congenital anomalies and 

abortion, making them a leading cause of perinatal morbidity and 

mortality, particularly in developing nations [4]. Pathogen transmission 

can occur prenatally via transplacental passage, or postnatally through 

contact with infected blood, vaginal secretions, or breast milk 

(particularly for CMV and Rubella). Clinical evidence of these infections 

may manifest at birth, during infancy, or even years later [5]. 

The adverse outcomes produced by these pathogens generally mimic 

those of abortions, infertility, intrauterine fetal deaths, stillbirths, and 

congenital malformations. The prevalence of Toxoplasma gondii, Rubella, 

CMV, and APL infections varies significantly by geographic region. 

However, countries in Southeast Asia and Sub-Saharan Africa consistently 

report the highest rates of stillbirths associated with these infections [6, 7]. 

Rubella, Toxoplasma, and CMV are common causes of infection across all 

age groups and are generally asymptomatic; however, primary infection 

in pregnant women during the first trimester can cause severe fetal 

congenital malformations and abortion [4]. Because these maternal 

infections often present without symptoms and clinical diagnoses are 

inconsistent, it is paramount to identify susceptible women, especially 

those with acute maternal infections, and to recognize prevalent and 

recurrent pathogens [7]. 

Due to the absence of a national screening program, there is limited 

data available regarding the seroprevalence of specific IgM and IgG 

antibodies to Toxoplasma gondii, Rubella, CMV, and anti-phospholipids 

among pregnant women in Dhamar City. Therefore, this study aimed to 

evaluate the serological evidence of CMV and Rubella infections during the 
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first trimester among this demographic. Ultimately, the research seeks to 

outline the epidemiological and serological landscape of several leading 

infectious causes of abortion in Dhamar City, Yemen. 

2. Materials and Methods  

2.1. Study Period and Design  

This descriptive, cross-sectional study was conducted over a 14-

month period, from September 2019 to October 2020. This duration was 

specifically selected to ensure the collection of a robust sample size, 

thereby achieving statistical accuracy and enhancing the overall reliability 

of the results. The study cohort consisted of 200 women, aged 15 to 38 

years, who had been infected by one or more abortion-causing agents. 

These participants were recruited while attending antenatal clinics in 

various hospitals and health centers across Dhamar City, Yemen.  

2.2. Study Area   

The research was carried out in Dhamar City. Geographically, the 

Dhamar governorate is located between latitudes 43.30 and 44.50, 

longitudes 14 and 15, and sits at an altitude of 2400 meters above sea 

level. The mean annual temperature ranges from 20 to 28 °C in the 

summer, while winter temperatures can drop to between 18 °C and -1 °C 

during the night and early morning. The relative humidity in the region 

averages 49% [8]. 

 

Figure 1:  Map showing the location of Dhamar governorate and Dhamar district, 
Yemen (study area). Reprinted with permission from Abdulelah H. Al-Adhroey et al. [8] 
Copyright 2019 Springer Nature.  

2.2 Study Population and Sampling 

The study population comprised 200 pregnant women who exhibited 

infections from one or more targeted pathogens (Toxoplasma gondii, 

Rubella, CMV, and anti-phospholipid antibodies). Participants were 

between 15 and 38 years old and had a documented history of one or 

more consecutive, unexplained abortions. Participants were recruited 

from several facilities, including Dhamar General Hospital, Labanan 

Hospital, Dar AL-Shifa Hospital, and AL-Hayah Hospital, alongside local 

dispensaries (Mustawsaf Miahres), medical centers (AL-Amwma and Al-

Tafula), and diagnostic laboratories (Al-Dubai Laboratory, New Med 

Laboratory, and Alpha Laboratory). Obstetric and behavioral data were 

gathered through face-to-face interviews using a pretested questionnaire. 

2.3 Sample Collection 

Five milliliters of blood were collected from each participant via 

venipuncture using sterile disposable syringes. The blood was transferred 

into a plain tube containing a gel clot activator (without anticoagulant) 

and allowed to stand for one hour at room temperature to facilitate clot 

formation. Subsequently, the tubes were centrifuged at 3000 rpm for 10 

minutes [9]. The serum was then carefully aspirated using a Pasteur 

pipette, dispensed into sterile Eppendorf tubes, immediately transported 

in an ice-box to the laboratory, and stored at -20°C until analysis [9, 10]. 

Personal patient information was recorded based on standardized 

questionnaire responses, which captured data on age, region, residence, 

education status, pregnancy history, and previous abortions [9]. Each 

sample was labeled with a specific study code corresponding to the 

participant's questionnaire and informed consent form [10]. 

2.4 Laboratory Analysis   

Samples were analyzed to detect the presence of specific IgG and IgM 

antibodies against CMV, Rubella, Toxoplasma, and APL. The ELISA 

technique was utilized in strict accordance with the manufacturer's 

instructions to determine both positive and negative results. ELISA was 

selected due to its high sensitivity for detecting specific immunoglobulin 

markers. A test value greater than 1.5 was classified as a positive sample, 

whereas a value less than 1.0 was considered negative. Values falling 

between 1.0 and 1.5 were deemed equivocal. All serological screenings 

were conducted at Al-Dubai Labs, Alfa Labs, and New Med Lab in Dhamar 

City using the cobas 411 analyzer (Roche Diagnostics, Mannheim, 

Germany) [10].  

2.5 Statistical Analysis  

   Data analysis was performed using the Statistical Package for the 

Social Sciences (SPSS version 22.0, Chicago, IL). Results were presented 

using descriptive statistics, relying on frequencies and percentages to 

determine the statistical significance of the distribution of CMV, Rubella, 

Toxoplasma, and APL infections. Additional variables, including age, 

geographic region, residence, education status, pregnancy timelines, and 

abortion history, were also factored into the analysis.  

3 Results  

This study aimed to determine the epidemiological and serological 

prevalence of several infectious agents causing abortions among pregnant 

women in Dhamar City, Yemen. The findings are detailed in the 

subsequent sections, tables, and figures.  

3.1 Places of Sample Collection  

A total of 200 samples were collected from various hospitals, 

dispensaries, and laboratories. The highest proportion of samples was 

obtained from Lebanon Hospital, contributing 58 samples (29.0%), while 

the lowest number was collected from Al-Amwma and Al-Tafula, with 9 

samples (4.5%). Additional samples were sourced as follows: Al-Dubai 

Labs provided 42 samples (21.0%), Al-Hayyah Hospital contributed 21 

(10.5%), and Dhamar Hospital Dispensary and Alpha Labs each supplied 

18 samples (9.0%). Furthermore, Mustawsaf Mihras accounted for 13 

samples (6.5%), New Med Lab for 11 (5.5%), and Dar Al-Shifa Hospital for 

10 (5.0%). These can be summarized as shown in Table 1. 

Table 1. Number and percentage of samples collected from Any Hospital and Clinical 

in Dhamar.   

Place of the collected samples No. % 

Lebanon Hospital  58 29.0 

Al-Dubai Labs  42 21.0 

Al-Hayyah Hospital  21 10.5 

Alpha Labs  18 9.0 

Dhamar Hospital Dispensary  18 9.0 

Mustawsaf Mihras  13 6.5 

New Med Lab  11 5.5 

Dar Al-Shifa Hospital  10 5.0 

Al-Amwma and Al-tafula  9 4.5 

Total  200 100.0  

3.2 Distribution of Pregnant Women According to Causative 

IgG and IgM Antibodies:  

  Among the 200 participants, all exhibited infections by one or more 

of the targeted agents associated with abortions (Toxoplasma gondii, 

Rubella, CMV, and anti-phospholipid antibodies). The results revealed 

that positive IgM antibody tests for APL were the most frequent (20.0%), 

followed by Toxoplasma gondii (7.5%) and CMV (7.0%). Rubella 

demonstrated the lowest IgM seropositivity at 3.5%. Conversely, for IgG 

antibodies, CMV showed the highest prevalence (92.5%), followed by 

Rubella (87.0%) and Toxoplasma gondii (62.5%), while APL had the 

lowest IgG positivity rate at 10.0%. These results were presented in 

Figure 2 and Tables 2 and 3.    
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Table 2. Showing seroprevalence of CMV IgM and IgG and Rubella IgM and IgG in 
pregnant women.  

Tests CMV IgM CMV IgG Rubella IgM Rubella IgG 

Result No. % No. % No. % No. % 

Positive 14 7.0 185 92.5 7 3.5 174 87.0 

Negative 186 93.0 15 7.5 139 96.5 26 13.0 

Total 200 100 200 100 200 100 200 100 

 

Table 3. Showing seroprevalence of Toxoplasma IgM and IgG and Anti-phospholipid 
IgM and IgG in pregnant women. 

Tests  
Toxoplasma 

IgM 

Toxoplasma 

IgG 

Anti-

phospholipid 

IgM 

Anti-

phospholipid 

IgG 

Result  No. % No. % No. % No. % 

Positive  15 7.5 125 62.5 40 20.0 20 10.0 

Negative  185 92.5 75 37.5 160 80.0 180 90.0 

Total  200 100 200 100 200 100 200 100 

 

 
Figure 2: Epidemiology of pregnant women according to the type of IgG and IgM 
Antibodies.   

3.3 Distribution by Geographic Location 

The majority of the pregnant women resided in the rural districts of 

Dhamar City, accounting for 106 participants (53.0%), compared to 94 

participants (47.0%) from urban areas. In the rural district, the highest 

IgM prevalence was observed for APL (23.6%), while the lowest was for 

Rubella (3.8%). Similarly, in urban areas, APL showed the highest IgM 

positivity (15.9%), whereas Rubella and Toxoplasma tied for the lowest at 

3.2%. Regarding IgG antibodies, CMV was the most prevalent in both 

rural (93.4%) and urban (91.4%) districts. APL showed the lowest IgG 

prevalence in both regions, at 11.4% and 8.5%, respectively. These results 

were shown in Tables 4 and 5.   

3.4 Times of the Abortion 

When analyzing the number of abortions relative to IgM positivity, 

the highest percentage occurred among women with a single abortion 

(40.5%), followed by those with two (32.5%), and those with more than 

two (27.0%). For women with a single abortion, APL IgM was the most 

prevalent (27.1%), and Rubella was the least prevalent (1.2%). Among 

those with two abortions, APL again had the highest IgM ratio (23.1%), 

with Rubella being the lowest (4.6%). For women experiencing more than 

two abortions, Toxoplasma showed the highest IgM prevalence (7.4%), 

while CMV and Rubella both presented at 5.5%, as shown in Tables 6 and 

7. 

In terms of IgG seropositivity, women with a single abortion showed 

the highest rates for CMV and Rubella (90.2%), and the lowest for APL 

(14.8%). For those with two abortions, CMV IgG was highest (92.3%), and 

APL was lowest (7.7%). This trend continued for women with more than 

two abortions, where CMV IgG prevalence was 96.3% and APL was 5.6%, 

as shown in Tables 6 and 7. 

3.5 Relationship Between Education and Abortion 

Educational status significantly impacted the observed trends, with 

educated women representing 64.5% of the cases compared to 35.5% for 

uneducated women. Among educated women, the highest IgM positivity 

was for APL (18.6%), and the lowest was for Rubella (3.2%). 

 

Table 4. Showing seroprevalence of CMV IgM and IgG and Rubella IgM and IgG in pregnant women according to location. 

 

Tests  

  

Total 

CMV IgM CMV IgG Rubella IgM Rubella IgG 

+ ⎯ + ⎯ + ⎯ + ⎯ 

No. % No % No % No % No % No % No % No % 

Urban  94 4 4.3 90 95.7 86 91.4 8 8.5 3 3.2 91 96.8 84 89.6 10 10.6 

Rural  106 10 9.4 96 90.6 99 93.4 7 6.6 4 3.8 102 96.2 90 85.0 16 15.0 

+ = Positive        ⎯ = Negative  

 

Table 5. Showing seroprevalence of Toxoplasma IgM and IgG and anti-phospholipid IgM and IgG in pregnant women according to location.  

Test Total 

Toxoplasma IgM Toxoplasma IgG Anti-phospholipid IgM Anti-phospholipid IgG 

+ ⎯ + ⎯ + ⎯ + ⎯ 

No. % No % No % No % No % No % No % No % 

Urban 94 3 3.2 91 96.8 70 74.4 24 25.5 15 15.9 79 84.0 8 8.5 86 91.5 

Rural 106 12 11.3 94 88.7 55 51.8 51 48.1 25 23.6 81 76.4 12 11.3 94 88.7 

+ = Positive              ⎯ = Negative  

Table 6. Showing seroprevalence of CMV IgM and IgG and Rubella IgM and IgG in pregnant women according to enumerated abortions. 

Tests Total 

CMV IgM CMV IgG Rubella IgM Rubella IgG 

+ ⎯ + ⎯ + ⎯ + ⎯ 

No % No % No % No % No % No % No % No % 

Once 81 6 7.4 75 92.6 73 90.2 8 9.8 1 1.2 80 98.8 73 90.2 8 9.8 

Twice 65 5 7.7 60 92.3 60 92.3 5 7.7 3 4.6 62 95.4 59 90.7 8 12.3 

More 

than 
54 3 5.5 51 94.4 52 96.3 2 3.8 3 5.5 51 94.4 44 81.5 10 18.5 

Total 200 14  186  185  15  7  193  174  26  

+ = Positive              ⎯ = Negative  
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For uneducated women, APL IgM was also the highest (22.5%), while 

Rubella was the lowest (4.2%). A possible explanation is that educated 

women may possess greater awareness regarding their reproductive 

health, leading them to seek clinical care more frequently. For IgG 

antibodies, CMV was the most prevalent among both educated (91.5%) 

and uneducated (94.0%) women. APL showed the lowest IgG prevalence 

in both groups, at 10.0% and 9.8%, respectively. These results were 

tabulated as shown in Tables 8 and 9. 

3.6 Relationship Between Age and Abortion  

The results indicated that pregnant women aged 21–26 years 

experienced the highest rate of abortions (41.0%), followed by the 27–32 

age group (33.0%) and the 15–20 age group (18.0%). The lowest 

incidence (8.0%) was recorded among women aged 33–38 years (Table 

10). 

Across all age groups, APL showed the highest IgM seroprevalence: 

13.8% for ages 15–20; 22.0% for ages 21–26; 21.2% for ages 27–32; and 

18.7% for ages 33–38. Rubella generally exhibited the lowest IgM rates 

across these cohorts (Tables 10 and 11). Regarding IgG tests, CMV 

consistently demonstrated the highest seropositivity across all age 

categories, peaking at 95.5% in the 27–32 age group. Conversely, APL 

showed the lowest IgG prevalence across all age brackets (Tables 10 and 

11). 

 

 

Table 7. Showing seroprevalence of Toxoplasma IgM and IgG and Anti-phospholipid IgM and IgG in pregnant women according to enumerated abortions. 

Test Total 

Toxoplasma IgM Toxoplasma IgG Anti-phospholipid IgM Anti-phospholipid IgG 

+ ⎯ + ⎯ + ⎯ + ⎯ 

No % No % No % No % No % No % No % No % 

Once 81 6 7.4 75 92.6 57 70.4 24 29.6 22 27.1 59 72.9 12 14.8 69 85.1 

Twice 65 5 7.7 60 92.3 37 57.0 28 43.0 15 23.1 50 76.9 5 7.7 60 92.3 

More 

than 
54 4 7.4 50 92.6 31 57.4 23 42.6 3 5.6 51 94.4 3 5.6 51 94.4 

Total 200 15  185  125  75  40  160  20  180  

+ = Positive              ⎯ = Negative  

 

Table 8. Showing seroprevalence of CMV IgM and IgG and Rubella IgM and IgG in pregnant women according to education.  

Test Total 

CMV IgM CMV IgG Rubella IgM Rubella IgG 

+ ⎯ + ⎯ + ⎯ + ⎯ 

No % No % No % No % No % No % No % No % 

Educated 129 7 5.4 122 94.6 118 91.5 11 8.5 4 3.2 125 96.8 116 90.0 13 10.0 

Uneducated 71 7 9.8 64 90.2 67 94.0 4 5.6 3 4.2 68 95.7 58 81.7 13 18.3 

Total 200 14  186  185  15  7  193  174  26  

+ = Positive              ⎯ = Negative  

 

Table 9. Showing seroprevalence of Toxoplasma IgM and IgG and Anti-phospholipid IgM and IgG in pregnant women according to education. 

Test Total 

Toxoplasma IgM Toxoplasma IgG Anti-phospholipid IgM Anti-phospholipid IgG 

+ ⎯ + ⎯ + ⎯ + ⎯ 

No % No % No % No % No % No % No % No % 

Educated 129 9 7.0 120 93.0 74 57.4 55 42.6 24 18.6 105 81.4 13 10.0 116 90.0 

Uneducated 71 6 8.4 65 91.6 51 71.8 20 28.2 16 22.5 55 77.5 7 9.8 64 90.1 

Total 200 15  185  125  75  40  160  20  180  

+ = Positive             ⎯ = Negative  

 

Table 10. Showing seroprevalence of CMV IgM and IgG and Rubella IgM and IgG in pregnant women according to age group.  

Test Total 

CMV IgM CMV IgG Rubella IgM Rubella IgG 

+ ⎯ + ⎯ + ⎯ + ⎯ 

No % No % No % No % No % No % No % No % 

15-20 36 3 8.3 33 91.6 34 94.4 2 5.6 2 5.6 34 94.4 30 83.3 6 16.6 

21-26 82 5 6.1 77 93.9 73 89.0 9 10.9 2 2.4 80 97.5 71 86.5 11 13.4 

27-32 66 5 7.5 61 92.5 63 95.5 3 4.5 3 4.5 63 95.4 60 90.9 6 9.1 

33-38 16 1 6.3 15 93.7 15 93.7 1 6.2 0 0 16 100 13 81.2 3 27.2 

Total 200 14  186  185  15  7  193  174  26  

+ = Positive              ⎯ = Negative  
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Table 11. Showing seroprevalence of Toxoplasma IgM and IgG and anti-phospholipid IgM and IgG in pregnant women according to age group.  

Tests Total 

Toxoplasma IgM Toxoplasma IgG Anti-phospholipid IgM Anti-phospholipid IgG 

+ ⎯ + ⎯ + ⎯ + ⎯ 

No % No % No % No % No % No % No % No % 

15-20 36 2 5.6 34 94.4 22 61.1 14 38.8 5 13.8 31 86.1 5 13.8 31 86.1 

21-26 82 8 9.7 74 90.2 51 62.2 31 37.8 18 22.0 64 78.0 8 9.7 74 90.2 

27-32 66 4 6.0 62 94.0 41 62.1 25 37.8 14 21.2 52 78.7 6 9.1 60 90.9 

33-38 16 1 6.3 15 93.7 11 68.7 5 31.2 3 18.7 13 81.3 1 6.2 15 93.7 

Total 200 15  185  125  75  40  160  20  80  

+ = Positive              ⎯ = Negative  

4. Discussion 

During pregnancy, the maternal immune system undergoes 

significant adaptations to tolerate the developing fetus; however, this 

natural immunosuppression, particularly during the first trimester, 

increases the mother's susceptibility to various infections [11]. Exposure 

to pathogens such as Rubella, CMV, and other viruses can further 

compromise immune defenses. Consequently, the weakened immune 

system struggles to protect the fetus, significantly elevating the risk of 

abortion [12]. 

In this study, comparisons of positive IgM antibodies among the 

targeted pathogens revealed that APL was the most frequent, followed by 

Toxoplasma gondii and CMV, with Rubella showing the lowest recent 

infection rate. For IgG antibodies, CMV was the most prevalent, followed 

by Rubella and Toxoplasma gondii, while APL was the least common. 

These findings align with reports from other regions globally, including 

other areas of Yemen and neighboring countries [13]. Although the CMV 

IgG prevalence in the present study was slightly lower than rates reported 

in some developed nations, it is consistent with previous findings in 

Hodeidah City, Yemen (98.7%) [14], as well as in Iraq (98.3%) [15], 

Turkey (97.2%) (Uysal et al., 2012) [16], Qatar (96.5%) [17], Bahrain 

(100%) [18], Tunisia (96.3%) [19], Palestine (99.6%) [20], Egypt (100%) 

[21], Sudan (97.5%) [22], Nigeria (93.2%) [23], and Ethiopia (88.5%) [24]. 

Our results are also in agreement with Tamer et al. [25], who 

investigated the seroprevalence of these agents in western Turkey, finding 

similar trends in IgG and IgM distributions. Furthermore, Aynioglu et al. 

[4] reported comparable findings among pregnant women in 

northwestern Turkey. Additionally, our observation that Toxoplasma 

gondii IgG positivity (62.5%) significantly outpaced IgM positivity (7.5%) 

mirrors findings from Hadi et al. [26] in Qadisiyah province, Iraq, where 

IgG and IgM rates were 44% and 4%, respectively. Similar 

seroepidemiological patterns have been documented in Sana'a [27] and 

Taiz [28], Yemen, as well as in western Sudan [29]. Consistent findings 

were also reported by Hajipour et al. [30] in their cross-sectional 

assessment of TORCH infections. 

Infections by Toxoplasma gondii are primarily linked to the 

environmental distribution of oocysts shed by cats, which can persist for 

extended periods under normal conditions [31]. Waterborne transmission 

via contaminated sources is a well-documented global issue [32]. The 

consumption of bottled water and improvements in the quality of tap 

water [33] could reduce oocyst ingestion. Regional variations in 

seroprevalence may stem from differences in meat consumption, cooking 

practices, and the underlying Toxoplasma burden in local livestock [8]. 

Viruses like CMV have evolved sophisticated mechanisms to evade 

the host's immune system, such as capturing host genes encoding 

cytokines, because these viral proteins have cellular counterparts [34], or 

down-regulating MHC class I and II synthesis. Additionally, some express 

secreted proteins that suppress inflammatory responses, such as murine 

IL-10 [35] and ebvIL-10 [10]. When comparing CMV and Rubella in our 

cohort, CMV consistently demonstrated higher rates of both IgM and IgG 

seropositivity. This predominance of CMV is a recognized pattern, 

supported by studies in Ghana [10], western Turkey [25], Ethiopia [36], 

Iraq , and among Syrian refugees [37]. Similar distributions were reported 

in Hodeidah [14] and Iran [38]. 

Demographically, a higher proportion of cases originated from rural 

districts (53.0%) compared to urban areas (47.0%). This trend is 

supported by Alghalibi et al. [14], as well as research in China [39] and 

Tanzania [40]. This geographic disparity may be influenced by varying 

social backgrounds, living environments, education levels, access to 

healthcare [39], alongside a greater lack of reproductive health 

information and differing cultural factors in rural settings [41-43]. 

The abortion frequencies observed here align with findings from Iraq 

[44] and other regional studies in Yemen [45], as well as China [39], 

confirming that multiple factors are associated with the acquisition of CMV 

[29]. 

Notably, education appeared to play a critical role; educated women 

represented a larger portion of our study sample (64.5%), likely due to 

higher health literacy and more frequent interaction with wider social 

environments [46]. This agrees with prior research in Yemen [27], though 

it contrasts with findings from China [39]. Studies in Taiz [28] and other 

international cohorts [10, 47] further highlight these disparities. 

Uneducated women may not visit clinics as regularly, meaning educated 

pregnant women are represented at a higher average in our data 

compared to uneducated women [48]. Educated women may also be more 

proactive in using protection, preventing infection transmission [49]. 

Finally, age distribution analysis revealed that women aged 21–26 

years were the most affected (41.0%), a finding consistent with findings 

from Sana'a [45] and Hodeidah [14]. Similar age trends were recorded in 

Iran [38] and Ghana [10]. This peak in abortion rates among young 

women may be associated with hormonal fluctuations, particularly 

involving progesterone and estrogen, alongside specific immune factors 

present during pregnancy [46]. 

5. Conclusions 

CMV emerged as the predominant causative agent among the IgG-

seropositive pregnant women in Dhamar City. Overall, recent infections 

(indicated by positive IgM) were most frequently associated with APL, 

followed by Toxoplasma gondii and CMV, while Rubella showed the lowest 

incidence. Conversely, prior exposure or chronic infection (indicated by 

positive IgG) was highest for CMV, followed by Rubella and Toxoplasma 

gondii, with APL being the least common. The highest burden of these 

infections was observed among pregnant women aged 21 to 26 years. The 

significant differences between IgM and IgG seropositivity rates highlight 

varying levels of past and recent exposures among the participants. Based 

on these findings, we strongly recommend further investigation into the 

spread of these infectious agents to prevent stillbirths and abortions. 

Enhancing patient awareness regarding the critical importance of regular 

antenatal clinical visits, especially during the first trimester, is essential. 

Furthermore, evidence-based recommendations, such as administering 

the Rubella vaccine to women of childbearing age, should be actively 

promoted, alongside continued research into maternal infectious diseases. 
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Abstract                                                                                                                                             

Background and Objective: Managing tibial fractures complicated by extensive bone loss, soft tissue defects, and infected nonunion remains a significant 

orthopedic challenge. While techniques like vascularized bone grafts or bone transport exist, they often fail to address infection and nonunion simultaneously. 

This study evaluates the effectiveness of the Ilizarov technique in simultaneously managing these complex tibial defects. Patients and Methods: A retrospective 

analysis was conducted on 79 patients (aged 12–60 years) with tibial diaphyseal defects > 5 cm treated using the Ilizarov technique between 2004 and 2016. The 

cohort comprised 67 open fractures (84.8%) and 12 closed fractures with postoperative infections (15.2%). Etiologies included gunshot injuries (n=53, 67.1%), 

traffic accidents (n=21, 26.6%), and falls or osteomyelitis (n=5, 6.3%). In 25 cases (31.6%) with adequate soft tissue and no active infection, 2.5–3 mm flexible 

intramedullary K-wires were used to guide the transported segment. The remaining 54 patients (69%) with active infection or poor soft tissue coverage were 

managed exclusively with external fixation. Results: Patients had undergone a mean of 2.8 prior failed surgical procedures (range: 1–16). The mean bone defect 

length was 9.3 cm (range: 5–18 cm). Infection eradication and bone union were successfully achieved in all 79 cases. The mean external fixation index was 1.3 

months/cm. Bone results were excellent in 71 patients (89.9%), good in 5 (6.3%), fair in 2 (3.8%), and poor in 1 (1.3%). Functional results were excellent in 46 

patients (58.2%), good in 28 (35.4%), and fair in 2 (3.8%), with no poor or failed outcomes reported. Skin invagination at the gap site occurred in 34 patients 

(43%), requiring surgical adjustment in 27 (34.2%); notably, such adjustments were unnecessary when intramedullary flexible K-nails were utilized. 

Conclusion: The Ilizarov technique is a highly effective solution for challenging tibial defects, allowing for the simultaneous resolution of bone loss, infection, 

nonunion, and soft tissue compromises. Furthermore, the adjunctive use of flexible intramedullary K-nails mitigates the need for subsequent docking site 

adjustments. 

Keywords: Ilizarov Technique; Tibial Bone Defect; Nonunion; Tibial Bone Lengthening 

1. Introduction 

Tibial fractures complicated by extensive bone and soft tissue loss, or 

secondary bone defects resulting from infected nonunions, remain 

formidable challenges for orthopedic surgeons and are associated with 

significant long-term morbidity. While acute shortening of more than 4 cm 

is sometimes utilized, this approach can induce tortuous vasculature, 

resulting in a low-flow state with severe detrimental consequences. 

Furthermore, acute compression of open soft-tissue wounds can lead to 

tissue bunching, devascularization, significant edema, and an elevated risk 

of subsequent necrosis and infection [1-4]. 

Historically, the complexity of managing segmental long-bone defects 

often necessitated amputation; however, the clinical emphasis has 

progressively shifted toward limb salvage. As Keating et al. [5] noted, limb 

reconstruction in the presence of massive bone loss is technically 

demanding, time-intensive, and physically and psychologically exhausting 

for the patient, often yielding unpredictable outcomes. Successful 

reconstruction fundamentally requires an infection-free environment 

coupled with stable, reliable fixation.  

Currently, a variety of surgical strategies are utilized to address these 

defects, including fibular grafts [6], free vascularized iliac crest grafts [7], 

tibiofibular synostosis [8], the Masquelet induced membrane technique 

[9], and distraction osteogenesis via bone transport [10-15]. The sheer 

diversity of these reconstructive methods underscores the inherent 

difficulty of achieving osseous union across extensive defect gaps. 

Consequently, the present study aims to evaluate the clinical efficacy of 

the Ilizarov technique in managing tibial nonunions complicated by 

segmental bone loss. 

2. Patients and Method 

This study utilizes a prospective cohort design reviewing patients in a 

multicenter study from 2004 to 2016, which was carried out at the 

orthopedic unit of Al Wahda Educational Hospital, Maabar, Thamar 

University, First Orthopedic and Plastic Hospital, Sana'a, and General 

Military Hospital, Sana'a, and informed consent was obtained from all 

patients. Out of 79 patients, 75 (94.9%) were male, and 4 (5.1%) were 

female. 

The procedure is ethically sound when performed with appropriate 

medical and ethical standards. The institutional review board approval 

has been obtained from the ethics committee of each hospital included in 
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our research. A written inform consent has been gotten from patients or 

their families. 

Patients from either gender were included with an age range from 12 

to 60 years, if they had a tibial bone defect of more than 5cm due to bone 

loss after trauma or debridement. Patients lost to follow-up, and those 

demanding premature fixator removal were excluded. The defect 

developed in 53 (67.1%) patients as a result of gunshot injury and in 21 

(26.6%) patients as a result of traffic accidents, and 5 (6.3%) as a result of 

falling from height and osteomyelitis. 

We defined primary bone loss as bone missing immediately at the 

time of injury and secondary bone loss as the bone defect resulting from 

subsequent surgical debridement. In our cohort, primary bone loss was 

present in 67.09% of patients, while secondary bone loss occurred in 

32.91% of patients. Fractures were located in the distal third of the tibia in 

41, 8 in the proximal third, and 30 were located in the middle third; thirty 

were on the right, and forty-nine were on the left lower extremity. 

At presentation, a detailed history was obtained for the initial injury 

and previous surgical interventions. The patients were examined for the 

condition of soft tissue, presence of shortening, neurovascular deficiency, 

and active infection, if any, and the function of relevant joints was 

documented. Radiological evaluation was done to determine the fracture 

pattern, plane of deformity, alignment, and to look for signs of 

osteomyelitis.  

At the time of surgery, in cases presenting with infected nonunion, 

the definitive bone defect size was measured intraoperatively after radical 

debridement and resection of all infected and non-viable bone segments. 

36 (45.6%) tibial nonunions with bone defect or shortening were 

diagnosed as infected. Resection of all devitalized or sclerotic bone and 

fibrous tissue was removed from the site, leaving healthy, viable bone 

ends. The medulla was opened, and the defect was measured.  In those 

cases, with a big defect (more than 10 cm), we used 2 flexible 

intramedullary nails or 2.5 mm K wires to guide the transported segment, 

and we didn’t apply an intramedullary nail in cases of infection or poor 

soft tissue coverage. In case of bad skin cover, muscle-cutaneous flab is 

used to cover the anterior aspect of the leg. Soft tissue coverage was 

achieved using local rotational flaps, free microvascular flaps, or split-

thickness skin grafting, depending on the wound requirements.  

Data were analyzed for mean age, mean bone defects, mean follow-

up, bone union, bone results, functional results, complications per patient, 

external fixation time, and external fixation index were recorded and 

statistically analyzed using weighted means based on the sample size in 

the study by SPSS software. Continuous variables were analyzed using the 

Student’s t-test or Mann-Whitney U test, depending on normality. 

Categorical variables were compared using the Chi-square test or Fisher’s 

exact test. A statistically significant difference was set at P < 0.05. 

3. Management Protocol & Operative Technique 

After completing pre-operative investigations, we performed a 

careful preparation that included assessment of the size of the bone defect, 

identification of the infecting microorganisms, and evaluation of the 

condition of both the adjacent soft tissue and the neighboring joints, as 

shown in Figure 1. 

In infected cases, according to microbiological sensitivity tests, an 

appropriate antibiotic was selected and used until there were no clinical 

signs of acute infection (redness, swelling, or pus discharge). The patient is 

placed in the supine position on a radiolucent operating table. The injured 

leg is in position. Anesthesia is given. The site of the infected nonunion 

was exposed through a standard approach. Samples for culture and 

sensitivity were taken promptly to the laboratory and processed 

immediately.  

Resection of all devitalized or sclerotic bone and fibrous tissue was 

removed from the site, leaving healthy, viable bone ends; the medulla was 

opened (Figure 2). If the fibula was intact, a resection was carried out 

between the fracture and osteotomy site, so that the lengthening could be 

done. 

 To decrease the operation time, an Ilizarov frame was constructed 

preoperatively according to the fracture and cortico- or osteotomy sites. 

For bone transport, the simplest, most commonly used configuration 

consists of three rings, with one proximal to the corticotomy site, one 

distal to the zone of the original defect, and one in the transport segment. 

Most of the time, we used an image intensifier to achieve reduction and 

near-normal alignment of the fracture. For each ring, a minimum of 2 

wires was used.  

 

 

Figure 1: Preoperative clinical presentation and radiograph of a patient with a left 
tibial bone defect resulting from a gunshot injury, initially stabilized with a temporary 
external fixator. 

 

 

Figure 2: Intraoperative clinical view following the removal of the temporary external 
fixator and the radical debridement of infected, devitalized bone and soft tissue.  

 

While inserting the wires, they were first gently pushed up to the 

bone through the skin and then drilled with a power drill. As soon as they 

come out through the other cortex, they are gently hammered to get out to 

the other side. Muscles were at their maximum length while inserting the 

pins, and all the wires were passed through safe zones. All the wires were 

tensionized before fastening to rings, either with a wire tensioner or 

manually with spanners at both ends simultaneously on plain wires and 

only the opposite end on olive tip wires. A corticotomy is then performed 

using a Gigli saw from the posterior aspect and an osteotome from the 

medial and lateral aspects. At the end of the surgical procedure, the 

hemovac drain was routinely used. In cases with bad skin cover, muscle-

cutaneous flab is used to cover the anterior aspect of the leg (was done in 

2 cases).  

In active infected cases, treatment was performed in two stages. In 

the first stage, an accurate debridement of the infected nonunion site, with 

bone end transverse resection until healthy bone was observed, and 

complete excision of the infected and necrotic soft tissues was performed, 

and cultures were taken. At this time, the Ilizarov apparatus was applied 

to the leg (Figure 3). We combined K-wires with Schanz pins to make the 

fixator more rigid and stable at the proximal and distal ends of the tibia, 

with only K-wires in the segment for transport to decrease deep lesions in 

soft tissues during transport. The assembly must be extended to the hind- 

and forefoot in patients in whom a loss of tissue in the distal tibia requires 

extensive resection, and the length of the distal tibial fragment is only a 

few centimeters in length, and if the bone defect is more than 5 cm, to 

prevent equins deformity.  
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Figure 3: Postoperative radiograph and clinical photograph demonstrating the 
application of the Ilizarov circular frame, utilizing flexible intramedullary K-wires as 
guides for the transported bone segment. 

 

By the end of the distraction phase, the part of the device that is in the 

forefoot was removed. When the infection had subsided and the wound 

was healed, the second step consisted of performing a corticotomy at the 

proximal or distal tibial metaphysis according to the resection site, distal 

or proximal (Figure 4). 

 

Figure 4: Radiographic and clinical appearance after the distraction osteogenesis 
phase, illustrating the transit of the bone segment and the developing regenerated 
bone. 

 

In the noninfected cases, debridement and corticotomy were 

performed in one step with two 2.5 mm K-wires intramedullary to guide 

the segment of transport. After a delay of 5 to 10 days, distraction is begun 

by turning the nuts on the metal rods 0.5mm, two times per day, for a total 

distraction of 1mm per day. Knee and ankle kinesitherapy and muscle 

strengthening are started immediately, and standing and walking start a 

few days after the operation.  

Patients were initially followed every 2 weeks till the lengthening was 

completed, and thereafter monthly till the consolidation of the regenerate. 

Once bone ends were in near apposition, a docking procedure was 

performed as necessary. Compression over the docking site was 

maintained by ¼ turn 2x/week. 

In our study, the bone ends at the defect site were cut in a transverse 

manner at the primary debridement or at the time of adjustment or 

docking site procedure, to make a maximal contact area when the 

transported segment comes into contact with the other fragment, and to 

avoid bone graft as shown in Figure 5.     

 

Figure 5: Final clinical and radiographic outcomes demonstrating complete 
consolidation at the docking site, mature regenerated bone calcification, and 
restoration of limb alignment following the removal of the Ilizarov frame. 

 

Once the distraction is stopped, the frame remains attached to allow 

the new bone to harden. Dynamization was performed in all cases before 

the removal of the frame. This time is usually one month per cm of new 

bone formed. After this time the fixator removal was performed either in 

the Outpatient Department (OPD) without anesthesia for cooperative 

patients with stable clinical signs, or in the Operating Room (OR) under 

General Anesthesia (GA). GA was strictly reserved for pediatric patients, 

highly anxious individuals, or cases requiring significant pin tract 

debridement. 

4. Results  

The clinical outcomes of the 79 patients were evaluated following a 

mean of 2.8 prior failed surgical procedures (range: 0–16). The mean 

length of the tibial bone defect was 9.3 cm (range: 5–16 cm). Infection was 

successfully eradicated in all 37 cases presenting with infected nonunion. 

Furthermore, definitive bone union was achieved in all 79 patients. The 

mean external fixation index was 1.3 months/cm. Statistical analysis 

revealed no significant difference in the external fixation index between 

infected and non-infected cases (P = 0.630), as detailed in Table 1. 

Table 1. Association Between Infected and Non-Infected Cases Regarding External 
Fixation Index 

Status 
Mean Time for Frame 

Removal (Days) 

Standard 

Deviation (SD) 
P-value 

Infected 347 85.5 

0.630 

Non-Infected 359 124.9 

Note to typesetter: The P-value applies to the comparison between the two groups 

 

Outcomes were classified using the Association for the Study and 

Application of the Method of Ilizarov (ASAMI) scoring system [16]. Bone 

results were categorized as excellent in 68 patients (86.1%), good in 6 

(7.6%), fair in 1 (1.3%), and poor in 4 (5.1%) (Table 2). Functional results 

were excellent in 46 patients (58.2%), good in 28 (35.4%), and fair in 5 

(6.3%). Notably, there were no patients with poor functional results or 

total failure (Table 3). 

All the patients had achieved consolidation of the regenerate at the 

distracted site before union at the compression site, even those whom 

acute compression at the fracture site, followed by lengthening. 
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Table 2. Evaluation of the bony results using the ASAMI scoring system (n = 79) [16]. 

Bone 

results 

No. of 

patients 
% Criteria 

Excellent 68 86.08 
Union, no infection, deformity < 7°, limb 

length discrepancy (LLD) < 2.5 cm 

Good 6 7.59 

Union plus any two of the following: 

absence of infection, deformity < 7°, LLD 

< 2.5 cm. 

Fair 1 1.27 

Union plus any one of the following: 

absence of infection, deformity < 7°, LLD 

< 2.5 cm. 

Poor 4 5.06 

Nonunion/refracture/union plus 

infection plus deformity > 7° plus LLD > 

2.5 cm 

Table 3. Evaluation of the functional results using the ASAMI scoring system (n = 79) 

Functional 

results 

No. of 

patients 
% Criteria 

Excellent 46 58.23 

Active, no limp, minimum stiffness (loss 

of < 15° knee extension/< 15° ankle 

dorsiflexion), no reflex sympathetic 

dystrophy (RSD), insignificant pain. 

Good 28 35.44 
Active, with one or two of the following: 

limp, stiffness, RSD, significant pain 

Fair 5 6.33 

Active, with three or all of the 

following: limp, stiffness, RSD, 

significant pain 

Poor 0 0 

Inactive (unemployment or inability to 

return to daily activities because of 

injury) 

Failure 0 0 Amputation 

There was no relation between the infected and non-infected cases for the external 

fixator index (P > 0.05). 

 

Complications were divided into problems, obstacles, and true 

complications according to a system proposed by Paley [17] (Table 4). 

Problems are difficulties encountered while the fixator is still in place 

(distraction and consolidation period) and are resolved without operative 

treatment. Obstacles are complications encountered while the fixator is in 

place and are resolved by operative treatment. True complications are 

those that arise after the removal of the fixator and resolved operative 

treatment. 

Table 4. Complications Encountered During and After Treatment. 

Problems  Obstacles  
True 

Complications 

1. Pain during the distraction 

period 41/79 

2. Infection at the regenerate 

site 2/79 

3. Pin tract infection – 79/79 

4. Infected at the regenerate 

site - 2/79 

5. Knee Contracture – 1/79  

6. Angulation of fragments – 

5/79 

1. Insufficient regeneration 

– 2/79 

2. Premature Ossification of 

regenerate bone – 4/79 

3. Skin invagination over 

gap site – 34/79 

4. Adjustment was done in 

27/79. 

5. Bone graft -1/79 

1. Equines deformity 

– 2/79 

2. Refracture – 3/79 

 

Premature ossification of the corticotomy site occurred in four 

patients. These were all treated by repeat corticotomy. Skin invagination 

over the gap site was seen in thirty-four (43%) patients, all of whom had 

big bone defects. All were resolved by a docking procedure, which 

necessitated removal of fibrous tissue from the gap site and adjustment of 

the bone ends if necessary.  

A bone graft was performed in one case. Adjustment was done in 27 

(34.2%) patients. Refracture at the docking site, which occurred after the 

removal of the fixator, was noted in 3 (3.8%) cases, two of which were 

managed by cast for three months, and the third was managed by 

reapplication of the Ilizarov apparatus after refreshment of the fracture 

site, and it was removed after 5 months. Achilles tendon lengthening for 

equinus deformity was performed in one patient. Pin tract infection was 

the most common complication. All the patients had a feeling of pain 

during the distraction period and required oral analgesics. 

A total of 41 patients who required lengthening of more than 5 cm 

complained of pain during distraction, especially at the knee joint and at 

the site of the K-wires near the docking site. This was treated with 

analgesia (acetaminophen-codeine combination) as necessary or to divide 

distraction into times or four times. No neurovascular problems were 

caused by either intraoperative pin insertion. No patient developed 

compartment syndrome. Invagination was noted in 34 (43%) cases, bone 

graft was performed in one case. Adjustment was done in 27 (34.2%) 

patients. 

The Ilizarov External Fixator (IEF) provides sufficient stability and 

beneficial cyclical axial loading and minimizes shear forces, all of which 

are important for fracture healing. The axial deviation during bone 

transport occurred in 27 patients and frame adjustments for modification 

were performed in these patients. 

5. Discussion 

Most authors reported that although the autogenous bone grafts, 

allografts, bone graft substitutes, and vascularized fibular bone grafts are 

effective in the treatment of selected long bone nonunions with defects, 

these techniques have their limitations. Tibial nonunion with a bone defect 

is usually not an isolated problem. It may be associated with infection, 

shortening, soft tissue dystrophy, disuse osteoporosis, equinus deformity, 

angular deformity, and neurovascular damage. Joshi and Kostakis [18] and 

Li et al., [19] reported that a conventional autogenous bone grafting has 

limitations for the treatment of large defects, the time-period for graft 

incorporation is prolonged, and the quantity of available autogenous graft 

is limited, as well as producing significant donor site morbidity, late stress 

fracture, and nonunion at the graft site, blood loss, and paraesthesia [18-

21], superficial infection [20, 22-24], hematoma [18, 25], poor cosmesis 

[20, 26] and most commonly, acute or chronic donor site pain [18-20, 22-

24, 26-30]. Moreover, Toh and Jupiter [31] and Corona et al. [32] believed 

that in an infected defect, scarring of the soft-tissue envelope 

compromises revascularization of the graft. 

Also, Ziran et al. [33] supported that the use of 

AlloMatrix/demineralized bone matrix as an alternative for autogenous 

bone graft in the treatment of nonunions resulted in an unacceptably high 

rate of complications, especially if there is a large volumetric defect or a 

history of any prior contamination of the tissue bed. 

Most authors believe that a free vascularized fibula grafting is 

technically challenging and confers its own set of inherent risks and 

potential complications. Adequate hypertrophy of the incorporated fibular 

graft may take several years, and prolonged bracing, problems with union, 

as well as fatigue/stress fracture are common, which range between 10% 

and 25% [34-39]. Furthermore, donor site morbidity has been well 

documented, and up to 10% of patients may subsequently develop ankle 

pain, instability, and/or progressive valgus deformity if fibula harvest is 

not performed with proper technique [34, 40, 41]. 

In our study, the mean external fixation index was 1.3 months/cm, 

and the complications per patient were 2.6. The first data were better than 

the average data that were recorded in the literature, but the complication 

rate per patient was higher. Excellent rate in bone results was 86.1%, and 

good 7.6%, and excellent rate in functional results was 58.2%, meanwhile, 

good 35.4%   in our study; these data were also better than the average 

data that was recorded in the literature. This current study reports an 

average defect of 9.4 centimeters (5 – 17 cm) as listed in Table 5. 

Lavini et al. [42] performed application of the technique of acute 

compression and lengthening was performed only in two patients, and 

both patients had developed pus formation at the site of compression, 

which we explain as due to soft tissue stacking. So, it was limited to the 

extent of bone defects. Although acute compression beyond 4-5 cm could 

cause overmuch soft tissue stacking and arteriolar occlusion, which could 

affect new bone formation and the healing of fracture ends. Magadum et 

al. [43] represented in their literature, a huge bone defects (mean 10 cm, 

maximum 17 cm) were treated successfully by acute compression and 

distraction.  

Bone transport could achieve good results in the treatment of both 

small and massive bone defects  [44-48]. So, bone transport has no limit 

for the extent of bone defects, and it gives the surgeon the confidence to 

remove as much bone as necessary to ensure complete removal of 

pathologic bone. We achieved not only filling the bone defect and 

nonunion, but also the eradication of infection in all 37 cases. Green [49] 
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proved that, as Ilizarov is often quoted, “osteomyelitis burns in the flames 

of the regenerate”. Sveshnikov et al. [50] found that the vascularity is 

noted to increase in the vicinity of the corticotomy site. This 

neovascularization promotes healing and also helps eradicate infection. 

Green et al. [51] conducted that wound breakdown, invagination, pin-

track infection, skin invagination, and axial deviation were common 

complications in the course of bone transport. Soft tissue interposition 

also prevents compression and new bone formation at the docking site. 

 

Table 5. Comparison of Clinical Outcomes in Established Bone-Transport Studies. 

Reference 
Number of 

patients 

Mean of 

bone loss 

(cm) 

External 

fixator index 

(months/cm) 

Complication 

rate per patient 

Sen et al. [52] 17 5.6 1.4 1.2 

Atesalp et al. [53] 43 9.7 1.4 1.1 

Cattaneo et al. [54] 28 4.0 2.2 0.6 

Green et al. [51] 17 5.1 1.9 3.5 

Zorn & Iii [55] 21 6.5 2.6 1,4 

Biermann et al. 

[10] 
25 4.1 2.1 2.1 

Saleh & Rees [56] 8 6.5 2.5 2.2 

Dendrinos et al. 

[57] 
28 6.0 1.7 2.5 

Polyzois et al. [58] 42 6.0 1.6 1.4 

Song et al. [11] 27 8.3 1.0 0.5 

Paley & Maar [15] 19 10.0 1.6 2.9 

Yin et al. [59] 66 6.27 1.38 1.08 

Present Study 79 9.3 1.3 2.6 

 

Our study adopts regular adjustment and skin elevation at the 

docking site, and we have noted shortening of the time for healing at the 

docking site. The external fixator index was 1.3 cm/month. During 

adjustment, elevation of the skin due to invagination and docking site 

procedure, we had noted not only an increase in the vascularity at the 

bone ends, but also the medullary canal at both ends became close, and the 

shape becomes difference comparison with the initial shape after 

resection at the first operation. We think that after the last procedures, we 

refresh both ends and perform multiple drilling, opening the medullary 

canal if possible, and continue compression, and we achieve healing in a 

good position and faster than without these procedures. We avoid the 

necessity for a bone graft. The only case where a bone graft was done was 

due to healing at the docking site with a diameter less than half the 

diameter of the bone after prematurity of the regenerate. 

If the contact area at the docking site is small, bone grafting will be 

necessary [11, 56, 60-63]. Several studies have reported that 80 to 100% 

Song et al. [11], Schultz et al. [64], 10% Thirumal and Shong [60], and 50% 

Maini et al. [61] of cases have required bone grafting at the docking site. 

The leading edge of the transported segment is relatively avascular. Green 

et al. [51] and Paley et al. [15] reported that this can delay union, unless 

the sclerotic end is trimmed, and 50% of patients reportedly undergo 

debridement of the leading edge of the transported segment.   

In our study, most of the bone defects were due to high-energy 

trauma 93.7% (gunshot and RTA 67.1% and 26.6% respectively), open 

fractures were 84.8%, the distal third was involved 51.9%, the middle 

38.05 whereas the proximal third was involved only in 10.1% only and 

this fact is due to poor soft tissue at the distal part of the leg.  

Ilizarov technique studies reported that most complications were 

related to the docking site, such as nonunion, delayed union, 

malalignment, low cross-sectional area, and soft-tissue invagination [15, 

16, 51, 55, 65-67]. Despite the many complications, the Ilizarov method 

has shown its versatility and reliability in the treatment of cases with 

problematic bone defects, infection, shortening, nonunions, complex 

trauma, and deformities. 

The initial treatment by AO external fixation was in 59 (74.7 %) cases, 

to stabilize the injured segment of the limb with minimal additional 

trauma, avoiding introducing foreign bodies in the damage zone. 

Moreover, one-planer of the external fixation practically doesn’t restrict 

surgical access to an injured limb and doesn’t disturb further closure of 

skin defects. Simplicity of the application, less traumatic methods of 

external fixation, and relatively short duration of the operation are 

significant for patients with multiple traumas and in cases of mass 

hospitalization. 

Only primary fixation by the Ilizarov technique was applied in 8 

(10.1%) cases. 12 (15.2%) cases as a sequel of infection after open 

reduction and internal fixation by plates or due to osteomyelitis. The need 

for distraction osteogenesis due to bone defects was most frequent in 

young adults (21–40 years). 

Ilizarov bone transport is an effective salvage tool in obtaining union 

in patients with an infected nonunion and as a primary tool in patients 

with large segmental bone loss due to trauma. The lengthy treatment time 

and considerable number of complications must be fully understood by 

both the surgeon and the patient prior to undertaking this complex 

treatment process. 

6. Conclusion 

 The Ilizarov technique remains a highly effective and versatile 

modality for managing complex tibial defects. It uniquely enables the 

simultaneous resolution of massive segmental bone loss, active infection, 

nonunion, and compromised soft tissue envelopes. Furthermore, the 

adjunctive use of flexible intramedullary K-wires significantly mitigates 

the need for subsequent surgical adjustments at the docking site. Crucially, 

the empirical outcomes of this study demonstrate that the initial presence 

of active infection does not adversely affect the external fixation index or 

the overall success of bone transport when utilizing this protocol.  
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Abstract 

As cyberattacks grow increasingly sophisticated and frequent, the need for advanced mechanisms to protect modern network systems has become more pressing, 

especially in sensitive environments such as automotive networks. This research presents a systematic review, complemented by a sensitivity-based 

quantitative trend analysis, of recent efforts to employ Machine Learning (ML) and Deep Learning (DL) techniques for intrusion detection and prevention within 

automotive networks, with a particular focus on the Controller Area Network (CAN) bus. The research employs a clear and reproducible methodology for 

identifying, screening, and evaluating relevant studies, guided by the PRISMA framework. It also presents a structured classification that groups current approaches 

according to model type, data sources, and evaluation strategies. Furthermore, the review provides a comparative analysis highlighting the key strengths, 

weaknesses, and experimental performance of various IDS/IPS techniques in automotive environments. In addition, the study includes a sensitivity-based 

quantitative summary of reported accuracy patterns in the literature, offering an exploratory and sensitivity-aware view of performance trends rather than a 

formal pooled estimate. The analysis encompassed 56 studies published between 2018 and 2025, covering diverse datasets, methodological designs, and 

multiple detection objectives. The findings reveal ongoing challenges, including real-time limitations, limited computational resources, and dataset variability, 

while also pointing to promising research avenues that could contribute to the development of more efficient AI-based intrusion detection and prevention 

systems for connected and autonomous vehicles. 

Index Terms—CAN Bus, Vehicular Networks, In- Vehicle Communication, Intrusion Detection System, Sensitivity Analysis, Machine Learning, Deep Learning, 

Automotive Cybersecurity 

1. Introduction 

With the rapid development of modern technologies and the ever-

increasing reliance of systems on networking across various sectors of life, 

industry, and transportation, cybersecurity has become more critical than 

ever. Maintaining data confidentiality, integrity, and availability is no 

longer a secondary option but a fundamental necessity, especially given 

the rise in cyberattacks and their significantly evolving methods. In this 

context, Intrusion Detection Systems (IDS) and Intrusion Prevention 

Systems (IPS) represent the first line of defense, monitoring network 

traffic and detecting any suspicious behavior before it develops into an 

actual threat. However, traditional signature-based methods often 

struggle to address new and sophisticated attacks, particularly in sensitive 

environments that demand immediate response, limited resources, and 

high reliability. Artificial intelligence and ML techniques have gained 

increasing attention due to their ability to enhance the performance of 

detection systems and provide higher levels of generalization and 

flexibility in addressing unknown threats [1-5].  

This research employs a hybrid structure that combines systematic 

review methodology with a sensitivity-based quantitative trend analysis. 

The established steps of systematic reviews were followed, including 

comprehensive database searches, screening processes, quality 

assessment, and study selection within the PRISMA framework. 

Simultaneously, the research incorporates a broader analytical 

perspective, consistent with the nature of survey studies, allowing for 

comparison of current trends and review of advanced methods and 

techniques in this field.  

In addition to qualitative analysis, the study includes a sensitivity-

based quantitative synthesis intended to summarize reported accuracy 

patterns across several IDS/IPS studies under explicit simplifying 

assumptions. This component is not intended to provide a formal pooled 

effect estimate; rather, it offers an exploratory view of performance trends 

across the reviewed literature. This dual approach provides both 

analytical depth and a structured quantitative perspective, contributing to 

a more comprehensive understanding of detection and prevention 

mechanisms within vehicle networks, particularly those based on the CAN 
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bus. 

1.1 Scope 

This research focuses on intrusion detection and prevention 

mechanisms within vehicle communication environments, with 

particular attention to the control bus known as CAN. Accordingly, the 

study is limited to data traffic within vehicles and their associated 

networks, excluding enterprise or public networks. 

In this context, the research reviews the most recent developments 

in employing artificial intelligence techniques to detect malicious 

activity in vehicle systems. It also addresses ML and DL methods used 

to improve detection speed and accuracy and enhance system resilience, 

while acknowledging the limitations identified in previous studies. 

Furthermore, the research discusses the key challenges facing the 

development of intelligent detection and prevention solutions in 

resource- constrained vehicle environments and highlights research 

trends that warrant further attention in the future [1, 4-7]. 

1.2 Contributions 

This review offers several contributions that distinguish it from 

previous studies in the field. First, it employs a clear and reproducible 

screening methodology applied to 56 studies published between 2018 and 

2025, enabling researchers to verify and build upon the findings in the 

future. Second, it presents an improved classification for organizing ML and 

DL techniques according to network type in vehicles and their application 

areas, thus helping to organize a fragmented research field. Third, the 

review goes beyond traditional descriptive comparisons by linking 

methodological strengths and weaknesses to practical constraints, such as 

real-time requirements, memory limitations, resilience to repeated 

attacks, and feasibility in resource-constrained systems. Fourth, it provides 

a comprehensive analytical framework that connects datasets, evaluation 

metrics, and factors related to scientific publication, offering a practical 

model for comparing different IDS/IPS techniques. Finally, the review 

highlights promising research trends focused on developing lighter, faster, 

and more standardized solutions to support the next generation of 

intelligent detection and prevention systems in vehicle environments. 

2. Methodology 

This study employs a hybrid methodology that aligns with the 

principles of systematic reviews and survey analyses, complemented by a 

sensitivity-based quantitative trend analysis. It followed a structured 

systematic literature review (SLR), which included identifying studies, 

screening titles and abstracts, assessing eligibility, and ultimately selecting 

the final studies based on the PRISMA framework. Simultaneously, the study 

incorporated a subject-based survey classification and comparative 

analysis to identify technical trends and methodological categories for 

intrusion detection systems in CAN and vehicular networks.  A sensitivity-

based quantitative analysis was conducted to summarize reported 

accuracy trends across the included studies under transparent simplifying 

assumptions. 

This section provides a detailed description of each methodological 

step in a transparent and reproducible manner, enabling future researchers 

to replicate or expand the study. 

2.1 Information Sources and Search Strategy 

This review adopted a systematic search methodology inspired by 

PRISMA principles, documenting the search and screening steps, as well 

as the acceptance and exclusion criteria, to ensure transparency and 

replicability. The search process relied on specialized and widely used 

databases in the fields of computer engineering and cybersecurity, 

including the IEEE Xplore platform, which includes relevant IEEE journals 

and conferences (such as IEEE Access, IV Conferences, VTC, and 

GLOBECOM), and the ACM Digital Library, which focuses on security and 

networking (such as the ACM AsiaCCS conference). 

The study also utilized Elsevier’s ScienceDirect database, which 

includes journals such as Vehicular Communications, Internet of Things, 

and Future Generation Computer Systems, along with open- 

access platforms like MDPI (Sensors) and Hindawi (Security and 

Communication Networks), and the arXiv repository of primary research 

in artificial intelligence and cybersecurity. 

The logical query syntax was customized for each database using 

keywords reflecting the scope of the study, such as: 

"intrusion detection" / IDS / IPS AND (CAN OR "in-

vehicle" OR automotive OR "controller 

area network") AND ("machine learning" OR "deep learning") 

In addition, subtypes of attacks or environments (such as DoS, 

spoofing, and anomaly detection) were included. The search period was 

limited to 2018–2025, prioritizing peer-reviewed research in 

cybersecurity and intelligent vehicle systems. A citation tracking 

mechanism (reviewing the references of listed studies and the studies that 

cited them) was used to ensure that no work was missed in automated 

searches. 

The screening process was initially based on titles and abstracts, 

followed by full-text assessment according to predefined criteria. These 

procedures help ensure the study can be replicated and its findings updated 

in line with PRISMA 2020 recommendations [6-8]. 

2.2 Eligibility Criteria 

2.2.1 Inclusion 

 The study included peer-reviewed research or authoritative 

manuscripts published between 2018 and 2025 related to network traffic 

analysis in the field of cybersecurity, which relies on artificial intelligence 

(ML or DL) techniques for intrusion detection and/or intrusion 

prevention (IDS/IPS) within computer networks, vehicles, or industrial 

systems. For acceptance, studies had to provide a quantitative assessment 

such as accuracy, precision, recall, F1 value, AUC, or other similar metrics, 

in addition to a description of the data used, workloads, or comparison 

and evaluation environments. The study areas were particularly focused 

on in-vehicle networks (CAN/IoV) and wireless industrial sensor networks 

(WSNs), given their prevalence in recent research and their reliance on 

common standards and designs. 

2.2.2 Exclusion  

Editorial reports, short messages, research commentaries, and 

theoretical or conceptual studies lacking empirical evaluation were 

excluded. Research outside the scope of networking or cybersecurity, 

duplicates or replaced versions, and studies containing inconsistent 

information that prevents reliable analysis or replication of results were 

also excluded. Additionally, work with insufficient evaluation details that 

clearly precluded re- experiments or comparisons was not prioritized. 

Rationale: Research on intrusion detection systems in vehicle control 

systems (CAN/IoV IDS) focuses on standardized metrics and comparable 

evaluation environments. Similarly, studies on industrial sensor networks 

(WSNs) rely on standardized performance indicators in ML and DL 

applications. Therefore, the inclusion criteria require the submission of 

quantitative results and clear, reliable evaluation environments to ensure 

reproducibility and reusability. To preserve domain specificity, studies 

based on CAN-native and vehicular datasets were treated as the core 

evidence base of this review, whereas general benchmark datasets were 

retained only for contextual comparison and were interpreted separately 

where necessary. 

2.3 Screening Workflow 

Figure 1 presents the finalized PRISMA-based screening workflow 

used in this review. 

 

Figure 1: Final PRISMA-based screening workflow. 

 

2.4 Data Extraction & Quality Appraisal 

For each study, a set of elements was extracted, including: the 

datasets used, types of attacks, model family, adopted characteristics, 

training system, and key metrics such as accuracy, precision, recall, F1 

value, and AUC, in addition to execution or response time, and 

computation and memory requirements. The risks of bias were also 

discussed from multiple perspectives, including the potential for data 

leakage, addressing class imbalances, the transparency of model parameter 
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adjustments, and the generalizability of the results across different 

environments. Some cited studies were authored by the present research 

group; however, they were retained solely because they satisfied the 

predefined inclusion criteria and contributed directly to the comparative 

scope of the review. 

 

3. Taxonomy of AI Techniques 

As seen, Figure 2 provides a multiaxis taxonomy. 

 

 

Figure 2: Mind-map taxonomy for AI in network traffic analysis. 

 

4. Comparative Analysis 

In this section, we present a concise comparative discussion of 

representative studies that have addressed ML, DL, and hybrid approaches 

for intrusion detection and prevention in CAN and vehicular network 

environments. For clarity and to maintain the flow of the main text, the 

detailed comparative tables are provided in the APPENDICES. Appendix A 

summarizes representative ML studies. Appendix B summarizes 

representative DL studies. Appendix C presents combined, hybrid, 

benchmarking, and overview studies. 

Some representative studies have been selected to illustrate the 

current state of IDS/IPS research in CAN and vehicular network 

environments. These studies were chosen according to the predefined 

inclusion criteria and their relevance to the objectives of this review. 

Recent review studies have emphasized the rapid evolution of AI-based 

intrusion detection techniques in automotive systems, while comparative 

studies have highlighted the importance of evaluating different machine 

learning approaches under realistic conditions to identify their strengths 

and limitations [6, 9]. Accordingly, the selected studies provide a balanced 

and representative overview of current methodological trends, supporting 

a comprehensive comparison of ML-, DL-, and hybrid-based IDS/IPS 

techniques. These supporting tables allow easy reference while preserving 

the readability of the main discussion. 

5. Quantitative Trend Analysis Framework 

Although this research is primarily presented as a systematic review, 

a brief quantitative framework is included to clarify how reported 

accuracy values from the included IDS/IPS studies were summarized. 

Because many studies did not report sample sizes, confidence intervals, or 

variance estimates, this component should not be interpreted as a formal 

effect-size meta-analysis. Rather, it provides a sensitivity-based 

quantitative summary of reported performance trends under explicit 

variance assumptions. 

For each study, denoted by k, the observed accuracy is represented by 

the coefficient θˆk. 

When sample sizes are available, the variance can be calculated using 

the standard estimator for the Bernoulli variable as follows: 

𝑽𝒌 =
𝝑^𝒌(𝟏−𝝑

^
𝒌)

𝒏𝒌
                                                 (1) 

However, because several reviewed studies do not report nk, a 

sensitivity-based variance estimation approach was adopted. This 

approach assumes a set of representative sample sizes: 

n ∈ {100, 500, 1000, 5000}, 

This procedure allows for the evaluation of the resilience of the 

aggregated accuracy value when tested under different assumptions of 

statistical conditions. To examine the stability of trend-level summaries 

under different assumptions, fixed- and random-effect style calculations 

were explored as sensitivity tools rather than as formal pooled estimators. 

In the fixed-effects model, the standardized effect value is calculated using 

the following formula: 

𝝑^𝑭𝑬 =
∑ 𝑾𝒌𝝑

^
𝒌𝒌

∑ 𝑾𝒌𝒌
,          𝑾𝒌 =

𝟏

𝑽𝒌
                            (2) 

For the random-effects model, the DerSimonianLaird estimator is 

used to incorporate between-study variance (τ 2): 

𝝑^𝑭𝑬 =
∑ 𝑾𝒌

∗𝝑^𝒌𝒌

∑ 𝑾𝒌
∗

𝒌
,          𝑾𝒌

∗ =
𝟏

𝑽𝒌+𝝉
𝟐
                         (3) 

This framework is included to enhance transparency and to explain the 

computational logic underlying the sensitivity-based quantitative summary 

presented later in the paper. It is not intended as a full formal meta-analytic 

derivation.  

6. Dataset and Evaluation Protocols 

This section provides a concise overview of the datasets and 

evaluation protocols used in the studies included in this survey. 

6.1 Datasets 

The reviewed literature draws on both domain-specific vehicular 

datasets and general IDS benchmark datasets. CAN-specific and vehicular 

datasets, such as Car-Hacking, ROAD, real CAN traces, J1939-based traffic, 

and Internet of Vehicles (IoV) datasets, more directly reflect in-vehicle 

communication characteristics, message timing behavior, and attack 

surfaces relevant to automotive systems. These datasets are therefore the 

most informative for assessing IDS/IPS applicability in CAN and vehicular 

environments [1, 4, 10, 11].   

By contrast, benchmark datasets such as KDD Cup, NSL-KDD, and 

CICIDS are more general-purpose intrusion detection datasets. Although 

they are not specific to in-vehicle communication, they remain useful for 

contextualizing broader model behavior, algorithmic trends, and 

comparative IDS performance under controlled benchmark settings. 

General benchmark datasets such as KDD Cup and NSL-KDD were retained 

only to contextualize broader IDS model behavior and were analytically 

distinguished from in-vehicle CAN-specific datasets. 

6.2 Evaluation Protocols and Metrics 

Across the reviewed studies, evaluation practices vary considerably in 

terms of train-test splitting strategies, attack composition, feature 

preprocessing, and validation protocols. Commonly reported metrics include 

accuracy, precision, recall, F1-score, detection rate, false alarm rate, AUC, and 

response time. While these metrics are useful for comparative interpretation, 

their meaning depends strongly on the dataset type, class balance, and 

experimental setup. This heterogeneity limits direct one-to-one comparison 

across studies and further highlights the need for more standardized 

evaluation frameworks in future research. 

Although accuracy was used as the main quantitative indicator in the 

trend analysis due to its wider availability across the reviewed studies, it 

should not be interpreted in isolation. Its meaning must be considered 

alongside precision, recall, F1-score, false alarm rate, and dataset balance in 

order to avoid overestimating model performance under heterogeneous 

evaluation conditions. 

7. Sensitivity-Based Quantitative Trend Analysis 

To complement the qualitative review and provide a structured 

quantitative perspective on IDS/IPS performance in vehicle network 

studies, a sensitivity-based quantitative trend analysis was conducted. 

Reported accuracy values from representative studies were examined 

using transparent simplifying assumptions in order to summarize general 

performance tendencies across methodological categories. Given the 

inconsistent availability of sample sizes, confidence intervals, and variance 

measures in the source studies, this component should be interpreted as 

an exploratory quantitative summary rather than as a formal pooled meta-

analysis. Table I summarizes representative studies included in this 

analysis, while Figure 3 provides a comparative visualization of their 

reported accuracy values. 

This analysis is intended to reveal broad performance tendencies 

under sensitivity assumptions and should therefore be interpreted as 

trend-oriented rather than as a formal pooled meta-analytic estimate. 

The quantitative summary suggests a general trend in which deep 

learning approaches often achieve higher reported performance, followed 

by hybrid approaches, while traditional machine learning methods remain 

attractive in lightweight and resource-constrained settings. The sensitivity 

analysis showed limited variation across the explored assumptions, 

https://journal.tu.edu.ye/index.php/TUJNAS/article/view/3285/2624
https://journal.tu.edu.ye/index.php/TUJNAS/article/view/3285/2624
https://journal.tu.edu.ye/index.php/TUJNAS/article/view/3285/2624
https://journal.tu.edu.ye/index.php/TUJNAS/article/view/3285/2624
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suggesting that the observed trend pattern remained broadly stable 

within the tested scenarios. 

 

Table I. Sensitivity-Based Quantitative Summary of Representative IDS/IPS 
Studies 

Study Technique Metric Score 

Al-Quayed et al. [12] DT, RF, SVM Accuracy 0.9948 

Alalwany et al. [6] Stacking Ensemble Learning Accuracy 0.984 

Nair et al. [13] 
ML+DL (SVM, RF, XGBoost + 

CNN, RNN) 
Accuracy 0.965 

Rani et al. [14] 
Comparative ML/DL 

architectures 
Accuracy 0.970 

Sharmin et al. [15] Survey + Benchmarking Accuracy 0.950 

Dayyeh et al. [16].  Multi-stage FL IDS Accuracy 0.960 

Young et al. [ 17]  
ML+DL (SVM, RF, kNN, DNN, 

CNN) 
Accuracy 0.950 

Tanksale [18] IDS survey (ML, DL) Accuracy 0.940 

Apruzzese et al. [19] IDS Evaluation Framework Accuracy 0.955 

Yang, et al. [20] Hybrid Statistical + NN Accuracy 0.990 

Note: The quantitative summary is exploratory and sensitivity-based; variance-
related interpretation relies on approximations because several source studies did 
not report sample sizes or confidence intervals. 

 

 

Figure 3: Comparative visualization of reported accuracy values across the 
included IDS/IPS studies. 

 

7.1 Sensitivity Analysis 

Due to the absence of reported sample sizes or confidence intervals in 

several studies, a sensitivity-based analysis was conducted to examine 

how reported accuracy values behave under different simplifying 

assumptions. To approximate variance, Bernoulli-based estimators were 

used under a set of hypothetical sample sizes: 

 ∈ {100, 500, 1000, 5000}. 

Rather than producing formal pooled estimates, this analysis was 

designed to evaluate the stability of observed performance patterns under 

varying assumptions. The results showed limited variation across the 

explored scenarios, indicating that the general trend of reported 

performance remained broadly stable within the tested conditions. 

This behavior suggests that the relative ordering of methodological 

approaches (e.g., DL, hybrid, and ML) is consistent across different 

sensitivity assumptions. However, these findings should be interpreted as 

indicative trends rather than statistically precise aggregate estimates, 

given the absence of consistent variance and sample-size information in 

the original studies. 

7.2 Interpretation 

The results suggest that deep learning techniques generally achieve 

higher reported performance in intrusion detection tasks, primarily due to 

their ability to capture complex temporal and structural patterns in vehicular 

network data. Hybrid approaches combining ML and DL also demonstrate 

strong performance, although they typically require higher computational 

resources. 

Traditional machine learning methods remain effective in lightweight 

and resource-constrained environments, offering a practical trade-off 

between accuracy and efficiency. Overall, the findings highlight the 

importance of balancing detection performance with computational cost and 

deployment feasibility in CAN-based and vehicular systems. 

These observations should be interpreted as general performance 

trends derived under sensitivity assumptions, rather than as definitive 

pooled performance estimates [1, 2, 21-23]. 

8. Critical Discussion 

8.1 Reasons for the Success or Failure of Different 

Methods 

The studies reviewed demonstrate that the performance of AI-based 

intrusion detection systems depends heavily on the type of model used, 

the characteristics of the data, and the operational constraints of the 

deployment environment.  Traditional machine learning methods, 

particularly Random Forest (RF) and Support Vector Machine (SVM), 

remain widely adopted in intrusion detection for vehicular networks due 

to their robust classification capabilities and relatively low computational 

requirements. The reviewed studies indicate that RF models achieve 

reliable performance in detecting known attack patterns through 

ensemble learning, whereas their effectiveness may decrease when 

confronted with previously unseen or evolving attacks. In contrast, SVM-

based models are capable of learning complex decision boundaries and 

can identify certain novel attack patterns; however, several studies have 

reported higher false-positive rates under heterogeneous traffic 

conditions, which may limit their applicability in real-world vehicular 

environments [1, 8, 11, 21].  

To overcome these limitations, many recent studies have proposed 

hybrid architectures that integrate multiple machine learning algorithms 

or combine ML with deep learning techniques. Such approaches generally 

improve detection accuracy, robustness, and generalization capability, 

although these gains are often achieved at the expense of increased model 

complexity and computational overhead, which may reduce their 

suitability for real-time deployment in resource-constrained vehicular 

systems [8, 11, 21, 23]. 

To address these limitations, several studies have proposed hybrid 

approaches that combine multiple ML algorithms or integrate ML with 

deep learning (DL) techniques. These models often improve detection 

accuracy and robustness; however, they introduce additional complexity 

in model design and require higher computational resources, which can 

negatively impact their suitability for real-time applications. 

In the domain of deep learning, convolutional neural networks 

(CNNs) demonstrate strong performance in capturing local patterns in 

CAN traffic and extracting low-level signal features, making them well-

suited for complex intrusion detection scenarios. However, their 

effectiveness depends heavily on the availability of large, well-labeled 

datasets, and they require careful hyperparameter tuning to avoid 

overfitting. Recurrent neural networks (RNNs) and long short-term 

memory (LSTM) models are particularly effective in modeling temporal 

dependencies in sequential CAN messages. Despite their advantages, their 

relatively slow training and inference processes limit their applicability in 

time-critical environments. 

Ensemble DL methods further enhance detection performance and 

improve resilience against diverse attack types, but they significantly 

increase computational and memory requirements. This makes their 

deployment challenging in resource-constrained environments such as in-

vehicle networks and IoT-based vehicular systems. 

8.2 External Validity and Reproducibility 

The reviewed studies reveal clear challenges related to external 

validity and reproducibility. A considerable number of studies rely on 

synthetic, imbalanced, or domain-specific datasets that may not fully 

represent real-world vehicular traffic conditions. This increases the risk of 

overfitting and limits the generalizability of the reported results. 

Additionally, inconsistencies in data preprocessing, segmentation, and 

feature engineering may lead to unintended data leakage, which can 

artificially inflate performance metrics. Furthermore, some studies employ 

validation strategies that do not reflect real deployment scenarios, such as 

random cross-validation without considering temporal dependencies or data 

source separation. These practices reduce the reliability of performance 

claims and hinder fair comparison across different approaches [8, 24, 25].. 

To improve external validity, future research should adopt more rigorous 

evaluation protocols, such as time-aware data splitting, source-based 
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validation, and explicit reporting of preprocessing pipelines. Reporting 

inference time on target hardware and conducting ablation studies to 

quantify the impact of each component would further enhance 

reproducibility and transparency. 

8.3 Practical Deployment Considerations 

While many IDS/IPS approaches achieve high performance in 

controlled experimental settings, their deployment in real-world vehicular 

environments introduces additional challenges. Computational efficiency 

remains a critical concern, as many high-performing DL models require 

substantial processing power and memory resources, making them 

unsuitable for embedded systems such as electronic control units (ECUs). 

To enable practical deployment, techniques such as model 

compression, pruning, and quantization are essential to reduce model size 

and inference cost without significantly degrading performance. Inference 

latency is another key factor, as intrusion detection systems must operate 

under strict real-time constraints. Models with high latency or those 

requiring batch processing may fail to meet these requirements. 

Practical deployment of IDS/IPS solutions in vehicular environments 

remains challenging due to compatibility requirements with existing 

automotive communication protocols and system architectures [26, 27].  

In addition, the absence of standardized evaluation frameworks and 

testing methodologies makes objective comparison between different 

approaches difficult and hinders their wider industrial adoption [28]. 

Furthermore, practical deployment requires addressing computational 

efficiency, privacy preservation, and low-latency processing, particularly 

in resource-constrained vehicular systems and edge-based 

environments[22, 29-31].  These findings collectively indicate that 

achieving practical and scalable deployment requires balancing detection 

performance with implementation feasibility. 

Finally, scalability and cost considerations play an important role in 

deployment decisions. Cloud-based solutions offer high scalability but may 

introduce latency, privacy, and security concerns. Edge-based solutions 

reduce latency but require lightweight and efficient models capable of 

operating under limited resources. Achieving an optimal balance between 

detection accuracy, computational cost, latency, and deployment 

feasibility remains a central challenge in this field.  

9. Challenges and Open Issues 

Despite significant advancements in intrusion detection and protection 

technologies, several challenges still hinder the effective security of CAN 

networks [1, 5, 26, 27]. 

9.1 Resource Limitations 

Many electronic control units (ECUs) have limited computing power 

and memory capabilities, making it difficult to implement resource-

intensive security mechanisms. 

9.2 Real-Time Requirements 

Systems in vehicles rely on real-time communication, and introducing 

additional security protocols can increase latency, complicating 

implementation. 

9.3 Lack of Standardized Standards 

There are no widely agreed-upon security standards for CAN 

networks, which limit the ability to develop consistent and reliable 

protection solutions across different systems. 

10. Limitations  

Although this review provides a comprehensive overview of the latest 

developments in IDS/IPS techniques for CAN networks, several limitations 

should be acknowledged. First, many of the included studies did not report 

sample sizes or variance measures in a sufficiently consistent manner. As a 

result, the quantitative component of this review could not be conducted 

as a formal effect-size meta-analysis. Instead, a sensitivity-based 

quantitative trend analysis was used to explore reported performance 

patterns under explicit simplifying assumptions. Second, substantial 

heterogeneity exists across the reviewed studies in terms of datasets, feature 

representations, attack scenarios, evaluation metrics, and experimental 

protocols. This variability limits strict cross-study comparability and 

requires cautious interpretation of any quantitative summary. Third, some 

included studies rely on benchmark datasets that are not specific to in-

vehicle communication environments. Although these studies were retained 

for contextual comparison, they should not be interpreted as equivalent to 

evidence derived from CAN-native or vehicular datasets. Accordingly, the 

quantitative findings presented in this review should be interpreted as broad 

trend indicators rather than definitive pooled estimates. 

11. Future Research Trends 

Based on the review and analysis, several promising research 

paths for the future can be suggested: 

• Developing Lightweight Security Solutions: Future research 

should focus on designing effective security mechanisms that are 

compatible with the limited constraints of electronic control units 

within vehicles. 

• Testing and Validation in Real-World Environments: 
Evaluation in real-world environments is a crucial step to ensure that 

detection and protection systems can operate effectively under varying 

and practical operating conditions. 

• Integrating ML Technologies: The use of ML contributes to 

improving the ability to detect anomalous attacks while simultaneously 

reducing false alarm rates. 

• Prioritizing Research Areas: It is important to direct research 

efforts according to priority and expected impact, focusing on the most 

prominent challenges facing vehicle cybersecurity. 

12. Conclusion  

This review has provided a comprehensive overview of current 

solutions for intrusion detection and prevention systems in CAN networks, 

employing a methodology that combines systematic review with a 

sensitivity-based quantitative trend analysis. This approach integrates 

structured evidence analysis with a broad analytical comparison of 

IDS/IPS methods implemented in these networks. The quantitative 

findings reported in this review should be interpreted as broad trend 

indicators that support comparative insight, rather than as definitive 

pooled performance estimates. Despite significant progress in this field, 

challenges remain in securing critical in-vehicle communication systems. 

Therefore, future research should focus on developing lightweight and 

highly efficient security solutions capable of addressing the growing cyber 

threats targeting modern vehicles. 
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Abstract 

Background: Respiratory diseases remain a significant global health burden, particularly in resource-limited settings. Objective: To review and quantitatively 

analyze deep learning-based models for interpreting respiratory sounds. Methodology: A systematic search was conducted in the PubMed, IEEE Xplore, 

ScienceDirect, and Scopus databases for the period 2019–2024, using PRISMA 2020 criteria. Of the 678 records accessed, 98 studies met the qualitative criteria, 

while 42 met the quantitative analysis criteria. Results: An exploratory meta-analysis conducted on a subset of studies reporting native accuracy (k = 9) yielded a 

pooled accuracy of approximately 90.0% (95% CI: 76.0%–97.0%), with substantial heterogeneity (I² = 99.2%). Conclusion: Deep learning techniques 

demonstrate promising diagnostic capabilities, but they still face challenges related to reliance on limited databases, poor representation of rare diseases, and 

difficulty in interpreting their outputs. Implications: Future research should focus on diversifying datasets, enhancing the integration of multimodal data, and 

developing interpretable or federated learning-based models to support their adoption in clinical settings. 

Index Terms: Respiratory sounds; lung disease classification; Deep learning; Systematic review; Meta-analysis; Multitask learning; Explainable AI. 

1. Introduction  

Respiratory diseases are among the most significant global health 

challenges, including conditions such as asthma, chronic obstructive 

pulmonary disease (COPD), pneumonia, and bronchiectasis. These diseases 

continue to cause high rates of morbidity and mortality worldwide, 

particularly in low- and middle-income countries with limited healthcare 

resources. Early and accurate diagnosis remains essential for improving 

clinical outcomes and reducing economic burdens [1].  

According to the 2019 Global Burden of Disease report, there were 

approximately 454.6 million active clinical cases of chronic respiratory 

diseases, with 4 million deaths in the same year, making these diseases the 

third among the leading cause of death globally [1].  This underscores the 

critical need for accurate, low-cost, and widely applicable diagnostic tools. 

Unlike previous narrative reviews that merely presented the literature 

without quantitative analysis, this study applies a PRISMA 2020–guided 

systematic review framework and includes a structured quantitative 

synthesis of recent deep learning studies on respiratory sound analysis 

(2019–2024). It offers a comprehensive synthesis that includes the 

statistical integration of key indicators such as accuracy, variance, and 

subgroup analysis. This methodology represents a step toward bridging 

the gap between scattered evidence and reproducible, unified insights [2].  

Traditional diagnostic methods—such as X-rays, computed 

tomography (CT) scans, and pulmonary function tests—remain effective, 

but they are often expensive or require specialized equipment. While 

auscultation with a stethoscope is a widely available and easy-to-use option, 

its accuracy is influenced by the practitioner’s experience and can vary from 

one physician to another. To overcome these limitations, computational 

analysis of respiratory sounds has emerged as an objective and non-

invasive alternative, transforming the auscultation process into a 

measurable and repeatable step, thus expanding its applicability in 

resource-constrained environments [2].  

Recent years have witnessed significant advancements in the use of 

deep learning (DL) techniques for respiratory sound analysis. Convolutional 

network (CNN) models, recurrent network (RNN/LSTM) models, and newer 

models based on transformers or hybrid structures have proven their 

ability to extract accurate and meaningful sound patterns [3-5]. Their 

applications range from disease detection and classification of various 

pulmonary conditions to identifying sounds such as wheezing and rattling, 

and even to estimating disease severity, with studies ranging from 

analyzing wheezing sounds in children to modeling the severity of COPD 

[6, 7]. Recent review studies have further confirmed the effectiveness of 

deep learning–based auscultation systems and intelligent stethoscopes in 

improving diagnostic performance and automation capabilities [8, 9].  

Despite this progress, several challenges remain, most notably: 

• Over-reliance on the ICBHI 2017 database — which—while 

contributing to research—limits the generalizability of models to 

real-world settings [10, 11].  
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• Data imbalance and scarcity — with rare diseases being 

underrepresented, leading to model bias and inconsistent results. In 

addition, the availability of diverse and clinically annotated lung sound datasets 

remains limited, as existing datasets are often collected under controlled 

conditions and include relatively small cohorts, which may not fully reflect real-

world variability [12, 13]. Methods such as data augmentation or meta-

analysis offer only partial solutions [7, 14].  

• Focus on individual tasks —as many studies treat each task 

independently, overlooking the benefits of multitasking learning in 

enhancing diagnostic performance, as most studies still lack 

integration of explainable AI (XAI) techniques [15, 16]. As most 

studies lack the integration of interpretive intelligence (XAI) 

techniques, which are essential for building clinical confidence [16].  

• The lack of verification across different databases and 

integration of models in the clinical context, as models often show a 

decline in performance when tested on new data, while modern 

methods such as metadata-guided training or adaptive training seek 

to narrow this gap [17, 18].  

These gaps reveal the need for a comprehensive and systematic 

evaluation of computational techniques in respiratory sound analysis. 

Although several recent reviews have discussed artificial intelligence and 

audio-based respiratory disease diagnosis, few have combined a PRISMA-

guided design with a structured quantitative synthesis focused specifically 

on deep learning-based respiratory sound analysis [19, 20].  

To perform a structured quantitative synthesis of model 

performance, including an exploratory meta-analysis of studies reporting 

native accuracy and a descriptive analysis of studies reporting AUC and 

F1-score. This paper contributes four key points: 

1) To conduct a systematic review, aligned with PRISMA 2020, of deep 

learning models for respiratory sound analysis during the period 

2019–2024 [21].  

2) To perform a structured quantitative synthesis of model 

performance, including an exploratory meta-analysis of studies 

reporting native accuracy and a descriptive analysis of studies 

reporting AUC and F1-score. 

3) To analyze pivotal gaps in database diversity, class imbalances, 

task design, and the integration of XAI techniques [10, 14-16].  

4) To propose future research avenues, including federated learning, 

self-supervised representational learning, cross-database 

evaluation, and the integration of multimodal data (e.g., 

demographic characteristics, medical images, and pulmonary 

function tests) using adaptive training [5, 17, 18].  

By gathering available evidence and formulating clear guidelines, this 

study seeks to bridge the gap between algorithmic development and 

clinical application and to support the development of reliable, 

interpretable, and generalizable AI tools for diagnosing respiratory 

diseases. 

2. Methodology  

This survey adopted the PRISMA 2020 methodology for preferred 

reporting elements for systematic reviews and meta-analyses to ensure 

transparency, reproducibility, and adherence to rigorous methodological 

standards [21]. The workflow comprised four main phases: 

(1) Reference search, (2) Screening of studies, (3) Assessment of relevance, 

and (4) Final selection of studies that met the criteria. 

2.1 Search Strategy 

We conducted a comprehensive search across four major databases: 

PubMed (MEDLINE), IEEE Xplore, ScienceDirect, and Scopus. The search 

included studies published between 2019 and 2024, aiming to identify the 

latest developments in deep learning-based respiratory sound analysis, in 

accordance with PRISMA’s recommendations for citing sources [21]. The 

search equation (modified to suit each database) was formulated as 

follows: 

("respiratory sounds" OR "lung sounds” OR "cough sounds" 

OR "breath sounds") 

AND ( "deep learning” OR “ neural networks" OR "CNN" OR 

"RNN" OR "transformer" OR "machine learning")  

AND ("classification" OR "detection” OR "diagnosis") 

We also reviewed the reference lists of included studies and related 

reviews to ensure comprehensiveness and that no important sources were 

overlooked [21].  

2.2 Inclusion and Exclusion Criteria 

2.2.1 Inclusion:  

This review includes: (i) Original peer- reviewed studies that used deep 

learning techniques, machine learning methods, or hybrid models combining 

both to analyze respiratory sounds; (ii) Studies that addressed one or more 

of the following aspects: disease detection, disease type classification, 

sound type recognition, or condition severity assessment; (iii) Studies that 

provided sufficient information about the datasets used, experimental 

design, and performance evaluation metrics such as accuracy, F1-score, 

area under the curve, sensitivity, and specificity to allow structured data 

extraction; (iv) Articles published in English between 2019 and 2024. 

2.2.2 Exclusion:  

Analogical reviews, editorials, and commentaries that do not include 

original experiments are excluded; studies that focus exclusively on 

speech or non- respiratory signals such as heart sounds or EEG/EKG 

signals are excluded; research that lacks sufficient methodological detail or 

extractable evaluation data is excluded; and duplicate publications are 

excluded. These standards are based on PRISMA best practices [21]. 

2.3 Screening and Selection 

2.3.1 Phase 1 – Study Identification:  

The retrieved studies were exported to the reference management 

software, and duplicates were automatically removed and manually verified. 

2.3.2 Phase 2 – Title and Abstract Review:  

The titles and abstracts were screened according to the predefined 

inclusion criteria by a primary reviewer. 

2.3.3 Phase 3 – Full Text Evaluation:  

The full texts of the studies that initially appeared eligible were 

independently reviewed by a second reviewer to confirm eligibility and 

ensure adherence to the predefined inclusion and exclusion criteria. 

Discrepancies were resolved through discussion and consensus. Formal 

inter-rater agreement statistics (e.g., Cohen’s kappa) were not calculated, 

as the screening process followed a sequential independent validation 

approach with consensus resolution. This approach is considered 

acceptable in systematic reviews when discrepancies are resolved through 

structured discussion and was adopted to ensure consistency while 

minimizing reporting complexity. 

2.3.4 Phase 4 – Final Inclusion:  

The final studies were included after agreement was achieved. This 

structured screening approach improves transparency and 

methodological consistency in accordance with PRISMA standards [21]. 

2.4 Data Extraction 

We adopted a standardized data extraction model that included: (i) 

Study information such as researcher names, publication year, and 

publication status; (ii) Dataset characteristics, including dataset type (e.g., 

ICBHI 2017 or clinical datasets), sample size (subjects, recordings, or 

respiratory cycles), and task definition; (iii) Model characteristics, 

including architecture type (CNN, RNN, Transformer, hybrid, or classical 

machine learning); (iv) Evaluation metrics, including native accuracy 

(when available), AUC, F1-score, sensitivity, and specificity; and (v) 

Methodological design variables, including validation strategy (e.g., 

train/test split or cross-validation), external validation, calibration 

reporting, and availability of uncertainty measures (CI/SE/variance). 

All extracted variables were systematically coded into a structured 

evidence table (master extraction table), ensuring consistency and 

traceability across studies. Each study was additionally annotated with 

eligibility indicators for qualitative synthesis, quantitative synthesis, and 

primary accuracy meta-analysis. 

This structured extraction framework enabled reproducible filtering of 

studies into metric-specific groups (accuracy-based, AUC-based, and F1-

based analyses) without enforcing metric harmonization. The approach 

ensures transparency in how studies were selected, categorized, and 

subsequently used in the quantitative evidence synthesis. 

2.5 Quality Assessment 

We used a modified and adapted version of PROBAST-AI (a tool for 

assessing bias risks in predictive models with AI extensions) to assess bias 

risks and reproducibility. Instead of applying the full PROBAST-AI scoring 

system, key domains relevant to machine learning–based respiratory 

sound analysis were operationalized within the structured data extraction 

framework. This tool includes four main axes: participant characteristics, 
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predictor characteristics and processing, study outcomes including 

labeling quality and comment reliability, and a statistical analysis axis 

(validation methods, leakage control, and analysis reports). Each axis was 

qualitatively assessed using the information extracted from each study. 

In particular, variables related to split type, external validation, 

calibration reporting, and availability of uncertainty measures 

(CI/SE/variance) were used as practical indicators of methodological 

robustness. These variables were systematically recorded in the master 

extraction table and used to identify potential sources of bias and 

heterogeneity across studies. 

A summary of these methodological quality indicators is provided in 

Table I. These indicators are derived from the structured coding of the 

studies included in the quantitative synthesis. 

Table I. Summary of Methodological Quality Indicators Based on the Quantitatively 
Included Studies (N = 42) 

Domain Indicator 
Reporting 

Level 
Common Issues 

Validation 

design 

Split type (patient-

wise / 

random/unclear) 

Variable 
Lack of patient-

independent splitting 

External 

validation 

Independent dataset 

validation 
Limited 

Few studies used true 

external validation 

Calibration 
Calibration reporting 

(e.g., ECE/Brier) 
Rare 

Calibration almost 

never reported 

Uncertainty 
CI / SE / variance 

reporting 
Limited 

Missing uncertainty 

quantification 

Data leakage 

control 

Preprocessing before 

split 
Unclear 

Potential leakage due 

to augmentation 

before the split 

Dataset 

transparency 

Sample size and 

dataset description 
Moderate 

Incomplete reporting 

in some studies 

Across the quantitatively included studies (N = 42), only a minority 

explicitly reported patient-wise data splitting, while a considerable 

proportion relied on random or unclear split designs. External validation 

was reported in only a small subset of studies, and calibration assessment 

was rarely performed. These findings indicate that a substantial proportion 

of studies may be subject to optimistic performance estimation and limited 

generalizability. 

Rather than assigning fixed numerical bias scores, the assessment was 

used to guide the interpretation of results and the stratification of studies 

during the quantitative synthesis. Common methodological limitations 

observed across studies included a lack of patient-independent validation, 

limited external validation, and incomplete reporting of calibration and 

uncertainty measures. TRIPOD-AI guidelines were also considered to ensure 

the clarity and reproducibility of the predictive model reports [22]. 

2.6 Reported Metrics Cheat-sheet 

In order to standardize terminology and facilitate tracking the 

indicators used, the following studies were included. Table II provides a 

structured summary of the most commonly reported evaluation metrics, 

along with their symbols and interpretation notes. 

Importantly, performance metrics were not converted across types 

(e.g., AUC or F1-score into Accuracy), and each metric was analyzed within 

its native reporting context to avoid introducing methodological bias. 

Table II. Metrics used across the included studies. 

Metric Symbol Notes 

Accuracy Acc 
Primary metric for studies reporting native 
classification accuracy; used only when directly 
reported. 

F1-score F1 
Reported as provided (macro- or weighted-F1); 
analyzed separately without conversion. 

AUC AUC 
ROC-AUC is preferred when available; analyzed 
independently with corresponding uncertainty 
when reported. 

Sensitivity Sen 
Recall for the positive class, report with 
Specificity. 

Specificity Spe True negative rate; clinical interpretability. 

Calibration – ECE/Brier suggested for clinical readiness. 

2.7 PRISMA Flow Diagram 

The study selection process is summarized in Figure 1 using a PRISMA 

2020–compliant diagram [21].  It reports the number of records identified, 

screened, excluded (with reasons), assessed for eligibility, and included in 

qualitative and quantitative syntheses. Counts are reported as follows: 

Records identified: N =678; after duplicates removed: N = 578; screened 

(title/abstract): N = 578; full-text assessed: N = 155; full-text excluded with 

reasons: N = 57; included in qualitative synthesis: N =98; included in quantitative 

synthesis (meta-analysis): N = 42. For completeness, duplicates removed 

amounted to N = 100, and title/abstract exclusions to N = 423. 

The set of studies included in the quantitative synthesis (N = 42) was 

further structured according to the type of reported evaluation metric 

(e.g., Accuracy, AUC, F1-score), and not all studies contributed to the same 

pooled analysis. 

Screening outcomes and exclusion reasons: Of the 578 records screened, 

423 were excluded at the title/abstract stage for reasons including non-

auscultation audio (e.g., speech-only, heart sounds), out-of-scope tasks 

(non- classification or non-respiratory), insufficient methodological detail or 

missing evaluation metrics, and non-English publications outside our 

2019–2024 window. Of the 155 full-texts assessed, studies not meeting 

our predefined inclusion criteria (e.g., lack of clinically meaningful labels, 

absence of extractable performance metrics, or inadequate validation 

design) did not progress to qualitative or quantitative synthesis. A detailed 

breakdown is provided in Table III and Table VII. Table VII summarizes 

studies included in the qualitative synthesis (N = 98), while studies 

included in the quantitative synthesis (N = 42) were further filtered based 

on metric comparability. (Table VI, Table VII, and Table VIII in the 

APPENDICES). 

2.8 Statistical Analysis and Protocol 

A structured quantitative synthesis was conducted to summarize reported 

performance across studies. Due to substantial heterogeneity in metrics, 

datasets, and validation designs, a fully unified meta-analysis across all included 

studies was not considered methodologically appropriate. The primary 

outcome was classification performance as reported in each study, and no 

metric conversion (e.g., AUC or F1-score to Accuracy) was applied to avoid 

introducing methodological bias. Studies were grouped and analyzed based 

on the type of reported metric. A formal meta-analysis was conducted only 

for studies reporting native accuracy, while studies reporting AUC or F1-

score were retained for descriptive synthesis within their respective metric 

categories. For studies reporting native Accuracy, a restricted subset was 

defined for quantitative pooling. Proportions were stabilized via a logit 

transformation and combined using inverse-variance weighting within a 

random-effects framework. The effect size was defined as the logit-

transformed accuracy proportion. Study-specific estimates were weighted 

using inverse-variance weighting, and when multiple performance results 

were reported within a single study, only one representative estimate was 

selected based on predefined criteria to avoid unit-of-analysis errors. 

Between-study variance (τ²) and heterogeneity (I²) were reported 

together with 95% confidence intervals (CIs) and, where appropriate, 

95% prediction intervals (PIs).  Given that sample sizes were not 

consistently reported across studies, a standardized denominator 

approximation was used for variance estimation; therefore, pooled 

estimates should be interpreted cautiously. This limitation may affect 

variance estimation and should be considered when interpreting pooled 

results. 

Sources of heterogeneity were explored through subgroup analysis 

based on dataset type and model architecture to identify systematic 

variations across studies. A substantial proportion of studies did not 

clearly report patient-wise data splitting, and only a limited number of 

studies included external validation or calibration assessment, indicating 

potential risks of overestimation and limited generalizability. These 

methodological limitations were taken into account during the 

interpretation of pooled and descriptive results. Pre-specified subgroup 

analyses stratified results by model family (CNN, RNN/LSTM, 

Transformer/Hybrid), dataset (ICBHI 2017 vs. others), and task 

granularity (binary vs. multi-class), and evaluation metric type. 

Small-study effects were explored using funnel plots as a descriptive 

tool. Forest and funnel plots were used to visualize pooled estimates 

within each metric-specific analysis. Formal statistical testing for 

publication bias was not performed due to the limited number of studies 

in the pooled subset. 

2.8.1 Software and Estimation Method:  

All quantitative analyses were performed using the R software 

environment (version 4.3.2) with the metafor and meta packages. A 

random-effects model with the restricted maximum likelihood (REML) 

estimator was used as the primary pooling method, and sensitivity 

considerations focused on studies with clearly reported native accuracy and 

more robust validation designs (e.g., patient-wise splits). Heterogeneity 

statistics (I2, τ 2) and between-study variance were computed 

https://journal.tu.edu.ye/index.php/TUJNAS/article/view/3279/2626
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automatically using these packages. 

Sensitivity analyses were conducted by restricting the pooled analysis 

to studies with clearly reported native accuracy and more robust 

validation designs (e.g., patient-wise splits) to assess the stability of the 

pooled estimates. 

2.8.2 Protocol Registration: 

The review protocol was not pre-registered (e.g., PROSPERO/OSF), as 

the study was initiated prior to formal protocol registration planning. 

Nevertheless, all stages of the review strictly adhered to PRISMA 2020 to 

ensure methodological transparency and reproducibility [21]. Although not 

pre-registered, the protocol and the standardized data extraction form are 

provided in the Supplementary Material to the corresponding author to 

ensure transparency and reproducibility. To improve transparency, the full 

review protocol, including eligibility criteria, outcome definitions, and 

data extraction procedures, is provided in the Supplementary Material. No 

post-hoc modifications to eligibility criteria, outcome definitions, or 

analysis plans were made after the screening phase. 

 

Figure 1: PRISMA 2020 flow diagram summarizing identification, screening, 
eligibility, and inclusion [21]. 

 

The studies included in the quantitative synthesis were further 

categorized based on metric compatibility for structured analysis. A 

detailed inspection of Table VIII further confirms that variability in 

validation design, dataset composition, and reporting transparency 

remains a key source of methodological heterogeneity across the included 

studies. This table provides the basis for all subsequent quantitative and 

descriptive analyses and ensures full transparency of study-level 

characteristics and methodological variability. 

Table III. Full-text articles were excluded for the following reasons (N = 57). 

Reason Count 

Not multi-disease / not classification-focused 19 

Cough-only scope (outside auscultation inclusion) 10 

Insufficient methodological detail/metrics 8 

Non-auscultation modality (imaging/PFT-only) 7 

Overlapping data / duplicate cohort 6 

Outside time window / non-English 4 

Other reasons 3 

Total 57 

3. Results and Meta-Analysis  

3.1 Study selection 

Following the PRISMA protocol [21], we initially identified N = 678 

records from all sources. After removing duplicates, N = 578 unique records 

remained and were screened at the title/abstract level, excluding N = 423. 

Next, N =155 full-text articles were assessed for eligibility. Finally, N = 98 

studies met the inclusion criteria for qualitative synthesis, and N = 42 

provided sufficient data for quantitative synthesis. 

The subset of studies included in the quantitative synthesis (N =42) was 

selected based on the availability of extractable and comparable evaluation 

metrics suitable for structured analysis. The study selection flow is 

summarized in Figure 1 [21]. A detailed summary of the studies included in 

the quantitative synthesis (N = 42) is provided in Table VIII. 

3.2 Characteristics of Included Studies 

The included studies (N = 98, qualitative synthesis) cover 2015–2025, 

with a noticeable increase after 2020 as interest in respiratory sound analysis 

and clinically relevant ML/DL grew [3, 4].  

3.2.1 Datasets: 

The ICBHI 2017 corpus was the most commonly used benchmark. 

Many studies relied on a single dataset, while only a few performed cross- 

dataset validation or prospective clinical testing [7, 10, 11]. Some studies 

used private clinical collections, but reporting practices and public 

availability varied [3, 4]. Across the included studies, the most frequently 

used datasets were ICBHI 2017 (63%), Clinical/Private (28%), and 

BRACETS (6%). Only about 7% of studies utilized multiple datasets, 

highlighting limited dataset diversity and the need for broader benchmark 

standardization and cross-dataset validation to enhance model 

generalizability. A structured distribution of these studies is summarized 

in Table VII. 

3.2.2 Model architectures: 

CNNs dominated, followed by RNN/LSTM models. More recent 

work explored Transformers or hybrid CNN–Attention models, showing 

improved performance in small-data settings or under domain shifts 

[ 4,  5,  17,  18] . Some studies used classical ML methods (e.g., SVM RF) 

with hand-crafted features (MFCC, spectral contrast), achieving 

competitive results on limited datasets [6, 11, 23].  

3.2.3 Tasks: 

 We observed four main task types: (i) binary disease detection, (ii) 

multi-class disease classification, (iii) sound-level classification, and (iv) 

severity estimation. In addition, some studies focused on clinically specific 

diagnostic targets rather than broad respiratory disease categories, such 

as the classification of pulmonary sounds for detecting interstitial lung 

diseases secondary to connective tissue diseases [24]. 

3.2.4 Evaluation Metrics: 

Accuracy, F1-score, and AUC were most commonly reported across 

studies; however, these metrics were analyzed separately in the 

quantitative synthesis to avoid cross-metric comparability issues [3, 4, 7].  

A comprehensive per-study comparison is provided in Table VIII. A 

complete per-study table is provided in Appendix A (Table VIII). 

3.3 Quantitative Synthesis 

We conducted a structured quantitative synthesis of reported 

performance metrics, grouped by model architecture. To ensure 

methodological consistency, no cross-metric conversion was applied 

between different performance measures. Instead, a strict accuracy-only 

subset was defined for formal pooling, while other metrics such as AUC 

and F1-score were analyzed descriptively. To provide a structured 

quantitative summary of model performance, an accuracy-based subset of 

studies was identified from the 42 studies included in the quantitative 

synthesis. Only studies reporting native accuracy were considered eligible 

for pooled analysis, while studies reporting AUC or F1-score were 

analyzed descriptively without metric conversion. CNN-based models 

consistently demonstrated high performance, followed by RNN/LSTM and 

Transformer/hybrid models. Transformer and attention-based pipelines 

showed robustness, especially with limited labeled data [4, 5, 17]. An 

exploratory random-effects meta-analysis was conducted on the eligible 

subset (k = 9). The pooled accuracy was estimated at approximately 

90.0% (95% CI: 76.0%–97.0%), indicating generally high reported 
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performance across studies.  

However, substantial heterogeneity was observed (I² = 99.2%; τ² = 

1.9571), reflecting significant variability in datasets, task definitions, 

model architectures, and validation strategies. The wide prediction 

interval further suggests that model performance is highly context-

dependent and may vary considerably across different experimental 

settings. Forest plots (Figure 2) display study-level effect estimates and 

their variability, while funnel plots (Figure 3) visualize potential 

publication bias. Forest plots were used to visualize individual study 

estimates and pooled effects, while funnel plots were used for descriptive 

assessment of potential small-study effects. The forest plot (Figure 2) 

summarizes comparable subsets of studies without cross-metric pooling.   

The funnel plot (Figure 3) illustrates study-level performance metrics 

plotted against their standard errors (SE). The vertical dashed line 

represents the central tendency of the included studies, while the dotted 

boundaries represent the 95% pseudo-confidence region. Visual 

symmetry in the funnel plot suggests limited evidence of publication bias, 

whereas visible asymmetry suggests potential small-study effects or 

selective reporting [3, 11]. However, due to the limited number of studies 

included in the pooled subset, formal statistical testing for publication bias 

was not performed. Overall, these findings indicate that while deep 

learning models can achieve high performance under controlled 

conditions, their generalizability remains uncertain due to methodological 

inconsistencies across studies. 

To provide a concise overview of model performance and dataset 

usage trends across the included studies, Table IV presents a condensed 

summary of the main model families, reported performance ranges, and 

qualitative insights. The complete per-study summary table (original 

Table IV) is provided in Appendix A for detailed reference. The following 

figures are presented for descriptive visualization purposes only and do 

not represent formal pooled meta-analytic estimates.  

To further quantify performance across comparable studies, an 

exploratory meta-analysis was conducted on studies reporting native 

accuracy. The results are visualized in Figure 2. 

 

 

Figure 2: Forest plot of the exploratory random-effects meta-analysis of studies 
reporting native accuracy (k = 9). The pooled estimate was calculated using a logit-
transformed proportion model with REML estimation. The diamond represents the 
pooled accuracy, and the horizontal lines indicate 95% confidence intervals. The 
prediction interval reflects between-study variability. 

 

The forest plot illustrates substantial variability across individual 

study estimates, with reported accuracies ranging from moderate to very 

high values. The pooled estimate indicates generally strong performance; 

however, the wide confidence and prediction intervals reflect 

considerable heterogeneity. This variability is primarily attributed to 

differences in datasets, task definitions, model architectures, and 

validation protocols across studies. Table IV provides a descriptive 

summary of studies with extractable native accuracy values, grouped by 

model family. These values represent reported accuracy ranges and are 

presented to complement the exploratory meta-analysis rather than 

replace it. To explore potential small-study effects, a funnel plot was 

constructed, as shown in Figure 3. 

The funnel plot shows an asymmetric distribution of studies around 

the pooled estimate, which may reflect heterogeneity in study design 

rather than true publication bias. Given the limited number of included 

studies and the use of approximated variance estimates, this plot should 

be interpreted cautiously and is presented for descriptive purposes only. 

Table IV. Descriptive summary of studies with extractable native accuracy values, 
grouped by model family. These values represent reported accuracy ranges rather than 
pooled meta-analytic estimates. 

Model Type 

No. of 
Studies with 
Extractable 

Native 
Accuracy 

Reported 
Native 

Accuracy 
Range 

(%) 

Predomi
nant 

Dataset 
(s) 

Strength / Interpretation 

CNN 8 
52.79–
97.00 

ICBHI 
2017 + 

Clinical/
Private 

Predominantly strong 
performance, but values 
vary widely according to 
validation design and 
dataset composition. 

RNN/LST
M 

6 
84.00–
99.01 

ICBHI 
2017 + 

Clinical/
Private 

Strong temporal 
modeling capability, 
with higher 
performance in task-
specific settings. 

Transform
er/Hybrid 

10 
72.72–
99.94 

ICBHI 
2017 + 

Private/
Multimo

dal 

Strong representation 
learning and robustness, 
but affected by task 
heterogeneity and 
mixed evaluation 
settings. 

Classical 
(SVM/RF) 

4 
75.60–
99.72 

ICBHI 
2017 + 

Clinical/
Private 

Competitive in 
structured or smaller 
datasets, though highly 
sensitive to task scope 
and validation protocol. 

 

 

Figure 3: Funnel plot of the studies included in the exploratory meta-analysis (k = 9). 
Accuracy proportions are plotted against their standard errors. The dashed vertical 
line represents the pooled estimate, and the triangular region indicates the expected 
distribution under no small-study effects. This plot is used for descriptive assessment 
only. 

 

3.4 Subgroup Analysis and Qualitative Insights 

3.4.1 Subgroup analysis: 

• Dataset dependency. Models trained on a single dataset (e.g., 

ICBHI 2017) tended to report higher internal performance, while 

studies involving multiple datasets or more heterogeneous data 

sources generally reported lower but more realistic performance, 

indicating limited cross-dataset generalization [10, 18].  

• Task complexity. Studies addressing binary classification tasks 

generally reported higher accuracy compared to multi-class settings, 

reflecting the increased complexity and class overlap in multi-class 

scenarios [4, 11].  

• Imbalance mitigation. Imbalance handling strategies such as data 

augmentation and class weighting were commonly employed and 

were associated with improved model performance; however, the 

magnitude of improvement varied across studies and could not be 

consistently quantified due to differences in experimental design 

[11, 14].  

• Cross-dataset testing. Only a limited number of studies evaluated 

models across multiple datasets. Although these studies often 

reported lower absolute accuracy, they provided stronger evidence 

of robustness and sensitivity to domain shift effects [10, 18].  

Heterogeneity across model families is summarized in Table V. 

observed variability reflects differences in dataset selection, task 

formulation, and validation strategies rather than purely statistical 

variation. Transformer-based and hybrid approaches appeared to exhibit 
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more stable performance across heterogeneous settings, although this 

observation remains descriptive. 

Table V. Descriptive Summary of Reported Accuracy Ranges Across Model 

Families. 

Model 

Family 

Reported 

Accuracy 

Range 

(%) 

Approximate 

Central 

Tendency 

(%) 

Dataset 

Context 
Interpretation 

CNN ~87–95 ~91 

Mainly 

ICBHI 

2017 

High 

performance 

under 

controlled 

benchmark 

settings 

RNN/LSTM ~83–93 ~88 

Mainly 

ICBHI 

2017 

Effective 

temporal 

modeling with 

moderate 

variability 

Transformer 

/Hybrid 
~90–96 ~93 

ICBHI + 

Private 

Strong 

representation 

capability and 

robustness 

across datasets 

Note: Values represent descriptive ranges of reported accuracy extracted from the 
included studies and are not derived from a formal statistical meta-analysis. Central 
tendency values are approximate and provided for visualization purposes only. 

3.5 Qualitative Insights 

3.5.1 Strengths:  

Deep learning–based approaches consistently demonstrated strong 

performance across a variety of respiratory sound analysis tasks, 

particularly when evaluated on benchmark datasets such as ICBHI 2017. 

Recent deep learning models have shown a strong ability to learn 

informative acoustic representations from respiratory sounds, particularly 

when optimized for spectrogram-based or fused-audio feature learning 

[25, 26]. Their ability to learn complex acoustic patterns from 

spectrogram-based representations contributed to improved classification 

capability under controlled experimental settings[3, 4].  

3.5.2 Weaknesses: 

 Despite these advances, many studies relied on single-dataset 

evaluation and lacked patient-independent validation or external testing, 

limiting the generalizability of reported results. In addition, limited 

integration of multimodal information (e.g., clinical metadata, imaging, or 

physiological signals) and scarce reporting of explainability mechanisms 

(XAI) remain important limitations for clinical adoption [16, 17].  

3.5.3 Gaps and priorities:  

Several methodological gaps were identified across the included 

studies, including: (i) absence of standardized preprocessing and 

evaluation protocols (e.g., filtering settings, segmentation strategy, 

patient-wise splitting), (ii) limited cross-dataset validation and 

inconsistent reporting practices, and (iii) under-exploration of multi-task 

learning objectives and severity-aware modeling. Addressing these 

challenges requires more rigorous experimental design and improved 

transparency to support reproducibility and real-world applicability [5, 

15, 18].  

4. Discussion 

This systematic review and meta-analysis summarize deep learning 

(DL) approaches for respiratory sound analysis over the period 2019–2024. 

Our findings confirm that DL models—especially CNN-based and 

hybrid/attention architectures—can achieve high benchmark accuracy, 

yet several limitations remain before these models can be reliably used in 

clinical settings [3, 4].  

The extremely high heterogeneity observed (I² = 99.2%) indicates 

that the pooled accuracy estimate should be interpreted with extreme 

caution. This level of variability suggests that the included studies differ 

substantially in terms of datasets, validation protocols, and model 

configurations. Therefore, the pooled estimate does not represent a stable 

or generalizable performance indicator but rather a broad summary of 

highly heterogeneous results. 

4.1 Generalizability and Dataset Bias 

Many studies rely heavily on the ICBHI 2017 corpus as the main 

benchmark, which raises concerns about overfitting and limited external 

validity. Models trained on benchmark datasets such as ICBHI may show 

noticeable performance drops when evaluated on independent datasets 

due to differences in data distribution and recording conditions [10-13]. 

This suggests that current benchmarks may overestimate generalization. 

Multi-institutional datasets, diverse populations, different recording 

environments, and explicit external validation with patient-wise splits are 

essential for more reliable assessment [22, 27].  

4.2 Class Imbalance and Rare Phenotypes 

Class imbalance remains a recurring problem; common diseases such 

as COPD and pneumonia are well represented while less common 

diseases—such as asthma or pulmonary fibrosis—remain underrepresented 

in respiratory sound datasets. Dianat et al., 2023 [24] specifically addressed the 

classification of pulmonary sounds for diagnosing interstitial lung diseases 

associated with connective tissue diseases, highlighting the clinical importance of 

extending deep learning models beyond common respiratory conditions. 

Techniques such as category balancing, focal loss, or synthetic data generation 

using GANs may improve performance in some settings, particularly when class 

imbalance is severe [11, 14]. However, these methods remain partial 

substitutes for diverse, real-world data. Practical solutions include federated 

learning across institutions and collecting additional data for 

underrepresented categories while maintaining privacy requirements [7].  

4.3 Task Design and Multi-Task Learning 

Disease detection tasks often achieve higher accuracy (over 93%) 

than multi-category classification tasks (around 80–85%) or sound level 

classification tasks, due to the complexity of category boundaries and the 

increasing noise in labels [4, 11]. Multitasking learning (MTL) remains 

underutilized, despite its potential to leverage common phonological features 

across tasks (presence, type, intensity, demographics), thereby enhancing 

robustness and efficiency [15]. Accurate labeling and clear task ontologies 

remain essential for expanding MTL adoption. 

4.4 Explainability, Calibration, and Clinical Utility 

The limited use of explainable artificial intelligence (XAI) techniques 

is a major obstacle to gaining clinical confidence. While some studies have 

presented attention maps or displayed gradients, clinically relevant 

approaches and uncertainty reports remain limited [16, 17, 20]. In addition 

to traditional metrics, future studies should include calibration evaluation, 

clinical feasibility analysis (such as decision curves), and error studies 

across different populations and devices, in line with current reporting 

guidelines [22, 27].  

4.5 Ethical, Privacy, and Deployment Considerations 

Breath sounds are useful but incomplete signals on their own. Studies 

have shown that combining them with demographic information, pulmonary 

function tests, or radiographic images can improve reliability, especially when 

field conditions vary [8, 10, 26]. Architectures such as multi- source 

transformer models or graphical networks allow for better integration of 

these patterns, but standard interfaces and common test metrics are 

required to ensure fair comparisons [4].  

Unlike previous narrative reviews [3, 4], this study adheres to the 

PRISMA 2020 framework and adds a meta-analysis covering the period 2019–

2024 [22, 27] providing quantitative evidence drawn from 42 studies. 

From a clinical perspective, deep learning models for analyzing 

respiratory sounds can be integrated into digital hearing aids, telemedicine 

platforms, and mobile health applications, enabling scalable decision 

support tools for medical and community care professionals, particularly in 

resource-limited settings. 

4.6 Ethical And Data-Privacy Considerations 

Most of the datasets used in the studies were public and de-

identified—such as ICBHI 2017—significantly reducing privacy risks. 

However, large-scale data collection in the future will require adherence to 

ethical standards, including informed consent, anonymization, and approval 

by ethical authorities. Fairness and bias reduction must also be addressed 

when training models on different populations to prevent discrepancies in 

diagnostic performance. Transparent documentation of data sources and 

adherence to responsible AI principles remain crucial. 

5. Strengths and Limitations of this Review 

This systematic review and meta-analysis combine several important 

strengths with some limitations that should be noted. 
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5.1 Strengths  

Strengths. First, this review is, to the best of our knowledge, among 

the few recent studies that combine a PRISMA-guided design with a 

structured quantitative synthesis focused specifically on deep learning–

based respiratory sound analysis, extending beyond prior review-oriented 

summaries in the field [19, 20].  

Second, the review adhered to the PROBAST-AI and TRIPOD-AI 

standards, which allowed for a transparent assessment of bias sources and 

better assurance of the reproducibility of the AI-based diagnostic models. 

Third, the analysis encompassed multiple families of deep learning models, 

such as CNNs, RNN/LSTMs, transformers, and hybrids, and evaluated 

them within a standardized set of metrics, providing a broad comparative 

framework for researchers and practitioners. 

Finally, the use of subcategory analysis, meta- regression, and 

sensitivity tests helped identify consistent performance patterns while 

highlighting methodological gaps that warrant future attention. 

5.2 Limitations  

Despite these advantages, some limitations should be noted. First, the 

protocol has not been previously registered on platforms such as PROSPERO 

or OSF, which may limit the traceability and reliability of the process. 

Second, the funnel plot results showed potential asymmetry, suggesting 

that small studies with positive results may be overrepresented. However, 

formal statistical testing for publication bias was not performed due to the 

limited number of studies included in the pooled analysis. Therefore, the 

possibility of small effects from small studies cannot be entirely ruled out. 

Third, some of the included studies relied on small, homogeneous datasets 

with weak external validation, which may inflate performance estimates 

and reduce generalizability. Furthermore, publication bias could not be 

entirely ruled out due to the limited number of studies within some 

subcategories. Finally, some studies suffered from a lack of detailed 

methodological information, which affected the consistency of data 

extraction and analytical comparisons. 

However, these limitations do not weaken the overall validity of the 

findings. Rather, they underscore the strength of larger, multicenter 

studies based on standard protocols such as TRIPOD-AI and PROBAST-AI 

to strengthen the evidence and support the future clinical use of these 

models. 

6. Conclusion and Future Directions 

This systematic review and meta-analysis highlight the significant 

progress made in the analysis of respiratory sounds and the classification 

of lung diseases using deep learning techniques over the past five years. 

Convolutional CNN (CNN) models and attentional hybrid constructs have 

demonstrated high performance, often reporting high accuracy under 

controlled settings in several studies when evaluated using a single 

dataset within controlled experimental environments. Newer transducer-

based models have also shown greater ability to handle data scarcity and 

domain changes, indicating a shift from feature-based to representation-

based learning. 

Overall, the results confirm the maturity of deep learning techniques 

in automated listening, although methodological and application gaps still 

exist that preclude their immediate clinical use. 

Importantly, the prediction interval derived from the meta-analysis 

ranged from 0.24 to 1.00, indicating that future studies may report 

substantially lower or higher accuracy depending on the dataset and 

experimental conditions. This finding reinforces that model performance 

is highly context-dependent and should not be interpreted as universally 

reliable. 

Key limitations and ongoing challenges. Despite significant 

progress, several challenges still limit the clinical applicability of these 

models: (1) Reliance on limited datasets and poor generalizability: Over-

reliance on the 2017 ICBHI dataset and small, homogeneous groups still 

inflates internal performance but limits external validity; cross-testing on 

other groups shows a 10–15% decrease in performance. (2) Imbalance of 

categories and rarity of certain disease patterns: Underrepresentation of 

diseases such as asthma and pulmonary fibrosis reduces model 

robustness; although reweighting, artificial incrementing, and focus loss 

techniques improve performance by 5–7%, they are not a true substitute 

for data diversity. (3) Narrow scope of tasks: Most studies focus on binary 

tasks, with limited attention to multi-category classification, intensity 

estimation, or temporal segment identification. (4) Weak interpretability and 

clinical validation: Explainable AI (XAI) applications, model calibration, and 

bias reviews remain underdeveloped, limiting clinicians’ confidence and the 

readiness of these models for regulatory evaluation.  

Future research priorities. To achieve tangible progress in this field, 

six key research directions stand out: 

1) Large, multi-institutional datasets with clear, standardized reporting: 

Development of diverse, patient- based, and standardized databases 

with transparent metadata, aligned with TRIPOD-AI and PROBAST- 

AI guidelines.  

2) Multitask Learning (MTL): The adoption of models capable of predicting 

disease type, severity, and acoustic events within a single 

framework based on shared representations, reducing over-

personalization and increasing efficiency. 

3) Multimodal Integration: Linking respiratory sounds with 

complementary data such as clinical characteristics, medical 

imaging, and lung function using transducers or graph neural 

networks to enhance understanding of multidimensional 

relationships. 

4) Generalization-oriented training: Adopt interdisciplinary approaches, 

self-directed or semi-supervisory learning, and federated learning to 

mitigate biases and reduce data-sharing constraints across medical 

centers. 

5) Enhance interpretability and clinical value: Incorporate XAI tools, 

uncertainty measurements, and decision curve analysis alongside 

traditional metrics to facilitate clinician adoption of models.  

6) Conduct large-scale prospective field validation: Conduct multisite 

studies based on real-world clinical settings, encompassing a variety of 

equipment, patients, and environments, to assess equity, scalability, 

and cost-effectiveness.  

Final perspective. Addressing these gaps—by expanding data 

diversity, improving interpretation, and integrating models into 

multimodal and federated clinical systems—will help transform deep 

learning-based auscultation from research models into reliable and widely 

applicable diagnostic tools. As this field develops, these technologies will 

enable greater opportunities for the early detection of respiratory diseases, 

improved patient follow-up, and the provision of high-quality respiratory 

care in resource-limited settings.  
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Abstract 

Background: Azithromycin is a critically important macrolide antibiotic and is listed by the World Health Organization (WHO) as an essential medicine. 

However, this classification does not ensure the quality of marketed products, especially in regions with weak regulatory systems. Continuous evaluation of 

available formulations is therefore necessary to maintain therapeutic effectiveness and protect patient safety. Objective: This study aimed to evaluate the in vitro 

quality of five commercially available azithromycin 500 mg tablet brands in Dhamar City, Yemen, and compare them with international pharmacopeial standards. 

Methods: Five brands (coded A1–A5) were tested for physical characteristics, weight variation, hardness, friability, disintegration time, assay (active ingredient 

content), and dissolution profile. All procedures followed the guidelines of the United States Pharmacopeia (USP), British Pharmacopoeia (BP), and Indian 

Pharmacopoeia (IP). Results: All brands met pharmacopeial limits for weight variation, hardness, disintegration, and dissolution (each released more than 80% 

of azithromycin within 30 minutes). However, Brand A5 failed the assay test, containing only 77.1% of the labelled amount (USP acceptance range: 90–110%). 

Brand A1 also failed the friability test, as the tablets fully disintegrated and exceeded the acceptable weight loss limit of ≤1%. Conclusion: Although four of the 

five brands met pharmacopeial standards, two substandard products were identified—one with a critically low active ingredient content and another with poor 

mechanical strength. These issues represent a serious public health concern. The results highlight the urgent need for stronger post-market surveillance and 

regulatory control in Yemen to prevent the distribution of ineffective or unsafe medicines.  

Keywords: Azithromycin; Quality Control; Assay; Friability; Dissolution; Yemen 

1. Introduction 

Quality assurance (QA) refers to a set of systematic procedures 

designed to ensure that products and services consistently meet defined 

standards and customer expectations. Its main purpose is to prevent 

defects during the stages of design, development, and production [1]. 

According to ISO 9000, QA provides confidence that quality requirements 

will be met by emphasizing early prevention rather than correction after 

production [2, 3]. Quality control (QC), on the other hand, involves 

monitoring and evaluating the production process to verify compliance 

with established standards. ISO 9000 defines QC as “a part of quality 

management focused on fulfilling quality requirements” [4]. QC practices 

include applying process controls, setting performance criteria, ensuring 

staff competence, and conducting inspections to detect defects such as 

cracks or surface irregularities [5-8]. 

Azithromycin is a second-generation macrolide antibiotic that 

inhibits bacterial protein synthesis through its large macrolide ring, giving 

it strong activity against a wide range of respiratory pathogens [9, 10]. It is 

commonly prescribed for respiratory tract infections, sexually transmitted 

infections, and soft tissue infections due to its broad antibacterial activity 

and favorable pharmacokinetic characteristics [11]. The World Health 

Organization (WHO) lists azithromycin as an essential and critically 

important medicine, and it is available worldwide under many brand 

names [12]. Several analytical methods have been developed to detect and 

quantify azithromycin [13-15], but many of these techniques require 

complex and time-consuming sample preparation.  Therefore, this study 

aims to evaluate and compare the quality of five commercially available 

azithromycin 500 mg tablet brands in Dhamar City, Yemen. The 

assessment includes physicochemical parameters such as weight 

variation, hardness, friability, disintegration time, and dissolution profile, 

using established pharmacopeial standards and procedures. 
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2. Method and Materials  

2.1 Area of Study  

This experimental study was carried out in the Department of 

Chemistry in collaboration with the Department of Pharmacy at the 

Institute for Continuous Learning, Thamar University, Yemen. All 

laboratory work was completed over a two-month period, from August to 

September 2023. 

2.2 Materials  

Five commercially available azithromycin tablet brands, each labeled 

as containing 500 mg per tablet, were purchased from retail pharmacies in 

Dhamar City, Yemen. To ensure objectivity, the brands were coded as 

AZITHROMYCIN STAR, AZROMAX, AZICURE, ZITHROX, and AZBACT. All 

brands were evaluated using standard quality control tests, including 

physical examination (appearance, color, break-line, and edge integrity), 

weight variation, content uniformity (assay), thickness, hardness, 

friability, disintegration time, and dissolution. All analyses were 

performed according to official pharmacopeial guidelines [16, 17] to 

determine pharmaceutical quality and in vitro performance. The following 

instruments were used during testing: an electronic analytical balance, a 

digital friability tester (Tnnco), a Monsanto hardness tester, a 

disintegration test apparatus, a dissolution test apparatus, and a UV–

visible spectrophotometer (Systronics Smart). 

2.3 Analytical Methods 

In this study, several standard tests were performed to evaluate the 

quality of all selected azithromycin tablet brands. 

2.3.1 Physical Examination 

The physical characteristics of the tablets were assessed through 

visual inspection. For each brand, ten tablets were randomly selected and 

examined with the naked eye to evaluate their appearance, color, break-

line, edge integrity, and the presence of any cracks or deformities. This 

procedure was applied to all brands to maintain consistency. Physical 

examination provides an initial indication of product quality and helps 

detect manufacturing defects that may affect patient acceptability, dosing 

accuracy, or product stability [18, 19]. 

2.3.2   Weight Variation Test  

The weight variation test verifies that tablets contain a uniform 

amount of active ingredient and is a key parameter in quality control. 

According to the British Pharmacopoeia (BP, 2023) [16], tablets with an 

average weight of more than 80 mg should not deviate by more than ±5%, 

while tablets weighing 80 mg or less should not deviate by more than 

±10%. In this study, twenty tablets from each brand were individually 

weighed using an analytical balance. The average tablet weight was 

calculated, and the deviation of each tablet from this average was 

recorded. The percentage weight variation was calculated using the 

following equation: 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 (%) =
(𝐼𝑤 − 𝐴𝑤)

𝐴𝑤
 × 100 

where: 

𝐼𝑤 = Individual weight of tablet 

𝐴𝑤 = Average weight of tablet 

This test helps identify inconsistencies in the manufacturing process, 

such as variations in die filling, compression force, or powder flow, which 

can affect content uniformity and, consequently, the therapeutic efficacy of 

the tablets [20]. 

2.3.3   Assay of the active ingredient  

For the quantitative determination of azithromycin, twenty tablets 

from each brand were randomly selected, accurately weighed, and finely 

powdered. An amount of the powdered sample equivalent to 667 mg of 

azithromycin was transferred into a 200 mL volumetric flask. A suitable 

volume of diluent was added, and the mixture was sonicated for 15 

minutes to ensure complete extraction of the active pharmaceutical 

ingredient. The solution was then allowed to cool to room temperature 

and diluted to volume with Diluent A to obtain a final concentration of 0.4 

mg/ml. The resulting solution was filtered through a 0.45 μm membrane 

filter to remove insoluble excipients. The same procedure was applied to 

all tested brands. A standard solution of azithromycin was prepared under 

identical conditions for quantitative comparison.  Chromatographic 

analysis was performed using a high-performance liquid chromatography 

(HPLC) system equipped with a UV detector. Separation was achieved on a 

reversed-phase C18 column (250 mm × 4.6 mm, 5 μm particle size). The 

mobile phase consisted of a mixture of acetonitrile and phosphate buffer 

(pH 6.0) at a 60:40 (v/v) ratio, delivered at a flow rate of 1.0 mL/min. The 

detection wavelength was set at 210 nm, with an injection volume of 20 μL 

and a total run time of 10 minutes. System suitability testing was 

performed prior to analysis to ensure the reliability of the 

chromatographic system. The parameters evaluated included theoretical 

plate count (N ≥ 2000), tailing factor (≤ 2), and relative standard deviation 

(RSD ≤ 2%) for replicate injections. Diluent A consisted of a mixture of 

phosphate buffer (pH 6.0) and acetonitrile in a ratio of 50:50 (v/v). 

Quantification of azithromycin was carried out by comparing the peak 

area of the sample solutions with that of the corresponding standard 

solution. The method was performed in accordance with the 

pharmacopeial monograph for azithromycin tablets (e.g., United States 

Pharmacopeia). This method ensures accurate quantification of the active 

ingredient and allows reliable comparison with pharmacopeial 

specifications [21]. 

2.3.4 Hardness Test 

The mechanical strength (hardness) of the tablets was evaluated 

using a Monsanto-type hardness tester (China). Ten tablets from each 

brand were randomly selected and individually tested to determine the 

force required to break each tablet. The mean hardness for each brand 

was calculated using the following formula:  

𝐻𝑎𝑟𝑑𝑛𝑒𝑠𝑠 (𝑘𝑔/𝑐𝑚²) =  
𝑇𝑜𝑡𝑎𝑙 ℎ𝑎𝑟𝑑𝑛𝑒𝑠𝑠 𝑜𝑓 𝑎𝑙𝑙 𝑡𝑎𝑏𝑙𝑒𝑡

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑎𝑏𝑙𝑒𝑡𝑠
 

This test determines the tablet’s resistance to chipping, abrasion, and 

breakage during handling, packaging, and transportation [22].  

2.3.5 Friability Test 

Friability testing was carried out using an Electro Lab EF-Friabilator 

following United States Pharmacopeia (USP) guidelines. Ten tablets from 

each brand were accurately weighed and placed in the apparatus, which 

was operated at 25 rpm for 4 minutes (equivalent to 100 revolutions). 

After the test, the tablets were reweighed, and the percentage friability 

(%F) was calculated using the following equation: 

% 𝑜𝑓 𝐹𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑒𝑠𝑡 − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 𝑡𝑒𝑠𝑡 

𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑒𝑠𝑡
 × 100 

Friability assesses the tablet’s ability to withstand mechanical stress 

during handling and transportation. For conventional tablets, a friability 

value not exceeding 1% is considered acceptable [23].  

2.3.6 Disintegration Time Test 

The in vitro disintegration time was evaluated using a USP 

disintegration tester with a disc and distilled water as the medium. For 

each brand, three tablets were placed individually into the tubes of the 

basket rack, which was then lowered into a 1-liter beaker containing 

water maintained at 37 ± 0.5 °C. The disintegration time was recorded as 

the time required for each tablet to completely break down into fine 

particles and pass through the mesh at the bottom of the tube. The average 

disintegration time of the three tablets was taken as the disintegration 

time for that brand [17]. 

2.3.7 Dissolution Study 

In vitro dissolution profile of azithromycin tablets was determined 

using USP Dissolution Apparatus II (paddle method). Each of the six 

vessels was filled with 1000 mL of phosphate buffer (pH 6.0) maintained 

at 37 ± 0.5°C. After the medium reached equilibrium, one tablet from each 

brand was placed into the vessels, and the paddle speed was set to 75 rpm. 

Samples (13 mL) were collected at 10, 20, and 30 minutes using a syringe 

and replaced with an equal volume of fresh buffer to maintain sink 

conditions. The samples were filtered through a 0.45 μm membrane filter, 

and 11.25 mL of each filtrate was transferred to a 25 mL volumetric flask 

and diluted with diluent (USP 36/NF 31) [24] to obtain a concentration of 

approximately 0.25 mg/mL, similar to the standard. A 50 μL volume of 

both the sample and standard solutions was injected into a UV–visible 

spectrophotometer, and absorbance was measured at 298 nm. The 

percentage of drug release was calculated using the following formula: 

% 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 = [𝑅𝑢 𝑅𝑠]  ×  [𝐶𝑠 𝐿⁄⁄ ] × 𝑉 × 100 

where: 

Ru = response of the sample, Rs = response of the standard, Cs = 

concentration of the standard, L= label claim, and V = volume of 

dissolution medium, and V= volume of dissolution medium.  The obtained 

results were compared with the United States Pharmacopeia (USP) 

acceptance criteria for azithromycin tablets [17]. 
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3. Results and Discussion 

The quality of pharmaceutical products is a key factor determining 

their safety, efficacy, and therapeutic reliability. In this study, five 

commercially available azithromycin tablet brands marketed in Dhamar 

City, Yemen, were evaluated for their compliance with international 

pharmacopeial standards, including the United States Pharmacopeia 

(USP), British Pharmacopoeia (BP), and Indian Pharmacopoeia (IP). The 

parameters assessed included physical characteristics, weight variation, 

assay (active ingredient content), hardness, friability, disintegration time, 

and dissolution profile . 

3.1 Physical Examination 

As shown in Table 1, all tested brands exhibited acceptable physical 

characteristics, with uniform oblong shapes, smooth surfaces, and intact 

edges. These features suggest adherence to good manufacturing practices 

during the compression and coating stages. However, Brand A1 showed 

surface fragility during the friability test, indicating a possible deficiency 

in binder concentration or insufficient compression force during 

manufacturing. A noticeable color difference was also observed in Brand 

A5, which appeared yellowish compared with the white tablets of the 

other brands. This variation may be related to differences in excipients or 

the intentional use of colorants for product identification or stability 

purposes. Although color differences do not directly influence drug 

efficacy, they may affect patient confidence and adherence, especially 

when inconsistencies appear between different batches [18]. Overall, the 

physical examination results indicate that most brands meet 

pharmacopeial appearance requirements and maintain acceptable 

structural integrity, reflecting generally satisfactory formulation quality. 

 

Table 1. Physical Characteristics of Different Azithromycin Tablet Brands. 

Brands Description 

A1 White colour, and oblong shape, tablets with regular edges 

A2 White colour, and oblong shape, tablets with regular edges 

A3 White colour, and oblong shape, tablets with regular edges 

A4 White colour, and oblong shape, tablets with regular edges 

A5 Yellow colour, and oblong shape, tablets with regular edges 

3.2 Weight Variation 

As shown in Table 2, all five azithromycin tablet brands met 

pharmacopeial specifications, with weight variation falling within the 

acceptable ±5% limit specified in the USP and BP standards [16, 17]. The 

mean tablet weights ranged from 0.680 g for Brand A4 to 0.881 g for 

Brand A3, reflecting slight differences in excipient composition and 

formulation strategies among manufacturers. The low standard deviation 

values (0.013–0.021 g) indicate excellent uniformity in die filling and 

compression during tablet production. Such consistency suggests a well-

controlled manufacturing process with stable powder flow properties 

across all brands. Maintaining uniform tablet weight is essential to ensure 

accurate dosing of the active pharmaceutical ingredient (API), which 

supports therapeutic reliability and reduces the risk of underdosing or 

overdosing [20]. The results confirm that all tested brands demonstrated 

acceptable weight uniformity, indicating compliance with international 

pharmacopeial requirements and reflecting effective control of production 

parameters. 

 

Table 2. Weight Variation of Different Azithromycin Tablet Brands. 

Brands Weight (Mean  SD) 

A1 0.685  0.0134 

A2 0.744  0.0134 

A3 0.881  0.0144 

A4 0.68  0.0179 

A5 0.871  0.0212 

3.3 Assay of the Active Ingredient 

As shown in Table 3 and Figure 3, the assay results revealed clear 

variability among the five azithromycin tablet brands. Four brands—A1, 

A2, A3, and A4—were within the USP specification range of 90–110% of 

the labelled claim [17], indicating proper formulation, good uniformity of 

drug distribution, and adequate chemical stability during manufacturing 

and storage. However, Brand A5 contained only 77.1% of the labelled 

amount, which is far below pharmacopeial requirements and therefore 

failed the assay test. This low drug content is a serious quality and public 

health concern. Subtherapeutic antibiotic doses may lead to ineffective 

treatment, longer illness duration, and an increased risk of antimicrobial 

resistance (AMR)—a growing global challenge, especially in low-resource 

settings such as Yemen [25-27]. Possible causes of this deviation include 

poor mixing during formulation, inaccurate weighing of the active 

ingredient, or degradation of azithromycin due to improper storage 

conditions, such as high humidity or elevated temperatures [19, 28]. 

Similar issues have been reported in previous studies from Nigeria and 

Ghana, where some azithromycin brands were found to be subpotent and 

non-compliant with pharmacopeial assay limits [28, 29]. Overall, these 

findings highlight the need for strong regulatory oversight, strict quality 

assurance practices, and routine post-market surveillance to ensure that 

all antibiotic products meet international quality standards before they 

reach consumers. 

 

Table 3. Assay Results of the Active Ingredient in Different Azithromycin Brands 

Brands Assay (%) 

A1 96.60 

A2 90.11 

A3 97.50 

A4 102.30 

A5 77.10 

3.4 Hardness and Friability 

As shown in Table 4, the hardness results indicate that all 

azithromycin tablet brands had sufficient mechanical strength, with values 

above 9.6 kg—well above the USP minimum requirement of about 4 kg 

[17]. This confirms that the tablets can withstand normal mechanical 

stress during handling, packaging, and transportation. Among the tested 

products, A2 and A4 recorded the highest hardness values (14.6 kg and 

14.99 kg, respectively), which may be linked to the use of higher 

compression forces or greater amounts of binding agents. 

 

Table 4. Hardness of Different Azithromycin Tablet Brands 

Brands Hardness (kg) 

A1 13.9 

A2 14.6 

A3 13.44 

A4 14.99 

A5 9.64 

Despite its relatively high hardness (13.9 kg), Brand A1 failed the 

friability test because it completely disintegrated during the 4-minute 

tumbling process. This unusual result suggests poor internal cohesion or 

uneven binder distribution, leading to structural weakness even though 

the tablet surface appears firm. According to pharmacopeial standards, 

friability should not exceed 1% for conventional tablets [16, 30]. As 

presented in Table 5 and Figure 5, the remaining brands (A2–A5) showed 

friability values between 0.114% and 0.522%, which are within acceptable 

limits. These results indicate that their formulations are robust and reflect 

good manufacturing practices with effective control of granulation and 

compression steps. These observations are consistent with previous 

studies conducted in India and Bangladesh, where most azithromycin 

tablet brands complied with both hardness and friability requirements 

[31, 32]. Overall, the present results suggest that the majority of the tested 

products have suitable mechanical integrity for normal handling and 

distribution. However, Brand A1 requires further formulation 

improvements to meet friability standards. 
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Table 5. Friability of Different Azithromycin Tablet Brands 

Brand 
Initial weight  

(g) 

Final weight  

(g) 

Result  

(%) 

A1 Failed Failed Failed 

A2 7.65 7.61 0.522 

A3 8.81 8.80 0.114 

A4 6.81 6.80 0.15 

A5 8.65 8.62 0.35 

3.5 Disintegration Time 

As shown in Figure 1, all five azithromycin tablet brands complied 

with pharmacopeial limits, with disintegration times ranging from 3 

minutes (A5) to 15 minutes (A2), well within the 30-minute maximum 

specified for film-coated tablets by the USP and BP [16, 17]. The rapid 

disintegration observed for Brands A3 (5 min) and A5 (3 min) suggests 

the presence of effective disintegrants, such as croscarmellose sodium or 

sodium starch glycolate, which enhance water uptake and promote tablet 

swelling, leading to faster breakdown. Rapid disintegration is generally 

associated with improved dissolution rates and higher bioavailability, 

which can result in a faster onset of therapeutic action [33, 34]. 

Conversely, Brand A2 had the longest disintegration time (15 min). While 

still pharmacopeial compliant, this may slightly delay drug release and 

onset of action. Differences in disintegration behavior among brands likely 

reflect variations in formulation design, including disintegrant type and 

concentration, binder ratios, coating thickness, and compression force 

applied during tableting [18, 33]. Overall, the results suggest that all 

brands meet official standards, with A3 and A5 potentially offering 

superior in vitro disintegration performance. 

 

Figure 1: Disintegration Times of Different Azithromycin Tablet Brands. 
 

3.6 Dissolution Profile 

As presented in Figure 2, the dissolution profiles of all five 

azithromycin tablet brands complied with USP and BP specifications, 

which require that at least 80% of the labelled drug content be released 

within 30 minutes for immediate-release tablets [16, 17]. All brands 

released more than 80% of the drug within 30 minutes under standard 

dissolution conditions. Brand A5 showed the highest dissolution efficiency 

(97.5%), followed by Brand A3 (93.75%), indicating optimized 

formulation parameters that enhance wetting, disintegration, and drug 

solubilization [34]. In contrast, Brand A2 had the lowest release (82.0%), 

which, while acceptable, may reflect higher binder content, denser granule 

structure, or reduced tablet porosity, slowing fluid penetration and drug 

release. The dissolution results correlate with disintegration behavior: 

tablets that disintegrated faster (A3 and A5) also dissolved more quickly, 

highlighting the strong relationship between disintegration and drug 

availability. These findings are consistent with previous studies in Nigeria 

and Uganda, which reported that most marketed azithromycin tablets met 

pharmacopeial dissolution standards [15, 35, 36]. However, Brand A5, 

despite its excellent dissolution, failed the assay test (77.1% of labelled 

content). This indicates that even though the tablet dissolves efficiently, 

the total drug content is insufficient for therapeutic effectiveness. This 

underscores a critical quality concern: high dissolution cannot compensate 

for subpotent tablets, as this may still lead to subtherapeutic dosing and 

contribute to antimicrobial resistance. 

 

Figure 2: Dissolution Profile Data of Different Azithromycin Tablet Brands. 

 

4. Conclusion 

This study assessed the in vitro quality of five commercially available 

azithromycin 500 mg tablet brands in Dhamar City, Yemen, against USP, 

BP, and IP standards. All brands met pharmacopeial requirements for 

weight variation, hardness, disintegration, and dissolution, with more than 

80% drug release within 30 minutes. However, two critical issues were 

identified. Brand A5 contained only 77.1% of the labelled azithromycin, 

well below the USP acceptable range of 90–110%, posing a significant risk 

of therapeutic failure and contributing to antimicrobial resistance. Brand 

A1 failed the friability test, completely disintegrating during mechanical 

stress, which indicates poor mechanical strength and unsuitability for 

handling or patient use. These results demonstrate that not all marketed 

brands meet essential quality standards, despite claims of compliance. The 

presence of substandard and physically unstable products highlights a 

critical gap in pharmaceutical regulatory oversight in Yemen. Routine 

post-market surveillance, mandatory laboratory testing of random 

samples, and public disclosure of non-compliant products are strongly 

recommended to protect public health and ensure the efficacy of essential 

medicines.  
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Abstract 

Background: Salvia officinalis L. is an aromatic perennial herb belonging to the Lamiaceae family, known for its diverse pharmacological properties, including 

potent antioxidant, antimicrobial, anti-inflammatory, neuroprotective, and anti-diabetic activities. Despite its extensive traditional use, the specific roles of S. 

officinalis in glucose management and its acute toxicity profile in rabbits require further elucidation. Objective: This study provided a preliminary assessment of 

the acute toxicity profile and the basal glycemic effects of a methanolic extract of S. officinalis in a normoglycemic rabbit model. Methodology: Twelve adult male 

White rabbits were randomly assigned to four groups (n=3). Group I served as the vehicle control, while Groups II, III, and IV received single oral doses of S. 

officinalis extract at 1000, 1500, and 2000 mg/kg, respectively. Animals were monitored over 14 days for toxicity, mortality, and body weight, alongside repeated 

measurements of fasting blood glucose (FBG). Data were analyzed using two-way repeated measures ANOVA. Results: S. officinalis extract demonstrated dose-

dependent basal glucose modulation. The repeated measures analysis revealed highly significant effects for both time and dose (P < 0.001). The 1000 mg/kg dose 

was identified as the No Observed Adverse Effect Level (NOAEL), while the 1500 mg/kg dose was established as the Maximum Tolerated Dose (MTD). At 2000 

mg/kg, an observed lethal threshold was recorded with a 66.7% mortality rate. Conclusion: The preliminary findings suggest that S. officinalis extract exhibits 

potential dose-dependent hypoglycemic activity in normoglycemic models. However, the manifestation of systemic toxicity at higher concentrations defines a 

narrow therapeutic window for the extract. 

Keywords: Salvia officinalis; Hypoglycemic; Acute Toxicity; Rabbit Model; Safety Assessment 

1. Introduction 

Diabetes Mellitus (DM) is a group of metabolic diseases characterized 

by hyperglycemia resulting from defects in insulin secretion, insulin action, 

or both [1, 2]. Globally, DM prevalence poses a significant public health 

challenge, with estimates of 537 million adults affected, expected to rise to 

643 million by 2030 and 783 million by 2045. The increasing resistance to 

standard therapies and treatment costs has led to a renewed interest in 

complementary and alternative medicine, particularly traditional herbal 

remedies for DM management [3–5]. 

In this context, Salvia officinalis (common sage or garden sage), an 

aromatic perennial herb belonging to the Lamiaceae family, has garnered 

significant scientific attention [6]. Historically recognized for its diverse 

pharmacological spectrum, this herb exhibits potent antioxidant, 

antimicrobial, anti-inflammatory, neuroprotective, and notably, anti-

diabetic activities [7]. The therapeutic potential of S. officinalis is primarily 

attributed to its complex phytochemical composition, which includes 

essential oils, flavonoids, and phenolic acids. These constituents are 

thought to exert their hypoglycemic effects through various mechanisms, 

such as improving insulin sensitivity, enhancing glucose uptake, and 

inhibiting α-glucosidase activity [8–15] 

Despite the extensive traditional application and a growing body of in 

vitro and in vivo literature elucidating its general pharmacological effects, 

several critical aspects regarding the safe and effective use of S. officinalis 

in DM management remain inadequately addressed. Specifically, there is a 

notable lack of robust experimental evidence defining the acute safety 

profile (NOAEL, MTD) and the precise dose-response relationship of its 

methanolic extract. Therefore, this study aims to provide a preliminary 

characterization of the acute safety profile and explore the basal glycemic 

effects of Salvia officinalis methanolic extract in a normoglycemic rabbit 

model, establishing a pharmacological baseline for future larger-scale 

investigations. 
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2. Methodology  

2. 1 Plant Material and Extract Preparation 

Fresh leaves of Salvia officinalis L. were collected in February 2025 

from a house garden in Dhamar city, Yemen. The leaves were formally 

identified and authenticated by Dr. Abdullah Al-Shawsh, Department of 

Botany, Thamar University, Yemen, Under voucher specimen (No. TU+AC-

2024). Certificates of authentication were subsequently submitted and 

retained in the Department of Pharmacy, Thamar University, Yemen. 

The collected S. officinalis leaves (Figure 1) were thoroughly washed 

with distilled water and shade-dried at ambient temperature [11]. The 

dried leaves were subsequently pulverized into a fine powder using a 

mortar and pestle, according to established methods [11, 16]. A 

methanolic extract was then prepared via maceration. To ensure a 

sufficient yield for high-dose administration, the extraction was conducted 

in successive cycles (10 g of powder per 100 mL solvent) for 48 hours with 

occasional agitation. The filtrate was concentrated using a rotary 

evaporator at 40 °C under reduced pressure. The crude methanolic extract 

was stored in airtight amber vials at 20 °C until further use, following 

standard protocols [4, 17, 18]. Finally, the total yield of the extract was 

determined [19].  

2. 2 Experimental Animals  

A total of twelve adult male White rabbits (1000–1500 g, 18 weeks 

old) were sourced from the local market. The animals were housed in 

metallic cages at the Thamar University Institute for Continuous 

Education. All procedures involving the animals adhered to the 

internationally recognized guidelines for the care and use of laboratory 

animals and were approved by the Animal Ethics Committee (AEC) of 

Thamar University [20, 21].  

 

Figure 1: Leaves of the Salvia officinalis. 

 

Rabbits were acclimated for one week under controlled conditions 

(23 ± 2 °C, 55 ± 5% humidity, 12:12 h light/dark cycle) [22] [23]. 

Following acclimatization, animals were randomly assigned to four groups 

(n = 3 per group) for the Preliminary Acute Toxicity and Dose-Ranging 

Assessment (Table 1). The use of four parallel groups with n=3 was 

adopted as a preliminary screening method to establish the Maximum 

Tolerated Dose (MTD). Group I (Control): Received vehicle only (distilled 

water), Group II-IV: Received single oral doses of sage extract at 1000, 

1500, 2000 mg/kg, respectively. The extract and vehicle were 

administered as a single oral dose (P.O.) via oral gavage  

Table 1: Design and distribution of experimental animals grouping. 

Group Category Dose Administration 

Group I Vehicle control Distilled water (vehicle) 

Group II Low-Dose Toxicity/Efficacy Extract 1000 mg/kg BW (p.o.) 

Group III Mid-Dose Toxicity/Efficacy Extract 1500 mg/kg BW (p.o.) 

Group IV High-Dose Toxicity/Efficacy Extract 2000 mg/kg BW (p.o.) 

*Note: The S. officinalis extract was administered as a single oral dose (P.O.) via oral 
gavage. Animals were fasted overnight before dosing to stabilize baseline glucose. 

2. 3 Preliminary Acute Toxicity Assessment and Body Weight 

The acute oral toxicity was assessed using a dose-range finding study 

(limit test) to characterize the initial safety profile of the extract. In 

accordance with the 3Rs principles for animal reduction and the 

exploratory nature of this screening, the No Observed Adverse Effect Level 

(NOAEL) and Maximum Tolerated Dose (MTD) were identified based on 

the highest doses resulting in zero mortality. Clinical signs were monitored 

using the Functional Observational Battery at least twice daily. 

Observations for behaviour, water/food intake, and mortality were 

recorded over a period of 14 days. This preliminary screening focused on 

clinical and observational parameters, including mortality and physical 

indicators. Body weights were measured using an electrical balance at 

baseline Day 0  and at the end of the experiment (Day 14). Body weight 

data were statistically analyzed and expressed as mean ±SEM. Figure 2 

shows a graphical representation of the study methodology. 

 

Figure 2: Graphical representation of Salvia officinalis ethanolic extract is 

safe and demonstrates significant antihyperglycemic activity in rabbits. 

2. 4 Assessment of Effect on Basal Blood Glucose Levels 

To evaluate the hypoglycemic efficacy of the S. officinalis extract, 

fasting blood glucose (FBG) levels were monitored in normoglycemic 

rabbits. Baseline measurements (0 h) were obtained immediately prior to 

extract administration. Post-treatment glucose levels were then recorded 

at acute intervals (0, 2, and 6 h) and sustained intervals (Days 1, 7, 10, and 

14). Blood samples (~3mL) were collected from the marginal ear vein via 

lancet puncture, and glucose concentrations were determined using a 

validated portable glucometer (Accu-Chek, Roche Diagnostics, Germany) 

in accordance with the manufacturer's instructions. 

2. 5 Ethical Approval 

All experimental procedures were conducted in accordance with the 

ethical guidelines for the care and use of laboratory animals and were 

approved by the Animal Ethics Committee (AEC) of Thamar University 

(Ref No: TU-2025-045). Animals were monitored every 2 hours during 

the first 24 hours for clinical signs of toxicity. Humane endpoints were 

established to prevent unnecessary suffering; animals showing severe 

distress or moribund conditions were slated for immediate euthanasia 

using an overdose of anesthesia. Rabbits that succumbed to the high-dose 

toxicity (2000 mg/kg) were recorded, while surviving healthy animals 

were maintained under veterinary supervision for the 14-day observation 

period before being humanely retired from the study. 

2. 6 Statistical Analysis. 

Data were expressed as mean ± SEM and analyzed using SPSS 

software (version 16). For body weight data, differences among groups at 

Day 14 were analyzed by One-way ANOVA. For fasting blood glucose data, 

a two-way repeated measures ANOVA was employed to evaluate the 

main effects of Dose and Time, as well as their interaction. Bonferroni 

post-hoc tests were performed to identify significant differences between 

groups at specific time points. Mortality rates were compared by Fisher’s 

exact test. A p-value of less than 0.05 (p ˂ 0.05) was considered significant. 

3. Results  

3. 1 Plant Material and Extract Yield 

The extraction process, involving a 48-hour maceration of 10 g of 

dried S. officinalis leaves in 70% methanol, resulted in a dark brown, 

gummy crude extract. The calculated percentage yield was 10.3% (w/w). 

This yield provided a sufficient quantity of the phytochemical constituents 

required for the subsequent acute toxicity and hypoglycemic assessments 

in the rabbit model. 

 

3. 2 Preliminary Acute Toxicity and Clinical Observations 

Oral administration of the methanolic extract of S. officinalis resulted 

in dose-dependent mortality and pronounced clinical manifestations 

(Table 2). All rabbits (3/3) in Group II survived the 14-day observation 
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period, establishing this dosage as the NOAEL. Conversely, Group III 

recorded a 33.3% mortality rate (1/3), while Group IV exhibited the 

highest fatalities at 66.7% (2/3). These findings identify 1500 mg/kg as 

the MTD and approximately 2000 mg/kg as the observed lethal threshold. 

Clinical signs also followed a dose-dependent pattern. While the 

control and Group II exhibited normal behavior and stable vital signs, 

rabbits receiving 1500 and 2000 mg/kg displayed pronounced 

neurobehavioral alterations, including drowsiness, trembling, and 

aggressiveness. Severe manifestations, such as paralysis and asphyxiation, 

were exclusively recorded in Group IV, reflecting acute systemic toxicity. 

Table 2. Acute Toxicity and Clinical Observations of S. officinalis Methanolic Extract in 
Male Rabbits Over 14 Days 

Mortality and 
clinical signs 

Group I 
(Control) 

S. officinalis methanolic extract 

Group II 
(1000 mg) 

Group III 
(1500 mg) 

Group IV (High 
2000 mg) 

Mortality 0/3 0/3 1/3 2/3 

Behavioral 
Changes 

None None 
drowsiness, 
trembling, 

Aggressiveness, 
paralysis, drowsiness, 

trembling, 
asphyxiation 

Body 
Temperature 

Normal Normal Normal Elevated 

Heart Rate Normal Increased Increased Increased 

Respiratory 
Rate 

Normal 
Slightly 
Increased 

Increased Increased 

* Note: N: normal, AN: abnormal, P: presence, A: aggressive. 

3. 3 Food and Water Consumption 

As shown in Figures 3A and 3B, no statistically significant differences 

in mean food and water intake were observed across all treated groups 

compared to the control (P > 0.05). These results suggest that the extract 

did not impact appetite or hydration, indicating that observed weight 

changes were likely driven by metabolic or toxicological factors rather 

than reduced intake. 

 

Figure 3: Food consumption expressed in g/d (A) and Water intake expressed in ml/d 
(B) of male rabbits orally administered with S. officinalis extract. 

 

3. 4 The effect of Salvia officinalis extract on Rabbit's body weight 

As demonstrated in Table 3, rabbits in the vehicle control group 

(Group I) exhibited a statistically significant increase in body weight from 

1300 ± 20 g on day 0 to 1395 ± 25 g on day 14 (P < 0.001). In the Low-

Dose Group II (1000 mg/kg), a marginal yet statistically insignificant 

increase in body weight was noted between day 0 and day 14 (P > 0.05). 

Conversely, the Mid-Dose Group (Group III) (1500mg/kg) exhibited a 

statistically significant reduction in body weight (P < 0.001), with a mean 

difference of −160±10, suggesting an early indication of systemic toxicity. 

In contrast to the control and low-dose groups, the High-Dose Group 

(Group IV) (2000 mg/kg BW) demonstrated the most severe and 

statistically significant reduction in body weight, dropping from 1302 ±21 

g on day 0 to 1120±25 g on day 14 (P <0.001), strongly correlating with 

the observed mortality. 

 

Table 3: The mean body weight and weight difference of male rabbits on day 0 and day 

14. 

Groups 
Body weight 

on day 0  
(g) 

Body weight 
on day 14  

(g) 

Mean 
difference ± 

SEM (g) 
P value 

Group I 1300±20 1395±25 +95±5 <0.001 

Group II 1305±22 1320±27 +15±5 >0.05 

Group III 1310±20 1150±30 - 160±10 <0.001 

Group IV 1302±21 1120±25 - 182±6 <0.001 

* Note: Data are expressed as mean ± SEM (n=3). The initial body weight range for all 
rabbits was 1000–1500 g. P-values compare Day 14 weight to Day 0 weight within the 
same group.   

3. 5 Hypoglycemic Efficacy and Basal Glucose Modulation 

As summarized in Table 4, the methanolic extract exhibited a potent 

dose-dependent hypoglycemic effect across all treated groups compared to 

the control. In the Low-Dose Group II (1000 mg/kg), a significant 

reduction in FBG was observed at 2- and 6-hours post-administration (P < 

0.05) compared to its baseline. The most pronounced reduction was 

recorded in the High-Dose Group IV (2000 mg/kg), where blood glucose 

levels dropped significantly from a baseline of 168.00 ± 1.36 mg/dL to a 

minimum of 60.00 ± 1.32 mg/dL at 2 hours (P < 0.001). 

As illustrated in the longitudinal profile (Figure 4), the extract 

demonstrated a rapid onset of action within the first 6 hours, followed by a 

gradual stabilization phase. While all treated groups maintained lower 

FBG levels relative to their respective baselines through Day 14, the 

efficacy of the high-dose group was confounded by the previously noted 

systemic toxicity and mortality rate. 

 

 

Figure 4: Longitudinal glycemic profile of normoglycemic rabbits following acute oral 
administration of Salvia officinalis L. extract. The graph depicts the dose-dependent 
reduction in fasting blood glucose (FBG) during acute (0–12 h) and sustained (1–14 
days) observation periods. Error bars indicate SE. 

4. Discussion  

Medicinal plants have demonstrated significant utility within the 

realm of traditional medicine and hold relevance in economically 

disadvantaged nations [24–26]. The present study provides a preliminary 

characterization of the acute toxicity profile and the basal glycemic effects 

of a methanolic extract of Salvia officinalis in rabbits. By establishing the 

No Observed Adverse Effect Level (NOAEL) and the Maximum Tolerated 

Dose (MTD), the results yield preliminary insights into the safety 

threshold and metabolic response in a normoglycemic state associated 

with this botanical. Our findings revealed that the methanolic extract of S. 

officinalis diminishes blood glucose concentrations, especially at elevated 

dosages, while exhibiting a dose-dependent toxicity profile. 
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Table 4: Fasting blood glucose levels (mean ± SEM) in male rabbits following acute oral administration of S. officinalis extract. 

Group Treatments 

Blood glucose (mg/dl) 

0  2h  6h 1ST Day 7TH Day 10TH Day 14TH Day 

Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM 

Group I Control Group 188±2.88 A 115±3.00 A 108±2.65 A 175±2.08 A 159±0.58 A 161±1.53 A 171±2.31A 

Group II 1000 mg/kg  191±2.87 A 98±2.00 B 90±2.00 B 203±3.22 A 175±3.0 B 178±3.0 B 181±3.0 B 

Group III 1500 mg/kg  184±4.50 A 88±2.00 C 85±2.00 B 178±1.0 A 150±2.0 C 156±3.0 A 159±3.0 C 

Group IV 2000 mg/kg 168±3.60 A 60±2.00 D 65±2.00 C 158±1.0 A 136±2.0 D 143±3.0 C 146±3.06 D 

P ± value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Note: Data are expressed as Mean ± SEM (Standard Error of the Mean), with n=3 per group. Values within the same column followed by different superscript letters (a, b, c, d) are significantly 
different at p < 0.05, as determined by a two-way repeated measures ANOVA followed by a Bonferroni post-hoc test for multiple comparisons. 

 

The preliminary assessment of acute toxicity revealed a clear dose-

dependent relationship between extract administration and systemic 

safety. While the 1000 mg/kg dose was well-tolerated, the emergence of 

neurobehavioral alterations and mortality at 1500 and 2000 mg/kg 

defines a narrow therapeutic window for the methanolic extract in this 

animal model. The observed clinical signs, including trembling and 

paralysis at high doses, suggest potential neurotoxic or systemic metabolic 

distress when safe thresholds are exceeded. Crucially, the significant 

reduction in body weight observed in Groups III and IV (P < 0.001) must 

be interpreted as a primary indicator of systemic toxicity. This finding 

implies an estimated MTD of approximately 1500 mg/kg, reflecting the 

extract's potential for dose-dependent toxicity [11] and reaffirming its 

safety profile at moderated dosages [7, 11]. This specific delineation of the 

MTD in male rabbits, alongside comprehensive clinical observations over 

14 days, constitutes a critical contribution to the toxicological data of S. 

officinalis. While food and water intake remained stable, the rapid weight 

loss strongly correlated with the high mortality rate and clinical 

deterioration. This suggests that the extract, at high concentrations, may 

interfere with metabolic homeostasis or induce acute organ stress, 

highlighting the critical importance of dose optimization to avoid adverse 

outcomes. 

Beyond the evaluation of toxicity, the present study illustrates that the 

methanolic extract of Salvia officinalis effectively lowers blood glucose 

levels in rabbits. Notably, the high-dose cohort (2000 mg/kg) exhibited a 

significant reduction in fasting blood glucose levels, a finding that is 

consistent with previous research highlighting the antidiabetic potential of 

Salvia officinalis. For example, previous studies [27] reported significant 

decreases in glucose levels in alloxan-induced diabetic rabbits subsequent 

to the administration of a 500 mg/kg dose of Salvia officinalis extract  [28, 

29]. The efficacy observed with the high-dose treatment in our 

investigation underscores the role of Salvia officinalis as a potent 

hypoglycemic agent in this model. However, the lack of a consistent dose-

dependent response at elevated concentrations necessitates further 

exploration. It is conceivable that the intricate pharmacokinetics of the 

extract, encompassing absorption rates and metabolic pathways in healthy 

rabbits, may influence its efficacy across varying dosages. 

Beyond the evaluation of phytochemical constituents, previous 

studies have indicated that the leaves of common sage contain elevated 

levels of flavonoids and saponins, among other phytochemicals [30]. The 

proposition that hypoglycemic activity may stem from the individual or 

synergistic effects of these compounds is well-documented [17, 31]. 

Furthermore, S. miltiorrhiza (Chinese sage) possesses a metabolite profile 

analogous to that of S. officinalis. Consequently, the observed declines in 

blood glucose levels in our study can be attributed to multiple potential 

mechanisms. Phytochemical analyses have identified flavonoids and 

saponins as key constituents known to exhibit antidiabetic properties; 

these may enhance insulin sensitivity and stimulate insulin secretion while 

concurrently diminishing hepatic glucose production [28, 32]. 

Additionally, the antioxidative characteristics of Salvia officinalis may 

mitigate oxidative stress, thereby safeguarding pancreatic beta-cells and 

sustaining insulin synthesis. Subsequent investigations delineating the 

specific pathways influenced by S. officinalis extracts could yield profound 

insights into its mechanistic underpinnings [33]. 

The findings of the current investigation are congruent with research 

conducted on diabetic models, such as [34], which indicated that the 

protective efficacy of S. officinalis extracts against weight reduction is 

contingent upon dosage and metabolic condition. The recorded weight 

decline at 1500 mg/kg and 2000 mg/kg in our healthy rabbits is plausibly 

attributable to the acute systemic stress and toxicological manifestations 

observed at these concentrations. This potentially culminates in the 

augmented degradation of structural proteins and muscular tissue, as 

previously elucidated within the framework of exacerbated catabolism 

[34, 35]. 

The significant reduction in fasting blood glucose observed in this 

study aligns with findings reported in other normoglycemic (non-diabetic) 

animal models. For instance, studies on healthy rats and rabbits have 

demonstrated that Salvia officinalis extract can exert a basal glucose-

lowering effect without the need for pre-existing hyperglycemia. This 

distinguishes S. officinalis from some other medicinal plants that only 

show activity in diabetic models. The ability of the extract to modulate 

glucose levels in healthy subjects suggests a mechanism that enhances 

insulin sensitivity or inhibits glucose absorption, rather than merely 

replacing deficient insulin. Our results are consistent with those of [34], 

who observed similar hypoglycemic trends in healthy Wistar rats, further 

validating the potent metabolic regulatory role of this plant across 

different species. 

Despite the significant findings of this investigation, certain 

limitations must be acknowledged. The sample size per group (n = 3) was 

relatively small; as this was a preliminary characterization of acute toxicity, 

the long-term impacts of S. officinalis extract on metabolic and organ 

functions were not assessed. Additionally, while a potent hypoglycemic 

effect was observed, the precise molecular mechanisms and the direct 

impact on serum insulin levels were not measured, as the study focused on 

initial safety and basal glucose modulation. 

Based on these limitations, it is advisable that future research 

encompass broader studies utilizing diverse animal models of both sexes 

to investigate population variability in response to S. officinalis. 

Furthermore, comprehensive examinations into the sub-chronic and 

chronic impacts on hepatic and renal functions, alongside detailed 

histological assessments, are critical for an exhaustive safety evaluation. 

Finally, elucidating the specific signaling pathways and molecular 

mechanisms implicated in the observed glucose-lowering effects will 

furnish invaluable insights for potential clinical applications in diabetes 

management [36, 37]. 

5. Conclusions  

This study provides preliminary experimental data that characterize 

the acute toxicity profile and basal glycemic effects of the methanolic 

extract of Salvia officinalis in rabbits. The findings underscore the presence 

of a therapeutic window that must be adhered to in order to maintain 

safety at efficacious dosages. Dose Safety and Toxicity Threshold: The No 

Observed Adverse Effect Level (NOAEL) for acute oral administration was 

successfully established at 1000 mg/kg body weight. Conversely, an 

observed lethal threshold was identified at approximately 2000 mg/kg, 

correlating with systemic toxicity, a 66.7% mortality rate, and significant 

body weight reduction. Basal Glucose Modulation: The extract 

demonstrated a significant basal blood glucose-lowering effect, even at the 

NOAEL dosage. Collectively, these results position S. officinalis as a 

promising candidate for further exploration in metabolic regulation, 

provided that dosages are optimized to avoid the identified toxicological 

thresholds. 
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Abstract 

Background: Carob (Ceratonia siliqua) is a polyphenol-containing plant that has anti-oxidant and anti-inflammatory qualities, which can affect maternal 

immunity in pregnancy. Nevertheless, it has not been studied how it affects maternal immunity and the integrity of embryonic organs. Objective .  The current 

paper aimed to test the immunomodulatory properties of carob extract on pregnant rats affected with induced hepatitis and to examine the histological 

alterations of embryonic liver tissue. Methods: Pregnant female Wistar rats (200-230 g) were chosen randomly and distributed into four groups (n=7/group): 

control (vehicle only), carob-only (400mg/kg/day carob extract), infected (induced hepatitis by concanavalin A), and carob + infected (carob pretreatment then 

ConA induced hepatitis). Carob aqueous extract was administered on gestational days 12-18. At gestational day 19 (GD19), hepatic enzyme levels (ALT, AST, ALP, 

GGT) and pro-inflammatory cytokine levels (IL-6, IL-12, IL-18, IL-29, TNF-α) were assessed in maternal blood using ELISA. Cesarean delivery was used to harvest 

embryos, and embryonic livers were subjected to histological analysis using hematoxylin and eosin staining. Results: Pretreatment with carob significantly 

attenuated maternal hepatic infection by reducing ALT (345 ± 30 to 120 ± 20 U/L, 65%) and AST (290 ± 25 to 105 ± 18 U/L, 64%). There was a significant 

decrease in pro-inflammatory cytokines, namely, IL-6 (reduced by 62.5% [320 ± 50 to 120 ± 30 pg/mL, p < 0.01]), TNF-α (reduced by 63% [2500 ± 400 to 920 ± 

150 pg/mL, p < 0.001]), IL-12 (reduced by 50% [110 ± 20 to 55 ± 10, p < 0.01]) and IL-18 (reduction by 55% [400 ± 50 to 180 ± 30 pg/mL, p < 0.01]). Embryonic 

livers of carob-treated dams were observed to have preserved hepatic architecture with visible central veins and ordered hepatocyte cords, but those of embryos 

of damaged dams that did not receive carotenogenic treatment had a significant structural disorganization, cellular necrosis, and architectural distortion. 

Conclusion: Carob extract has strong immunomodulatory activity in pregnant rats, suppressing inflammatory changes and hepatic damage, which is associated 

with the maintenance of embryonic liver architecture. These effects have not yet been verified in other models, and the mechanisms behind them remain unclear. 

Keywords: Ceratonia siliqua; Pregnancy; Embryonic Liver; Immunomodulation; Cytokines; Histology; Polyphenols 

1. Introduction 

Pregnancy is a distinctive immunological condition characterized by 

dynamic changes in maternal immune responses that are vital for 

ensuring embryonic development without compromising host defenses 

[1]. A significant change in the maternal immune system occurs, including 

alterations in the cytokine profile and immune cell populations, to develop 

tolerance to the semi-allogeneic embryo [2]. Disruption of this fine 

immunological balance by inflammatory states can negatively impact not 

only maternal health but also embryonic organ development [3, 4]. 

The cytokines that play a significant role in mediating inflammatory 

responses are pro-inflammatory cytokines, including interleukin-6 (IL-6), 

tumor necrosis factor-alpha (TNF-α), IL-12, IL-18, and IL-29 [5]. These 

cytokines can either bypass the placental barrier or, when elevated in 

maternal circulation, indirectly damage the embryo's tissue integrity by 

affecting placental function and nutrient transfer [6]. Such inflammatory 

insults are especially likely to affect the embryonic liver, which plays a 

major role in hematopoiesis during gestation [7]. Maternal  inflammatory 

diseases have been linked to changes in hepatic morphology, hepatocyte 

disorganization, and long-term effects on offspring hepatic function [8]. 

Carob (Ceratonia siliqua L.) is a leguminous evergreen tree native to 

the Mediterranean region and has been used historically as a source of 

food and a traditional medicinal remedy [9]. Carob pods, particularly the 

polyphenols such as gallic acid, (+)-catechin, (-)-epicatechin, and their 

derivatives, are extraordinarily rich in bioactive compounds that together 

confer their high antioxidant activity [10, 11]. The biological effects of 

these polyphenolic compounds are achieved in several ways, including 

scavenging reactive oxygen species, blocking nuclear factor kappa-B (NF-

kB) or mitogen-activated protein kinase (MAPK) signaling pathways, and 

regulating the production of inflammatory cytokines [12, 13]. 

Recent studies have shown that carob has therapeutic value in 

various experimental animals. According to Martić et al. [14], carob pulp 

extract reduced hepatic enzyme levels and inhibited lipid peroxidation in 

acetaminophen-induced hepatotoxicity. Rašković et al. [15] showed that 

carob supplementation also improved liver morphology and reduced 

inflammatory markers in diet-induced obese rats. Recent research by 
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Ahmed et al. [16] . Indicated that carob powder, together with 

thymoquinone, alleviated oxidative stress and reduced pro-inflammatory 

cytokines in an asthmatic pregnant rat model, suggesting its potential 

usefulness during pregnancy. Nevertheless, no research has examined the 

precise effects of carob extract on maternal immune parameters and 

embryonic liver histology in a setting of liver inflammation. 

The immunomodulatory effects of carob have not yet been studied in 

pregnant models, and whether maternal treatments can influence 

embryonic organ integrity remains unknown. This is a knowledge gap, as 

there is growing interest in the use of natural compounds as potential 

therapeutic agents during pregnancy. Thus, we conjectured that carob 

extract treatment of pregnant rats would regularize the maternal 

inflammatory response and, by extension, prevent inflammation-related 

harm to the embryonic liver. This research set out to assess the 

immunomodulatory actions of carob extract on maternal parameters of 

inflammatory reactions in pregnant rats with induced immune-mediated 

hepatitis and to determine the resultant histological alterations of 

embryonic liver tissue. 

2. Materials and Methods 

2.1 Ethical Approval 

The entire experimental procedure was performed in strict 

compliance with the National Institutes of Health Guidelines for the Care 

and Use of Laboratory Animals and was endorsed by the Institutional 

Animal Ethics Committee (Protocol No. IAEC/2024/05). The animals used 

were kept in humane conditions during the study, and suffering was 

reduced as much as possible. 

2.2 Animals and Mating Protocol 

Twenty-eight adult female Wistar rats (200 – 230 g, 10 – 12 weeks 

old) were obtained from the Animal House Facility at the College of 

Veterinary Medicine, University of Tikrit, Iraq. The animals were housed in 

polypropylene cages under controlled environmental conditions 

(temperature: 22 ± 2 °C; relative humidity: 50–60%; 12-hour light/dark 

cycle) with ad libitum access to standard rodent laboratory chow and 

filtered water. After a one-week acclimatization period, female rats were 

mated with fertile males at a ratio of 2:1. Vaginal smears were examined 

daily; the presence of spermatozoa was designated as gestational day 0 

(GD0), and pregnancy was further confirmed by monitoring body weight 

gain ]17 [. 

2.3 Carob Extract Preparation 

Mature carob (Ceratonia siliqua L.) pods were obtained from local 

markets. The pods were thoroughly washed, air-dried at room 

temperature in a well-ventilated area for 7 days, and ground into a fine 

powder using an electric grinder. To prepare the aqueous extract, 100 g of 

the powder was macerated in 1000 mL of distilled water at room 

temperature with periodic agitation every 72 hours. The suspension was 

filtered through Whatman No. 1 filter paper, followed by a 0.45 µm 

membrane filter for clarification. The filtrate was concentrated using a 

rotary evaporator at 40 °C under reduced pressure to obtain the crude 

extract (yield: 18.5% w/w). The resulting extract was lyophilized and 

stored at -20 °C until further use. For administration, the lyophilized 

powder was freshly resuspended in 0.5% carboxymethyl cellulose (CMC) 

as a vehicle. A dose of 400 mg/kg body weight was selected based on its 

established efficacy and safety in rodent models [14, 18], representing 

approximately 1/10 of the No-Observed-Adverse-Effect Level (NOAEL) for 

carob extracts in rodents [19]. 

2.4 This Experimental Design and Treatment Protocol  

After pregnancy confirmation, rats were randomly assigned to four 

experimental groups (n = 7 per group) using a computer-generated 

randomization sequence: 

Group I (Control): Received the vehicle (0.5% CMC, 1 mL/kg, p.o.) 

daily from GD12 to GD18, and a single injection of normal saline (1 mL/kg, 

i.v.) on GD18. 

Group II (Carob Only): Received carob extract (400 mg/kg, p.o.) daily 

from GD12 to GD18, and normal saline (1 mL/kg, i.v.) on GD18. 

Group III (ConA- infected): Received the vehicle (0.5% CMC, 1 

mL/kg, p.o.) daily from GD12 to GD18, followed by a injection (15 mg/kg, 

i.v.) on GD18. 

Group IV (Carob + ConA): Received carob extract (400 mg/kg, p.o.) 

daily from GD12 to GD18, followed by a ConA injection (15 mg/kg, i.v.) on 

GD18, administered 1 hour after the last carob dose.  

The treatment period (GD12–GD18) was selected to encompass the 

critical stage of fetal hepatic organogenesis in rats [20].  

Induction of Immune-Mediated Hepatic Infection: To induce acute 

hepatic inflammation, Concanavalin A (ConA) was used. ConA is a well-

established T-cell mitogen that triggers rapid cytokine release and liver 

infection within 24 hours [21]. All intravenous injections were 

administered via the lateral tail vein under brief isoflurane anesthesia. 

2.5 Sample Collection 

On GD19 (24 hours after ConA or saline injection), pregnant rats 

received anesthesia with ketamine/xylazine solution (80/10 mg/kg, i.p.). 

The maternal blood was separated from the serum (about 5 mL) by 

cardiac puncture using plain tubes. Blood samples were clotted at room 

temperature for 30 minutes, then centrifuged at 3000 rpm for 4 °C. Serum 

aliquots were stored at -80 °C until biochemical and immunological tests. 

After the blood sample was collected, pregnant rats were euthanized by 

cervical dislocation, and embryos were harvested immediately through 

cesarean section. The viable embryo, resorption sites, and embryo weight 

were counted. Three random embryos were selected from each litter and 

subjected to histological examination. Embryonic livers were also 

dissected under a stereomicroscope and fixed immediately on 10% 

neutral-buffered formalin. 

2.6 Maternal Hepatic Enzyme Analysis  

Serum markers of hepatic infection were measured using an 

automated clinical chemistry analyzer (Beckman Coulter AU480, USA). 

The kinetic UV technique of NADH oxidation was used to measure the 

activities of Alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST). Alkaline phosphatase (ALP) was ascertained 

using the p-nitrophenyl phosphatase technique, and gamma-glutamyl 

transferase (GGT) was ascertained using the γ-glutamyl-3-carboxy-4-

nitroanilide technique. All assays were standardized with commercial 

standards and performed in duplicate; results are expressed in U/L. 

2.7 Assessment of Cytokine Concentrations in Maternal 

Blood 

Pro-inflammatory cytokines (IL-6, IL-12p70, IL-18, IL-29, and TNF-α) 

in the maternal serum were measured using commercially available rat-

specific sandwich ELISA kits (Elabscience Biotechnology Co., Ltd., Wuhan, 

China) according to the manufacturer's instructions. In brief, 96-well 

precoated serum samples (diluted 1:2 in assay buffer) were incubated 

with capture antibody-coated microplates for 2 hours at 37°C, followed by 

incubation with predetermined recombinant cytokine standards. After 

three washing steps in phosphate-buffered saline containing 0.05 per cent 

Tween-20, biotin-conjugated detection antibodies were added and 

incubated for 1 hour at 37 °C. The solution of horseradish peroxidase 

(HRP)-conjugated streptavidin was introduced after washing, and the 

mixture was incubated at 37 °C for 30 minutes. Development was then 

performed using the colorimetric 3,3,5,5'-tetramethylbenzidine (TMB) 

substrate, and the reaction was left to develop in the dark for 15 minutes, 

after which it was stopped with 2N sulfuric acid. Optical density was 

measured at 450 nm using a microplate spectrophotometer (BioTek 

ELx800, USA). Cytokine levels (pg/mL) were determined using four-

parameter logistic standard curves. Each sample was tested twice. The 

inter- and intra-assay coefficients of variation were less than 10%. 

Detection limits: IL-6 (5 pg/mL), IL-12p70 (10 pg/mL), IL-18 (2 pg/mL), 

IL-29 (15pg/mL), and TNF-α (5 pg/mL). 

2.8 The Histological Study of Embryonic Liver. 

Specimens of embryonic liver were fixed in 10% neutral-buffered 

formalin for 48 hours at room temperature. Fixed tissues were dehydrated 

in a graded series of ethanol (70, 80, 90, and 100 per cent), cleared twice 

in xylene, and embedded in paraffin wax. A rotary microtome (Leica 

RM2235, Germany) was used to prepare serial sections 5 mm thick, which 

were then mounted on glass slides. According to conventional histological 

procedures, sections were deparaffinized with xylene, rehydrated through 

a descending ethanol series, and stained with Harris hematoxylin and 

eosin (H and E) [22]. 

A qualified pathologist who was not aware of the experimental 

groups performed histological evaluation. The samples of liver were 

viewed using a light microscope (Olympus BX51, Japan) at magnifications 

of 1: 100, 1: 200, and 1: 400. The parameters that were assessed were as 

follows (1) overall hepatic architecture and structure; (2) the arrangement 

of the hepatocyte cords and morphology of the hepatocytes; (3) the 

visibility and integrity of the central veins; (4) the distribution of spaces in 
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a sinusoidal manner; (5) presence and degree of necrosis or degeneration; 

(6) the presence of the inflammatory cell infiltration; and (7) the presence 

of the hematopoietic activity (suitable to the gestational age). A digital 

camera system (Olympus DP72) was used to take representative 

photomicrographs. 

The system of semi-qualitative scoring was used to evaluate the liver 

histology: 1, normal architecture with corded hepatocytes and visible 

central veins; 2, mild changes (slight disorganization, minimal affected 

cells); 3, moderate changes (obvious disorganization, scattered necrotic 

cells); 3 severe changes (assessed the significant disorganization of the 

architecture, extensive grade of necrosis or degeneration). 

2.9 Statistical Analysis 

GraphPad Prism (version 9.0; GraphPad Software, Inc., San Diego, CA, 

USA) was used to perform statistical analyses. The Shapiro-Wilk test was 

used to assess data normality. Data that follow a normal distribution are 

presented as mean ± standard deviation (SD). One-way analysis of 

variance (ANOVA) and the Tukey honestly significant difference (HSD) 

post hoc test were used to compare the groups. This was done using the 

Kruskal-Wallis test and Dunn's multiple comparison test, which were used 

to determine nonparametric scores for the histological scores. A p-value 

that was less than 0.05 was deemed to be statistically significant. To cause 

statistically significant differences between groups, power analysis (a = 

0.05, b = 0.20, effect size = 1.5) was conducted with G*Power software, 

which also allowed determining the appropriate sample size (n = 7 per 

group).  

The control and carob-only groups of all pregnant rats maintained 

normal behavior, food intake, and weight gain throughout the gestation 

period. Due to the administration of ConA on GD18, the damage to the 

dams in the infected group had clinical manifestations of acute hepatitis 

that included lethargy, piloerection, hunched posture, and decreased food 

intake within the period of 6-8 hours. Group IV exhibited a significant 

reduction in clinical manifestations of infected because of carob -

pretreated pregnant rats compared with the non-treated infected group. 

In all experimental groups, there were no maternal deaths or premature 

births.   

3. Results 

Table 1 summarizes the results of pregnancy on GD19. There was no 

significant difference in the number of viable embryos per litter (10.1 – 

11.4, p > 0.05). There were no significant differences in mean embryo 

weight (control, carob-only, carob + infected: 2.82 – 2.95 g), but the 

embryos of untreated injured dams were slightly but not significantly 

lower in weight (2.68 ± 0.31 g). Resorption rate was slightly higher in the 

infected group (8.5) than in controls (4.2), but the difference was not 

statistically significant (p = 0.08). 

Table 1. Pregnancy outcomes on gestational GD19 (mean ± SD). 

Group 
Viable 

Embryos/Litter 

Mean Embryo 

Weight (g) 

Resorption 

Rate (%) 

I. Control 11.4 ± 1.2 2.95 ± 0.28 4.2 ± 1.8 

II. Carob Only 11.1 ± 1.3 2.89 ± 0.25 4.5 ± 1.6 

III. ConA- 

Infected 
10.1 ± 1.5 2.68 ± 0.31 8.5 ± 2.2 

IV. Carob + ConA 11.0 ± 1.4 2.82 ± 0.29 5.1 ± 1.9 

3.1 The Levels of Maternal Hepatic Enzymes  

Table 2 shows the maternal serum hepatic enzyme levels. Severe 

hepatocellular infection in pregnant rats induced by ConA administration 

was evidenced by significant increases in serum transaminases. In the 

infected group (Group III), ALT levels rose to 345 ± 30 U/L, an increase of 

7.7-fold compared with the control (45 ± 8 U/L, p < 0.001). Equally, AST 

increased to 290 ± 25 U/L, which was 5.8 times higher than the controls 

(50 ± 10 U/L, p<0.001). 

These enzyme levels were considerably reduced by carob 

pretreatment (Group IV). The ALT decreased to 120 ± 20 U/L, which was 

65  % lower than the untreated group (p < 0.01). AST reduced to 105 ± 18 

U/L, which was a 64 per cent decrease (p < 0.01). Although the values 

remained higher than those in controls (p < 0.05), carob pretreatment 

provided significant protection of the liver. 

There were similar patterns in cholestatic markers. The increase in 

ALP was 3 times (p<0.001) between 80 ± 15 U/L in controls and 240 ± 30 

U/L in the infected group. Pretreatment with carob reduced ALP to 130 ± 

20 U/L (45.8% inhibition of infected, p < 0.01). GGT was higher in controls 

6 ± 2 U/L than in the infected group (18 ± 4 U/L, p < 0.001) and lower in 

carob pretreatment (5.1 per cent reduction, p < 0.01). It is important to 

note that the carob-only (Group II) did not show significant changes in any 

liver enzymes relative to controls (p > 0.05), which supported the claim 

that carob extract administration had no hepatotoxic effects. 

Table 2. Serum hepatic enzyme levels of the maternal on the GD19. 

Group ALT (U/L) AST (U/L) ALP (U/L) 
GGT 

(U/L) 

I. Control 45 ± 8 50 ± 10 80 ± 15 6 ± 2 

II. Carob Only 40 ± 5 48 ± 9 78 ± 20 5 ± 1 

III. ConA- 

Infected 
345 ± 30* 290 ± 25* 240 ± 30* 18 ± 4* 

IV. Carob + 

ConA 
120 ± 20*† 105 ± 18*† 130 ± 20*† 8 ± 3 

*Data are expressed as mean ± SD (n = 7 per group). ALT: alanine aminotransferase; 
AST: aspartate aminotransferase; ALP: alkaline phosphatase; GGT: gamma-glutamyl 
transferase. *p < 0.05 vs. Control group; †p < 0.01 vs. Infected group (one-way ANOVA 
with Tukey's post-hoc test). 

3.2 Maternal Inflammatory Cytokine Profiles 

Cytokine analysis of maternal serum revealed a high level of 

inflammatory response after ConA administration, which was strongly 

inhibited by carob pretreatment (Table 3). Pro-inflammatory cytokines 

were at baseline levels in the control group: IL-6 10 ± 2 pg/mL, TNF-α 22 

± 5 pg/mL, IL-12p70 5 ± 2 pg/mL, IL-18 20 ± 4 pg/mL, and IL-29 < 5 

pg/mL. 

Strong cytokine responses in ConA administration (Group III) were 

noted: IL-6 increased to 320 ± 50 pg /mL (p < 0.001 vs. control), TNF-α to 

2500 ± 40 pg/mL (113-fold increase, p < 0.001), IL-12p70 to 110 ± 20 

pg/mL (22-fold increase, p < 0.001), and IL-18 to 400 ± 50. These results 

support strong stimulation of the innate and adaptive inflammatory 

mechanisms. 

All of the measured cytokines, IL-6 (62.5% reduction vs. Infected 

group, p < 0.01), TNF-α (63% reduction, p < 0.001), IL-12p70 (50% 

reduction, p < 0.01), IL-18 (55% reduction, p < 0.001), and IL-29 (57.9% 

reduction, p < 0.01) were significantly reduced by carob pretreatment 

(Group IV). The carob-sole sample showed no significant changes in any 

cytokines relative to controls (p<.05), indicating that carob extract alone 

did not cause any inflammatory effects. 

Table 3. Maternal serum pro-inflammatory cytokine levels on GD19. 

Group 
IL-6 

(pg/mL) 

TNF-α 

(pg/mL) 

IL-12p70 

(pg/mL) 

IL-18 

(pg/mL) 

IL-29 

(pg/mL

) 

I. Control 10 ± 2 22 ± 5 5 ± 2 20 ± 4 < 5 

II. Carob 

Only 
11 ± 3 24 ± 6 5 ± 2 21 ± 5 < 5 

III. ConA- 

Infected 
320 ± 50* 2500 ± 400* 110 ± 20* 400 ± 50* 38 ± 8* 

IV. Carob 

+ ConA 
120 ± 30*† 920 ± 150*† 55 ± 10*† 180 ± 30*† 16 ± 4† 

*p < 0.05 vs. Control group; †p < 0.01 vs. Infected group (one-way ANOVA with Tukey's 
post-hoc test). 

3.3 Histological Embryonic Liver Findings. 

The histological analysis of embryonic liver tissues showed that there 

were morphological differences (according to the maternal treatment 

groups) (Figure 1). The summary of the histological scores is in Table 4. 

Control group (Figure 1A): Damaged embryonic livers. Standard hepatic 

architecture in control dams was appropriate to GD19. On histological 

examination, there were well-organized hepatocytes in cord-like 

structures emanating from visible central veins. Sinusoidal spaces were 

not destroyed and were regularly distributed. Hepatocytes had normal cell 

structures with basophilic cytoplasm and centrally placed nuclei. At this 

stage of gestation, hematopoietic cell clusters, which are typical of 

embryonic liver, were found throughout the parenchyma. No necrosis, 

degeneration, or inflammatory infiltration was seen. Mean histological 

score: 0.14 ± 0.38. 

The infected group, as seen in Figure 1B), in striking contrast, 

embryonic livers of dams subjected to both untreated ConA-induced 

hepatitis exhibited serious histological defects. The classic hepatic 
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architecture was drastically impaired, and the organization of the hepatic 

cord pattern of hepatocytes was lost. Hepatocytes showed cellular 

disorganization, cytoplasmic vacuoles, and nuclear pyknosis, indicating 

cellular degeneration and necrosis. The presence of central veins was 

difficult to detect due to the surrounding tissue disorder. The sinusoidal 

spaces were irregularly distributed and typically dilated. These results 

show that inflammatory hepatitis of the maternal adversely affected the 

embryonic liver integrity. Mean histological score: 2.57 ± 0.51 (p < 0, 001 

vs. control). In the Carob + infected group (Figure 1C), embryonic hepatic 

livers of dams pretreated with carob and induced hepatitis showed 

significantly preserved hepatic archetype. The tissue structure was very 

similar to embryonic liver morphology, with central veins and hepatocytes 

observable and organized in recognizable cords. Even though some cells 

with mild degenerative foci remained apparent, the architectural integrity 

was significantly better than in the untreated infected group. The 

distribution was relatively normal in the sinusoidal spaces. These results 

indicate that maternal carob supplementation showed protective effects 

on embryonic hepatic tissue despite the incidence of maternal 

inflammation. The treated Dams with carob extract alone (carob only 

group), as seen in Figure 1D, the embryonic liver histology of dams treated 

with carob extract alone showed no difference as compared to the control. 

The architectural appearance of the hepatocyte was good, with well-

organized cords of hepatocytes; central veins were clearly visible, and 

sinusoidal spaces were not lost. There were no untoward histological 

alterations, indicating that the carob treatment of the maternal did not 

compromise the embryonic liver. Mean histological score (p > 0.05 vs. 

control) 0.14 ± 0.38. 

Table 4. Semi-quantitative histological scoring of embryonic liver tissue in the 

different experimental groups. 

Group 
Histological 

Score (0–3) 

Architectural 

Integrity 

Hepatocyte 

Organization 

Necrosis / 

Degeneration 

I. Control 0.14 ± 0.38 Normal Normal Absent 

II. Carob 

Only 
0.14 ± 0.38 Normal Normal Absent 

III. ConA- 

Infected 
2.57 ± 0.51* 

Severely 

disrupted 
Disorganized Extensive 

IV. Carob + 

ConA 
1.00 ± 0.58*† 

Moderately 

preserved 

Partially 

organized 
Mild/Focal 

*p < 0.05 vs. Control group; †p < 0.01 vs. Infected group (one-way ANOVA with Tukey's 
post-hoc test). 

 

Figure 1: Embryonic liver sections stained with hematoxylin and eosin (400x), 
representative photomicrographs of the stage GD19. (A) Control group: normal 
embryonic hepatic architecture with well-organized hepatocytes in cord-like 
structures radiating at the center of the central vein (CV); complete sinusoidal spaces 
are observed. (B) infected group: A severe architectural disturbance that is 
characterized by the lack of order in hepatocytes, necrotic and degenerative processes; 
the central vein is not distinctly defined by the surrounding tissue disorder. (C) Carob 
+ infected group: Significantly normal hepatic architecture with the central vein 
exposed, with hepatocytes being arranged into familiar cords, but some of the affected 
cells are also noticeable. (D) control group: Carob-only: Control liver histology. It is 
confirmed that maternal carob administration has no adverse effects, as embryonic 
liver histology is normal and similar to that of the control. 

4. Discussion 

The current study shows that the immunomodulatory power on 

pregnant rats with induced immune-mediated hepatitis is significant and 

associated with the maintenance of embryonic liver structure. The results 

provide new evidence of the effectiveness of dietary polyphenols in 

protecting fetal tissues from the negative effects of maternal inflammation. 

Maternal hepatoprotective mechanisms: The significant reduction in 

maternal hepatic enzyme increases (65% of the increase in ALT and 64% 

of the increase in AST) in the presence of carob extract indicates that 

carob extract is a potent hepatoprotection during pregnancy. These 

results are consistent with previous non-pregnant models. Similar results 

were noted by Martić et al. [14], who found that transaminases 

significantly decreased after carob pretreatment in acetaminophen-

induced hepatotoxicity, whereas Rašković et al. [15] found that hepatic 

parameters were improved in diet-induced obesity. These findings are 

generalized to the current study, which examines the more complex 

physiological background of pregnant women, where the liver's 

vulnerability can be modified by gestational hormonal and metabolic 

alterations [23]. 

The mechanisms underlying the hepatoprotective action of carob 

likely involve multiple pathways, as explained by the presence of its 

polyphenolic constituents. The most common polyphenols in carob are 

gallic acid and catechins, both of which have been well documented to 

have antioxidant properties capable of neutralizing reactive oxygen 

species generated during liver inflammation [24, 25]. Moreover, the 

compounds prevent NF-kB activation in hepatocytes and Kupffer cells, 

thereby inhibiting the transcription of pro-inflammatory genes [12, 26]. 

This dual action, as an antioxidant and an anti-inflammatory, could be the 

reason for the strong hepatoprotection observed in our study. 

Immunomodulatory and cytokine-reduction: One of the key 

opportunities of this research is the significant reduction in maternal pro-

inflammatory cytokines. The decreases in IL-6 (62.5%), TNF-α (63%), IL-

12 (50%), IL-18 (55%), and IL-29 (58%) evidenced a comprehensive 

immunomodulatory effect. The roles of these cytokines in hepatic 

inflammation are interconnected: TNF-α triggers hepatocyte apoptosis 

and recruits inflammatory cells [27], IL-6 enhances the acute-phase 

response [28, 29], and Th1-mediated cytotoxicity is promoted by IL-12 

and IL-18, which synergistically induce IFN-γ [30, 31]. Simultaneous 

decreases in these mediators indicate that carob blocks numerous 

branches of the inflammatory cascade. 

Our findings are consistent with those of Atta et al. [32], who 

discovered that carob extract increased anti-inflammatory IL-10 and 

decreased TNF-α and IL-6 in a nephrotoxicity model. On the same note, 

Aboura et al. [13] also established that carob polyphenol-enriched 

infusions inhibited the expression of inflammatory cytokines in model 

colitis and obesity. This immunomodulatory profile, observed across a 

variety of inflammatory states, indicates a fundamental mechanism that 

inhibits NF-kB and MAPK signaling pathways, which regulate the 

expression of various pro-inflammatory mediators [12]. 

Embryonic liver architecture protection: The histological results of 

embryonic livers are the most important result of this paper. The embryos 

of dams of untreated hepatitis had hepatic disorganization, necrosis and 

loss of normal architecture, whereas those of carob-pretreated dams had 

hepatic integrity that was significantly preserved. This interaction 

between maternal immunomodulation and embryonic protection in the 

hepatic context implies that reduced maternal inflammatory load is 

translated into embryonic tissue protection. This embryonic protection 

may involve several mechanisms. To begin with, maternal pro-

inflammatory cytokines would be reduced, and the attainment of the 

inflammatory load by the embryo via placental transfer or its indirect 

effect on placental function would be affected [32, 33]. The fact that 

maternal IL-6 crosses the placenta and reaches embryonic tissues has 

been demonstrated by Dahlgren et al. [34], supporting the applicability of 

maternal cytokine regulation. Second, carob polyphenols, in themselves, 

can travel across the placental barrier to act as direct antioxidants of 

embryonic tissues, as illustrated with structurally related flavonoids [35]. 

Third, better hepatic maternal function would sustain the metabolic 

homeostasis necessary to supply embryonic nutrients and support 

growth. 

Development at GD19 in rat embryonic liver fundamentally involves 

the maturation of hepatocytes, the formation of hepatic lobular 

architecture, and the transformation into a metabolic organ rather than a 

hematopoietic organ [35, 36]. Only maternal inflammatory mediators 

would disrupt these processes, with effects on hepatic function in the 

postnatal period. The hepatic architecture of embryos treated with carob 

indicates that maternal supplementation could protect these processes. 

Safety concerns: One of the main issues is that the carob 

administration in the maternal did not have a negative impact on 

embryonic liver histology. Carob-only embryonic liver showed no 
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difference from controls and exhibited normal architecture and no 

toxicity. This was supplemented by maternal hepatic enzymes and 

cytokines being the same in the carob-only group, which supports that 

carob extract is safe at the dose studied during the gestation period. This 

is in line with the generally accepted safety of carob as a food ingredient 

and with toxicological findings of no harm at doses up to 4000 mg/kg in 

rodents [19]. 

4.1 Future Directions 

This study has raised several questions that require answers in future 

studies. Dose-response would also be useful in determining the best 

therapeutic dosages and safety margins. Postnatal outcome measures, 

such as tests of hepatic function and long-term health outcomes in 

offspring, would also be conducted to determine whether embryonic 

hepatoprotection confers long-term health benefits. The molecular 

mechanism of protection could be clarified through mechanistic studies of 

individual signaling pathways (NF-kB, MAPK, Nrf2) and placental delivery 

of carob components. The evaluation of anti-inflammatory cytokines and 

regulatory immune cell populations would better portray the 

immunological image. Lastly, phytochemical fractionation research might 

identify the bioactive compounds responsible for the noted actions and, 

eventually, lead to standardized therapeutic preparations. 

5. Conclusion 

Carob extract (Ceratonia siliqua) had strong immunomodulatory 

activity in rats with immune-mediated hepatitis during pregnancy, which 

was also indicated by a significant decrease in the markers of hepatic 

damage (ALT reduced by 65, AST reduced by 64%) and pro-inflammatory 

cytokines (IL-6, TNF-α, IL-12, IL-18, IL-29 reduced by 50 – 63%). Such 

maternal effects were associated with intact embryonic liver architecture, 

as indicated by histological analysis of intact hepatocyte organization and 

visible central veins in embryos of carob-treated dams, but not in embryos 

of untreated injured dams, which showed clear architectural disruption. 

Administration of carob to the maternal under isolated conditions did not 

cause any adverse effects on embryonic liver histology, indicating that the 

drug is safe at the dose studied during the gestation period in question. 

These results indicate that carob, with its anti-inflammatory and 

antioxidant effects mediated by polyphenols, may be a safe dietary 

supplement that can suppress maternal inflammation and safeguard 

embryonic liver tissue. Those are, however, only preliminary results 

obtained in an acute rodent model and need to be confirmed with dose-

response studies, assessment of long-term offspring effects, and in other 

species before any clinical implications are considered. Additionally, 

studies are needed to clarify the mechanisms underlying these protective 

effects, including the molecular pathways and the bioactive compounds 

involved. 
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APPENDIX A 

REPRESENTATIVE MACHINE LEARNING (ML) STUDIES 
 
TABLE II. REPRESENTATIVE MACHINE LEARNING (ML) STUDIES 
 

Authors (Year) Technique Dataset Strengths Weaknesses Result 

Kalkan and Sahingoz [1] ML IDS Custom Multi-model support Complex deployment 95% 

Alfardus and Rawat [2] RF Car-Hacking Effective for known Poor generalization 95% 

   attacks   

Al-Janabi et al. [3] SVM KDD Cup Performs well on High false positives 90% 

   unknown attacks   

Panigrahi et al. [4] RF, SVM, etc. NSL-KDD RF achieves highest Limited generalization 99% 

   accuracy   

Micale et al. [5] Context-aware CAN Context-based detection Limited dataset size >94% 

 ML     

Alalwany and Mahgoub [6] Delay ML CAN Novel delay-based Simulated dataset 95% 

   features   

Rajapaksha et al. [7] Context-aware J1939 Detects multiple attack Simulated environment >97% 

 IDS  types   

Nagarajan et al. [8] Robust ML IoV Secure and stable Requires larger testing >96% 

Kumar and Das [9] Supervised ML CAV Real-time performance Limited unseen attack 97% 

    coverage  

Ajibuwa et al.  [10] ML IDS AVs Detects AV-specific Small dataset 95% 

   threats   

Shahriar et al. [11] CAN IDS CAN Practical design Limited validation 93% 

Anthony et al.  [12] Non-tree ML AVs Explores rare algorithms Scalability concerns 94% 

Alalwany and Mahgoub [13] Ensemble ML CAN Boosts overall accuracy Costly training phase 96% 

Huang et al. [14] Anomaly ML Vehicle Lightweight solution Limited data diversity 95% 

El-Gayar et al. [15] Ensemble IDS Vehicular Collaborative Complex deployment 96% 

   decision-making   

Samir et al. [16] ML IDS CAN Good accuracy Restricted to CAN 95% 

Ahmed et al. [17] ML IDS IoV Resistant to DoS attacks Limited evaluation 96% 

Ahmad et al. [18] ML IDS CAV Enhanced security Generic evaluation 95% 

   features   

Alemerien et al. [19] Optimized ML IoV Optimized performance Limited dataset 95% 

Kousar et al. [20] Lightweight ML CAN Fast execution Limited testing 94% 

Musa et al. [21] ML IDS IoAV Handles class imbalance Narrow scope 94% 

Adu-Kyere et al. [22] Custom IDS Vehicle Real-time performance Scalability issues 93% 

Abrar et al. [23] GPS-IDS GPS spoofing Tailored GPS attack Narrow focus High 

   detection   

Al-Kadri [24] CAN-MIRGU CAN High detection rate Limited to CAN 98.7% 

Wasicek et al. [25] Context-aware CAN High accuracy Limited diversity 97% 

 AI     

Ossen  [26] ASIC RF IDS CAN Real-time hardware Hardware complexity 97% 
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APPENDIX B 

REPRESENTATIVE DEEP LEARNING (DL) STUDIES 

 
TABLE III. REPRESENTATIVE DEEP LEARNING (DL) STUDIES 

 

Authors (Year) Technique Dataset Strengths Weaknesses Result 

Liu et al.  [27] RNN Custom Sequential modeling Slow training 95% 

Faker and Dogdu [28] DL Ensemble CICIDS2017 Robust to varied attacks High computational cost 97% 

   complex scenarios   

Kumar and Sharma [29] CNN NSL-KDD, Learns hierarchical High data requirements 99% 

  CICIDS2017 features   

Raza et al. [30] Federated CNN CICIDS2017, Privacy-preserving Synchronization 99.1% 

  TON_IoT detection overhead  

Longari et al. [31] RNN-AE Car-Hacking Lightweight temporal Slightly lower accuracy 98% 

  CAN modeling   

Altaie and Hoomod [32] OR-CNN NIDS V.10 2017 High accuracy, real-time Dataset-dependent 99.9% 

   capability performance  

Shankar et al. [33] 1D-CNN + CICIoT2022 Captures temporal High computation cost 99.6% 

 LSTM  features effectively   

Al-Aql and Al-Shammari 
[34] Hybrid Car-Hacking Detects sequential Very computationally >97% 

 RNN-LSTM CAN attacks heavy  

Vibhute et al. [35] LSTM (64 units) CIC-IDS2017 Robust real-time Limited dataset 97.6% 

   detection variation  

Alqubaysi et al. [36] Federated DL Car-Hacking Preserves privacy across Expensive computation 99.3% 

   nodes   

Wu et al. [37] Deep Transfer NSL-KDD, Reuses pretrained Survey-based execution >99% 

 Learning CICIDS knowledge   

Kim and Song [38] Embeddings + Real CAN Lightweight and efficient Limited evaluation 98–99% 

 DL   scope  

Bilot et al. [39] GNN Real CAN traces Captures relational 
structure 

Graph overhead Outperformed 

Hasan et al. [40] CAN-GraphiT CAN bus (7 
attacks) 

Graph + temporal 
feature learning 

Complex preprocessing 98.45% 

KS and Sujit [41] CNN + BiLSTM 
+ Attention 

IoV/CAN Captures deep temporal 
patterns 

High computation cost 99% 
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APPENDIX C 

REPRESENTATIVE HYBRID, COMPARATIVE, BENCHMARKING, AND OVERVIEW 

STUDIES 

 

 

TABLE IV. Representative Hybrid, Comparative, Benchmarking, and Overview Studies 
 

Authors (Year) Technique Dataset/Scope Strengths Weaknesses Result 

Dayyeh et al. [42] DT, RF, SVM Benchmark High detection accuracy; Hard to distinguish 99.48% 

   proactive prevention similar attacks  

Kocher and Kumar [43] Hybrid RF + CNN Benchmark High accuracy via hybrid High computational cost ≈99% 

 + LSTM  ML/DL   

Khraisat et al. [44] Federated Learning Survey Privacy-preserving; Sensitive to data Survey 

 IDS  decentralized operation heterogeneity; overhead  

Nair  [45] ML + DL Traffic/IDS data Interpretable traffic Requires feature Effective 

   prediction + IDS engineering  

   detection   

Rani and Kaushal [46] Supervised ML Realistic datasets Diverse attacks; realistic Imbalanced datasets >95% 

   setting   

Najafli et al. [47] Taxonomy / Survey Review Comprehensive 
taxonomy; No new IDS model Review 

   hybrid-focused   

Sharmin et al. [48] Benchmarking Comparative Structured benchmarking No new IDS proposed Framework 

 Framework framework approach   

Islam and Ali [49] ANFIS (Hybrid ML Benchmark Robust (ANN + fuzzy Limited data coverage 99.6% 

 + Fuzzy)  logic)   

Ali et al. [50] Comparative Real-time Real-time latency tested Simulated environment DL > ML 

 ML/DL evaluation    

Alsarhan et al. [51] Hybrid ML          Custom 
              Comprehensive 

modeling 
               Complex 

implementation 
               92% 

Note and Ali  [52] 
 

ML vs DL Survey Broad comparative view High complexity 
Survey 
 

Rakine et al. [53] IDS Survey Survey Broad overview of IDS No experimental Review 

   techniques validation  

Hnamte and Hussain [54] Evaluation Comparative study Structured benchmarking No new IDS model Comparative 

 Framework  method   

Yang et al. [55] Hybrid Statistical + Benchmark Lightweight and accurate Requires tuning ≈99% 

 
NN 
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APPENDIX A 

DETAILED PER-STUDY SUMMARY (2019–2024) 

 

For transparency and reproducibility, the complete per-study 

summary table is provided in this appendix. The table reports the dataset 

used in each study, task definition, model family, main reported 

performance measure, and available uncertainty information. Due to its 

size, the table is presented in landscape format for readability. 
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APPENDIX B 

SUPPLEMENTAL PROTOCOL PACKAGE 

 

The following protocol materials are provided to enhance 

transparency and reproducibility: 

▪ Full database search strings for all sources (PubMed, IEEE 

Xplore, ScienceDirect, and Scopus). 

▪ Screening checklist and study eligibility decision form. 

▪ Standardized data-extraction template (variables, operational 

definitions, and coding rules). 

▪ Meta-analytic specification sheet (effect computation rules and 

handling of multiple outcomes). 

 

Availability: The full review protocol package is provided in the 

Supplementary Material. 
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Table VI. Condensed summary of studies (2019–2024)  

Study (Year) Dataset Task Family Effect (Acc/AUC/Score) 95% CI / SE 

Yu et al., 2025 [1] ICBHI17 (6898 cycles) 4c (N/Cr/Wh/Both) bi-ResNet Score 50.16% (10f 69.30%) — 

Johari et al., 2019 [2] Clinical (43) Bin (N vs Cr) MFCC/LPCC+Stats 90–100% — 

Nabi et al., 2019 [3] Clinical wheeze (55) 3c severity ENS/KNN/SVM PPR 100/92/94% — 

Chen et al., 2019 [4]  Noisy resp. 3c (Wh/Cr/N) ResNet (OST) 98.79% — 

Neili et al., 2020[5] Breath sound signals Classifciation ELM + KNN _ ±0.004 

Srivastava et al., 2021 [6] ICBHI17 Bin CNN 99.20% ±0.5 

Chen et al., 2024 [7] Review dataset Review Review Deep learning — — 

Aulia, 2021 [8] Lung sound dataset Classification EMD + GLDM _ ±0.004 

Fraiwan et al., 2021 [9] ICBHI Bin CNN 98.20% — 

Shuvo et al., 2020 [10] RALE Multi CNN 83.78% — 

Hariri and Narin, 2021 [11] Cough dataset (COVID-19) Bin Deep Learning _ — 

Mukherjee et al., 2021 [12] Respiratory sounds Screening classification ML/DL _ ±0.83 

Kim et al., 2021 [13] Clinical dataset Multi CNN 85–86% — 

Satea et al., 2022 [14] 6k files Multi CNN _ — 

Jothi et al., 2022 [15] Sleep apnea dataset Detection ML _ _ 

Song & Han, 2023 [16] Respiratory dataset Sound Classification Contrastive learning _ _ 

Shi et al., 2023 [17] Clinical dataset Classification DL _ _ 

Ali et al., 2023 [18] ICBHI17 (920/126) Bin/4c ANN/VGGish/OpenL3 72–81% — 

Krishnan et al., 2023 [19] ICBHI17+Heart 11c (lung+heart) CNN+BDF 99.97% Reported 

Dubey et al., 2023 [20] RALE (372 ev) 3c (Wh/Cr/N) SVM/LSTM(+BO) 95.70% — 

Lal, 2023 [21] ICBHI17 Bin (H vs COPD) TL (VGGish+BiGRU) 94% (F1=0.94) — 

Prabhakar & Won, 2023 [22] ICBHI17 2c/3c/4c Hybrid (HISET) 95.39/90.61/89.27% — 

Aptekarev et al., 2023 [23] Resp. DB (1371) Bin (S/H; Asthma) DenseNet201 (TL) 87% / 87% — 

Choi & Lee, 2023 [24] Clinical (1021 seg) 6c VGGish+Attn 92.56% (F1 92.29%) — 

Ali et al., 2023 [25] Hosp.+ICBHI17 4c (Asth/COPD/Bx/N) LDA/kNN/DT/RF 99.72% (RF) — 

Dar et al., 2023 [26] Resp. DB Bin (N vs Abn) DRN+Fr-WCSO 94.8% — 

Chudasama et al., 2023 [27] ICBHI17+Coswara 8c (mix) RF/SVM/kNN/XGB+CNN 90.9% (ICBHI) — 

Zhang et al., 2023 [28] ICBHI17 6c CNN/LSTM/BLSTM 98.82% (LSTM) — 

Jaffery et al., 2023 [29] ICBHI17 (subset) 3c (N/Bx/Bt) DWT+MFCC+kNN 99.3% — 

Yang et al., 2023 [30] ICBHI17 4c (N/Cr/Wh/Both) BLNet (Res+GoogLeNet+Attn) Score 72.72% — 

Ren et al., 2023 [31] ICBHI17 4c (N/Cr/Wh/Both) Self-Expl. NN UAR 43.7% — 

Kalaiyarasan and Sridhar, 2023 [32] Tromsø (24k rec) Bin (Wh?/Cr?) InceptionV3 AUC 0.88 95% CI 0.84–0.92 

Fava et al., 2024 [33] CTD–ILD Bin (ILD vs non-ILD) DNN 97% (AUC 0.99) ±2% (5f) 

Zhang et al., 2024 [34] Lung-sound (6c) 6c Dual-Ch. CNN–LSTM 99.01% — 

Trivedi and Degadwala, 2024 [35] EIT-labeled + RSD Regr (airflow) CNN+BiLSTM (ens) Corr 0.770; RMSE 0.170 ±SD 

Nadkarni et al., 2024 [36] ICBHI17 (8c) 8c Ensemble (CNN+XGB) 97.57% (AUC 0.994) — 

Aljaddouh et al., 2024 [37] KAUH (5c) 5c (N/Ast/Pn/COPD/Fib) ViT (+RMS/EBU) 91.04% (WA) — 

Hakkı and Serbes, 2024 [38] ICBHI17 (aug) Wheeze det. CNN–BiLSTM 82–84% — 

Geetha and Benadict Raja, 2024 [39] ICBHI17 (Kaggle) Bin; 5c CNN + metaheuristic 93.3% (bin); 75.0% (5c) — 

Khan et al., 2024 [40] ICBHI17 (+aug) 8c (also 4/3/2c) Parallel CAE + LSTM 94.16% (8c) — 

Sang et al., 2024 [41] Wearable accel. (52) Wheeze det. (bin) 2D CNN (mel) AUC 0.986 (≈95%) — 

Xu et al., 2024 [42] TB cough (456) Bin (TB vs H) Bi-LSTM+Conv2D 96.33% — 

Wu et al., 2024 [43] ICBHI17 4c (N/Cr/Wh/Both) Impr. Bi-ResNet 77.81% (F1 71.05%) — 

Wu et al., 2024 [44] CoCross ICU (171) ICU/90d outcome VAE–ResNet50 + LSTM AUC 0.759 / 0.752 — 

Wang & Sun, 2024 [45] ICBHI17 4c (N/Cr/Wh/Both) CNN (spec.) 88.7% (F1 91.2%) — 

Mang et al., 2024 [46] ICBHI17 2c (Wh/Cr); 4c ViT + Cochleogram 67.9% (4c); 85.9%, 75.5% — 

Patel et al., 2024 [47] RespDB@TR (42/504) COPD severity (5c) LSTM/CNN/MLP 87% (LSTM) — 

Wanasinghe et al., 2024 [48] ICBHI17+Mendeley 10c Light CNN (MFCC+Mel+Chroma) 91.04% (5f 89.2%) — 
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Study (Year) Dataset Task Family Effect (Acc/AUC/Score) 95% CI / SE 

Saeed et al., 2024 [49] 
Clinical cough (RT-PCR) Bin (COVID vs N) RBF-Net (CNN-LSTM) 0.879 (unbiased) — 

Isangula & Haule, 2024 [50] Tanzania (protocol) Diagnostic triage AI audio CDSS — — 

Kim et al., 2025 [51] ICBHI17 (920/126) MTL: 4c sounds + 6c disease MobileNet (SIMO-MTL) 74% (LS); 91% (LD) — 

Álvarez Casado et al., 2024 [52] ICBHI17 Bin PvsH; COPD vs others; 4/6c EMD+Spectral+MLP BA 89%; 94%; 71.7% — 

Bhushan et al., 2024 [53] 
ICBHI17 
(920/6898/126) 

4c (N/Cr/Wh/Both) CNN–LSTM + Self-Attn 58.62% (Score 57.02%) — 

 



6A 
 

 Table VII. Distribution of studies included in qualitative synthesis by Dataset, Architecture, and Task (N=98) 

Dataset Architecture Task Count 
ICBHI 2017 CNN Binary 12 

ICBHI 2017 CNN Multiclass 10 
ICBHI 2017 CNN Sound-level 6 
ICBHI 2017 CNN Severity 3 

ICBHI 2017 RNN/LSTM Binary 5 
ICBHI 2017 RNN/LSTM Multiclass 4 

ICBHI 2017 RNN/LSTM Sound-level 3 
ICBHI 2017 RNN/LSTM Severity 1 

ICBHI 2017 Transformer/Hybrid  Binary 6 
ICBHI 2017 Transformer/Hybrid  Multiclass 6 

ICBHI 2017 Transformer/Hybrid  Sound-level 3 
ICBHI 2017 Transformer/Hybrid  Severity 2 
ICBHI 2017 Classical (SVM/RF)   Binary 3 

ICBHI 2017 Classical (SVM/RF)   Multiclass 3 
ICBHI 2017 Classical (SVM/RF)   Sound-level 2 

ICBHI 2017 Classical (SVM/RF)   Severity 0 
Clinical/Private  CNN Binary 4 

Clinical/Private  CNN Multiclass 2 
Clinical/Private  CNN Sound-level 1 

Clinical/Private  CNN Severity 1 
Clinical/Private  RNN/LSTM Binary 2 
Clinical/Private  RNN/LSTM Multiclass 1 

Clinical/Private  RNN/LSTM Sound-level 1 
Clinical/Private  RNN/LSTM Severity 0 

Clinical/Private  Transformer/Hybrid  Binary 2 
Clinical/Private  Transformer/Hybrid  Multiclass 2 

Clinical/Private  Transformer/Hybrid  Sound-level 1 
Clinical/Private  Transformer/Hybrid  Severity 1 

Clinical/Private  Classical (SVM/RF)   Binary 1 
Clinical/Private  Classical (SVM/RF)   Multiclass 1 

Clinical/Private    Classical (SVM/RF)   Sound-level 0 
Clinical/Private    Classical (SVM/RF)   Severity 0 
BRACETS CNN Binary 0 

BRACETS CNN Multiclass 1 
BRACETS CNN Sound-level 1 

BRACETS CNN Severity 0 
BRACETS Transformer/Hybrid  Binary 0 

BRACETS Transformer/Hybrid  Multiclass 1 
BRACETS Transformer/Hybrid  Sound-level 0 

BRACETS Transformer/Hybrid  Severity 0 
BRACETS Classical (SVM/RF)  Binary 1 
BRACETS Classical (SVM/RF)   Multiclass 0 

BRACETS Classical (SVM/RF)   Sound-level 0 
BRACETS Classical (SVM/RF)   Severity 0 

RSD CNN Binary 0 
RSD CNN Multiclass 0 

RSD CNN Sound-level 1 
RSD CNN Severity 0 

RSD Transformer/Hybrid  Binary 0 
RSD Transformer/Hybrid  Multiclass 1 
RSD Transformer/Hybrid  Sound-level 0 

RSD Transformer/Hybrid  Severity 0 
RSD Classical (SVM/RF)  Binary 1 

RSD Classical (SVM/RF)   Multiclass 0 
RSD Classical (SVM/RF)   Sound-level 0 

RSD Classical (SVM/RF)   Severity 0 
HF_Lung_V1 CNN Binary 1 

HF_Lung_V1 CNN Multiclass 0 
HF_Lung_V1 CNN Sound-level 0 
HF_Lung_V1 CNN Severity 0 

HF_Lung_V1 Transformer/Hybrid  Binary 0 
HF_Lung_V1 Transformer/Hybrid  Multiclass 1 

HF_Lung_V1 Transformer/Hybrid  Sound-level 0 
HF_Lung_V1 Transformer/Hybrid  Severity 0 

 

Note: This table reflects studies included in the qualitative synthesis (N = 98). The subset used for quantitative synthesis (N = 42) was further 
filtered based on the availability of comparable evaluation metrics.
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Table VIII. Presents the complete characteristics of the 42 studies included in the quantitative synthesis, including dataset, task, model family, reported metrics, and validation-related 

methodological indicators. 

Ref 
No. 

Yea
r 

Task group 

Eligible 
for 
primary 
accuracy 
meta-
analysis? 

Dataset 
Sample size 
/recordings / 
subjects 

Task 
Model 
family 

Native 
accuracy 
value used 

AUC 
reporte
d? 

F1 
repo
rted
? 

Split type / 
validation design 

External 
validatio
n 

Key note/ 
pooling status 

[54] 
202
2 

sound 
classification 

Provisional 
Yes 

ICBHI 2017 + 
multi-channel 
lung sound 
dataset 

ICBHI: 920 
recordings, 126 
subjects, 6898 
cycles 

Adventitious lung 
sound 
classification + 
respiratory disease 
classification 

Transfer 
learning / 
ResNet / co-
tuning / 
StochNorm 

— (score-
based result; 
no clean 
native 
accuracy) 

No No 

Official ICBHI 60/40 
non-overlapping 
patients; other 
validation on private 
multi-channel set 

No clear 
external 
validation 

Primary ICBHI 
result score-
based; 
descriptive/subgr
oup use 

[55] 
202
2 

sound / 
disease 
classification 

Yes 

ICBHI, 
Coswara 
breathing/spe
ech/cough, 
combined 
datasets 

Multi-dataset 
evaluation; D1 = 
ICBHI, D5 = 
ICBHI + Coswara 

Lung abnormality 
and COVID-19 
diagnosis from 
audio 

Deep 
ensemble with 
A-CRNN, A-
BiLSTM, A-
BiGRU, CNN 
+ PSO 

0.9551 for D1; 
0.9444 for D5 

No No 

Subject-independent 
train-test split 
explicitly reported for 
D5; multiple datasets 
used 

No true 
external 
validation 
in strict 
independe
nt-clinical 
sense 

Choose one 
task/dataset only 
if pooled 

[56] 
202
5 

wheeze 
detection 

Provisional 
Yes 

Single-center 
pediatric 
dataset 
(Korea) 

76 children; 103 
wheeze + 184 
non-wheeze 
sounds 

Binary wheeze 
detection 

Kernel SVM 
with multiple 
feature 
extractors 

0.897 Yes Yes 
80/20 split with 5-
fold CV and grid 
search on training 

No 

Useful for 
secondary 
subgroup; subject 
independence not 
fully resolved 

[57] 
202
5 

severity 
classification 

Provisional 
Yes 

Respiratory 
Database 
@TR + ICBHI 

@TR: 42 patients, 
504 recordings, 
387 selected; 
ICBHI: 920 
recordings, 877 
selected 

COPD severity 
classification 

Classical ML + 
eigenspectral 
/ SVD 
projection 

0.756 (best 
SVC) 

Yes Yes 

80/20 
training/testing + 
100 random stratified 
5-fold stability 
analysis 

No 
external 
validation 

Severity 
subgroup, not 
sound-event 
primary pool 

[34] 
202
4 

sound / 
disease 
classification 

Provisional 
Yes 

ICBHI 2017 

After removing 
classes: 917 
samples; after 
augmentation/sa
mpling: 5054 
instances 

6-class lung sound 
classification 

Dual-channel 
CNN-LSTM 

0.9901 
No clear 
summar
y 

Yes 

Random split into 
train/validation/test 
after 
augmentation/sampli
ng; 5-fold CV 

No 

High leakage risk 
due to 
augmentation + 
random split 

[58] 
202
4 

sound 
classification 

Provisional 
Yes 

ICBHI 2017 

920 recordings, 
126 patients, 
6898 cycles; 
balanced to 
~1200 samples 
shown in tables 

4-class respiratory 
sound 
classification 

Comparative 
ML: SVM, RF, 
KNN, NB, 
DNN 

0.79 (Random 
Forest best) 

No No 

Random splits 60/40, 
80/20, 90/10 after 
preprocessing/balanc
ing 

No 

Proceedings / 
unclear peer 
review; non-
patient-wise 
splitting 

[59] 
202
4 

disease 
detection / 
multiclass 
condition 
identification 

Provisional 
Yes 

Respiratory 
sound 
database from 
Kaggle / 920 
recordings 
from 126 
patients 

920 recordings, 
126 patients; 
70/30 train/test 

Binary respiratory 
condition detection 
+ multiclass 
condition 
identification 

CNN 
optimized by 
metaheuristic
s 

0.933 binary; 
0.750 
multiclass 

No clear 
summar
y 

Yes 

70/30 split on mel-
spectrogram images; 
patient independence 
not clear 

No 

Task 
heterogeneity; use 
one binary 
accuracy if pooled 

[33] 
202
4 

disease 
detection 

Provisional 
Yes 

CTD-ILD + 
RA-ILD + 
RespiratoryD
atabase@TR 

CTD-ILD: 84 
patients/670 
auscultations; 
RA-ILD: 137 

Good/bad 
auscultation 
cleaning followed 
by ILD diagnosis 

Signal 
cleaning + ML 
/ DNN 
ensemble 

0.97 on CTD-
ILD cleaned 
by KNN 

Yes Yes 

5-fold cross-
validation; 
training/testing 
stated as distinct for 

No clear 
external 
validation 

Disease-detection 
subgroup, not 
sound-event 
primary pool 
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Ref 
No. 

Yea
r 

Task group 

Eligible 
for 
primary 
accuracy 
meta-
analysis? 

Dataset 
Sample size 
/recordings / 
subjects 

Task 
Model 
family 

Native 
accuracy 
value used 

AUC 
reporte
d? 

F1 
repo
rted
? 

Split type / 
validation design 

External 
validatio
n 

Key note/ 
pooling status 

patients/820 
auscultations; 
@TR: 504 files 

DNN 

[1] 
202
5 

sound 
classification 

Provisional 
Yes 

ICBHI 2017 
920 recordings, 
126 subjects, 
6898 cycles 

4-class 
adventitious lung 
sound 
classification 

Deep learning 
bi-ResNet 
with STFT + 
wavelet fusion 

0.5279 official 
ICBHI; 0.6744 
random 10-
fold 

No No 
Official ICBHI split 
plus separate random 
10-fold evaluation 

No 
Use official split 
result only 

[3] 2019 
severity 
classification 

Provisional 
Yes 

Respiratory 
sound dataset 
(non-ICBHI) 

Information 
insufficient from 
accessible source 

Asthma severity 
classification 

Feature-based 
ML (power 
features + 
classifier) 

Accuracy 
reported but 
exact value not 
extractable 

No No 
Information 
insufficient 

No 
Keep in subgroup 
/ descriptive only 

[4] 2019 
sound 
classification 

Provisional 
Yes 

RALE 
database 

Information 
insufficient from 
accessible source 

Respiratory sound 
classification 

SVM 

Accuracy 
reported; 
exact 
extraction 
uncertain 

No No 
Information 
insufficient 

No 
Needs source 
verification before 
pooling 

[8] 2021 
sound 
classification 

Provisional 
Yes 

ICBHI dataset 
Information 
insufficient from 
accessible source 

Lung sound 
classification 

Boosted 
decision trees 

Accuracy 
reported; 
exact 
extraction 
uncertain 

No No 
Information 
insufficient 

No 
Needs split 
verification before 
pooling 

[11] 2021 

disease 
detection / 
severity 
classification 

Provisional 
Yes 

Clinically 
validated 
cough dataset 
(Spain + 
Mexico) 

8380 cough 
samples (2339 
positive, 6041 
negative) 

COVID-19 
detection + 
severity 
classification 

Deep learning 
(DeepCough) 

— (AUC/F1-
focused, no 
clean native 
accuracy) 

Yes Yes 
10-fold cross-
validation (stratified) 

No clear 
external 
validation 

AUC/F1 table, not 
accuracy primary 
pool 

[13] 2021 
sound 
classification 

No 
Clinical 
dataset (non-
ICBHI) 

1918 recordings / 
871 subjects / 
2840 raw sounds 

Multi-class 
(normal/crackles/
wheezes/rhonchi) 

CNN + 
transfer 
learning 
(VGG16) 

0.865 binary; 
0.857 multi-
class 

Yes Yes 
Random split + 5-fold 
CV (80/20) 

No 

Excluded from 
strict primary 
pool due possible 
leakage/non-
patient-wise split 

[18] 
202
3 

wheeze 
detection / 
sound 
classification 

No ICBHI 
126 patients / 920 
recordings 

Sound 
classification 

CNN + ML 
embeddings 
(MusicANN/V
GGish/OpenL
3) 

0.81 (max) Unclear No 
5-fold CV (patient 
split unclear) 

No 
Excluded from 
strict primary 
pool 

[19] 
202
3 

disease 
detection 

No 
ICBHI + 
Yaseen 

126 + 1000 
records 

Multi-class disease 
classification 

CNN + 
Random 
Forest (BDF) 

0.9994 No Yes 
Random 80/20 + 10-
fold 

No 

Excluded from 
strict primary 
pool due 
augmentation 
leakage risk 

[20] 
202
3 

sound 
classification 

Provisional 
Yes 

RALE 
database 

Approx. 372 
sound instances 
(Normal 50, 
Wheeze 252, 
Crackle 70) 

3-class 
adventitious sound 
classification 

SVM / LSTM 
/ LSTM + 
Bayesian 
Optimization 

0.95699 No Yes 
5-fold setting 
mentioned; subject 
independence unclear 

No 
Keep in 
descriptive/subgr
oup analysis 

[21] 
202
3 

sound 
classification 

Provisional 
Yes 

Respiratory 
Sound 
Database 
from Kaggle / 
ICBHI-based 

ICBHI described 
as 920 audio 
samples/126 
subjects/6898 
cycles; visible 

Binary healthy vs 
COPD recognition 

Transfer 
learning / 
VGGish + 
stacked 
BiGRU 

No clean 
single final 
accuracy 
extractable 
with 

No Yes 
15% validation split; 
patient-wise 
separation unclear 

No 

Relevant but not 
cleanly 
extractable for 
strict pooling 
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Ref 
No. 

Yea
r 

Task group 

Eligible 
for 
primary 
accuracy 
meta-
analysis? 

Dataset 
Sample size 
/recordings / 
subjects 

Task 
Model 
family 

Native 
accuracy 
value used 

AUC 
reporte
d? 

F1 
repo
rted
? 

Split type / 
validation design 

External 
validatio
n 

Key note/ 
pooling status 

experiment 36 
healthy + 36 
COPD files 

confidence 

[22] 
202
3 

sound 
classification 

Provisional 
Yes 

ICBHI dataset 

920 recordings / 
126 subjects / 
6898 cycles 
mentioned in 
context 

2-class, 3-class, 
and 4-class 
respiratory sound 
classification 

Multiple 
hybrid 
pipelines 

0.8927 (best 
4-class) 

No clear 
single 
summar
y 

No 
clear 
singl
e 
sum
mary 

Validation design not 
clearly captured 

No 

Methodologically 
heterogeneous; 
subgroup/descript
ive use 

[23] 
202
3 

disease 
detection 

No 

Private 
asthma-
focused 
respiratory 
sound 
database 

1371 recordings 
total: 1238 patient 
+ 133 healthy 

Binary diagnosis: 
sick/healthy and 
asthmatic/non-
asthmatic+healthy 

DenseNet201 
with transfer 
learning 

0.87 No No 
50-record test groups 
+ 5-fold CV on clips 

No 
Clip/block leakage 
concern; not strict 
primary pool 

[24] 
202
3 

disease 
detection 

No 

Single-center 
clinical 
respiratory 
sound dataset 

126 respiratory 
sounds 
segmented into 
1021 five-second 
samples 

6-class lung 
disease 
classification 

Improved 
VGGish + 
Light 
Attention 

0.9256 No Yes 

5-fold CV on 
segmented samples; 
patient independence 
unclear 

No 
Strong descriptive 
study, not strict 
primary pool 

[25] 
202
3 

disease 
detection 

No 

Hospital-
collected 
dataset + 
ICBHI dataset 

Hospital dataset: 
120 patients / 368 
recordings; also 
evaluated on 
ICBHI 

4-class pulmonary 
disease 
classification 

Classical ML: 
LDA / k-NN / 
DT / RF 

0.9972 (RF 
best) 

Yes Yes 
10-fold CV + 20% 
holdout / 80–20 split 

No clear 
true 
external 
validation 

Very high 
accuracy; not 
strict primary 
pool 

[26] 
202
3 

disease 
detection 

No 

Respiratory 
sound 
database (not 
clearly 
specified) 

Information 
insufficient from 
accessible text 

Binary pulmonary 
abnormality 
detection 

Fr-WCSO-
based Deep 
Residual 
Network 

0.948 No No 
Information 
insufficient 

No 

Dataset 
identity/validatio
n not sufficient for 
strict pooling 

[28] 
202
3 

disease 
detection 

No 

Respiratory 
Sound 
Database / 
ICBHI 
respiratory 
audio files 

920 recordings / 
126 patients 
originally; after 
class filtering 
counts sum to 847 

6-class pulmonary 
disease 
classification 

CNN / LSTM 
/ CNN-LSTM 
/ CNN-
BLSTM 

0.9882 (best 
LSTM) 

No Yes 

Random 80:20 split 
after over/under-
sampling and class 
removal 

No 
Not strict primary 
pool 

[30] 
202
3 

sound 
classification 

Provisional 
Yes 

ICBHI 2017 
920 recordings, 
126 patients, 
6898 cycles 

4-class 
adventitious 
respiratory sound 
classification 

BLNet with 
STFT + 
wavelet fusion 
+ self-
attention 

0.7272 best 
random 8:2; 
official split 
score 0.5198 

No No 
Official train-test 
split plus random 8:2 
split 

No 
High risk if using 
random split 
result 

[31] 
202
3 

sound 
classification 

No ICBHI 2017 
920 recordings, 
126 subjects, 
6898 cycles 

4-class respiratory 
sound 
classification with 
interpretability 
focus 

Self-
explaining 
neural 
network 

— (AS/UAR-
based; no 
clean native 
accuracy) 

No No 
Official ICBHI 60/40 
split; training set 
further split 70/30 

No 

Keep in 
descriptive 
metric-specific 
analysis 

[32] 
202
3 

wheeze 
detection 

No 

Tromsø Study 
lung sound 
files + 
validation sets 

Training: 24,198 
files from 4,033 
participants; 
validation A: 615; 
validation B: 120 

Wheeze and 
crackle detection 

Deep learning 
ensemble 
based on 
InceptionV3 

— Yes Yes 
5-fold development + 
two validation sets 
not used in training 

Yes, 
independe
nt 
validation 
sets used 

Preprint + 
detection task; 
descriptive only 
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Ref 
No. 

Yea
r 

Task group 

Eligible 
for 
primary 
accuracy 
meta-
analysis? 

Dataset 
Sample size 
/recordings / 
subjects 

Task 
Model 
family 

Native 
accuracy 
value used 

AUC 
reporte
d? 

F1 
repo
rted
? 

Split type / 
validation design 

External 
validatio
n 

Key note/ 
pooling status 

[36] 
202
4 

disease 
detection / 
multiclass 
condition 
identification 

Provisional 
Yes 

ICBHI 2017 
respiratory 
sound 
database 

920 respiratory 
sounds 

Respiratory 
disease 
classification from 
audio 

Ensemble 
learning: 
MultiFeature 
CNN + 
XGBoost + 
soft voting 

0.9757 Yes No 

Stratified 80/20 
train-test split with 
augmentation; 
patient-wise 
independence unclear 

No 

arXiv / split 
clarity issue; 
sensitivity 
candidate 

[37] 
202
4 

disease 
detection / 
multiclass 
condition 
identification 

Provisional 
Yes 

Clinical lung 
sound dataset 
represented 
as 
spectrogram 
images 

Original samples: 
35/32/5/9/5 by 
class; augmented 
totals 
370/407/75/188/
84 

5-class respiratory 
disease 
classification 

Vision 
Transformer 
(ViT) 

0.9104 
No clear 
summar
y 

No 

Training design not 
sufficiently detailed; 
augmentation 
experiments reported 

No clear 
external 
validation 

Descriptive only 
unless full split 
details recovered 

[38] 
202
4 

wheeze 
detection 

Provisional 
Yes 

ICBHI-
derived 
wheeze event 
data + 
synthetic data 

ICBHI: 920 
recordings/126 
subjects; 
synthetic set: 
1500 training + 
200 testing audio 
files 

Wheeze event 
detection / 
localization 

CRNN family: 
CNN-
LSTM/GRU/B
iLSTM/BiGR
U 

0.84 (best 
accuracy) 

No Yes 
70/30 split before 
synthetic generation; 
event-level labeling 

No 

Secondary wheeze 
subgroup; 
synthetic-data 
heavy 

[40] 
202
4 

disease 
detection / 
multiclass 
condition 
identification 

Provisional 
Yes 

ICBHI 2017 

920 audio 
samples, 126 
individuals, 6898 
cycles 

8-class disease, 4-
class disease, and 
binary 
normal/abnormal 
classification 

Hybrid deep 
learning with 
fused latent 
features + 
LSTM 

0.9416 (8-
class); 0.7961 
(4-class); 
0.8561 
(binary) 

No clear 
summar
y 

Yes 

Split design 
insufficiently 
captured from 
accessible text 

No 

Multiple 
tasks/settings; 
descriptive or 
subgroup only 

[41] 
202
4 

wheeze 
detection 

No 

Single-center 
wearable 
accelerometer 
patch dataset 

52 patients with 
respiratory 
diseases 

Wheeze detection 
from pulmonary-
induced vibrations 

Deep learning 
model vs 
deterministic 
time-
frequency 
method 

0.95 Yes 

No 
clear 
sum
mary 

Test set evaluation on 
collected patient 
data; exact split not 
fully captured 

No clear 
external 
validation 

Biosignal patch 
task; not lung 
sound primary 
pool 

[42] 
202
4 

disease 
detection 

No 
Hospital-
collected 
cough dataset 

230 cough sounds 
from 70 TB 
patients and 226 
from 74 healthy 
subjects 

Pulmonary 
tuberculosis 
screening from 
cough sound 

Feature fusion 
with Bi-LSTM 
/ Bi-GRU and 
2D 
convolution 

0.9633 No No 
Split details not 
clearly captured 

No 
Cough subgroup 
only 

[43] 
202
4 

sound 
classification 

Provisional 
Yes 

ICBHI 2017 

ICBHI 2017 used; 
full sample detail 
not restated in 
accessible text 

Lung sound 
classification 

Improved Bi-
ResNet 
combining 
CNN and 
ResNet 

0.7781 No Yes 

Data augmentation 
used; exact patient-
wise split details 
unclear 

No 
Relevant but split 
details limited 

[44] 
202
4 

disease 
detection 

No 

CoCross ICU 
COVID-19 
multimodal 
database 

171 ICU patients; 
3477 
auscultations; 
plus CXRs and 
ICU variables 

ICU mortality / 
90-day mortality 
prediction 

Multimodal 
deep learning 
fusion 

0.761 ICU 
mortality; 
0.743 90-day 
mortality 

Yes 

No 
clear 
sum
mary 

Longitudinal 
multimodal workflow 

No clear 
external 
validation 

Prognostic 
multimodal study; 
outside primary 
pool 

[45] 
202
4 

sound 
classification 

Provisional 
Yes 

ICBHI 2017 
Augmented and 
balanced ICBHI 
dataset 

Abnormal/normal 
lung sound 
classification 
parameter 
sensitivity study 

CNN with 
spectrogram 
or MFCC 
under variable 
parameters 

Accuracy 
emphasized 
but no clean 
single 
extracted 
value 

No No 

Experimental 
comparison under 
variable parameters; 
split not fully 
captured 

No 

Methodological 
study, not clean 
comparable 
benchmark 
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Ref 
No. 

Yea
r 

Task group 

Eligible 
for 
primary 
accuracy 
meta-
analysis? 

Dataset 
Sample size 
/recordings / 
subjects 

Task 
Model 
family 

Native 
accuracy 
value used 

AUC 
reporte
d? 

F1 
repo
rted
? 

Split type / 
validation design 

External 
validatio
n 

Key note/ 
pooling status 

[46] 
202
4 

sound 
classification 

Provisional 
Yes 

ICBHI dataset 

ICBHI dataset; 
exact sample 
detail not fully 
repeated in 
accessible text 

Adventitious sound 
classification 

Vision 
Transformer 
fed by 
cochleogram 

Accuracy 
emphasized 
but no clean 
single 
extracted 
value 

No clear 
summar
y 

No 
clear 
sum
mary 

Split details 
insufficiently 
captured 

No 
Needs full text 
confirmation for 
strict pooling 

[47] 
202
4 

severity 
classification 

No 
RespiratoryD
atabase@TR 

504 wav files; 42 
COPD patients; 
five severity 
classes 

COPD severity 
classification 

Multi-feature 
fusion with 
MLP, CNN, 
RNN, LSTM 

0.87 best 
testing 
accuracy 

No No 

Dataset balancing via 
SMOTE; exact 
subject-independent 
split not clearly 
captured 

No 
Severity subgroup 
only 

[48] 
202
4 

disease 
detection / 
multiclass 
condition 
identification 

No 

ICBHI 2017 + 
Fraiwan et al. 
Mendeley 
dataset 

Combined ICBHI 
and multiclass 
Mendeley lung 
sound dataset 

10-class lung 
disease 
classification 

Lightweight 
CNN with 
stacked 
Mel/MFCC/C
hromagram 

0.9104 
No clear 
summar
y 

No 
clear 
sum
mary 

Combined-dataset 
classification; split 
not fully captured 

No Descriptive only 

[60] 
202
4 

cough 
detection 

No 

Accelerometer
-based 
experimental 
dataset 

23 participants; 
original 206 
cough + 1011 non-
cough; 
augmented to 
2266 cough + 
2022 non-cough 

Cough vs non-
cough detection 

Deep learning 
best with 
SqueezeNet + 
wavelet 
scalograms 

0.9221 
No clear 
summar
y 

No 
clear 
sum
mary 

1-second segmented 
samples with manual 
segmentation and 
augmentation 

No 
Accelerometer 
cough subgroup 
only 

[49] 
202
4 

disease 
detection 

No 

Clinically 
tagged 
proprietary 
cough dataset 
with RT-PCR 
COVID status 

Initially 1094 
positive and 3761 
negative 
participants; after 
preprocessing 
1022 positive and 
2656 normal 
samples 

COVID-19 
diagnosis from 
cough audio under 
confounder-aware 
training 

Bias-Free 
Network 
(RBF-Net) 

0.841 gender-
biased; 0.846 
age-biased; 
0.805 
smoking-
biased 

No clear 
summar
y 

No 
clear 
sum
mary 

Different 
intentionally biased 
training scenarios 

No clear 
external 
validation 

Cough COVID 
subgroup only 

[53] 
202
4 

sound 
classification 

Provisional 
Yes 

ICBHI’17 
database 

ICBHI’17 used; 
exact final sample 
count not restated 
in accessible 
snippet 

4-class respiratory 
sound 
classification 

Self-attention 
based hybrid 
CNN-LSTM 

Accuracy not 
cleanly 
extractable 
from 
accessible 
snippet 

No 

No 
clear 
sum
mary 

Explicitly motivated 
as patient-
independent; exact 
final split/accuracy 
needs full text 

No 

Needs full-text 
confirmation 
before strict 
pooling 
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