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Editorial on the Research Topic
Artificial intelligence solutions for global health and disaster response:
challenges and opportunities

Artificial intelligence (AI) has emerged as a transformative tool in disaster
preparedness and response, promising to reshape how we address some of the most
pressing global health challenges. The rapid development of AI technologies offers
unprecedented opportunities to enhance early warning systems, optimize resource
allocation, and facilitate real-time decision-making processes. This editorial introduces a
Research Topic of articles that explore the cutting-edge applications of Al across various
domains of global health and disaster response, aiming to provide a comprehensive
overview of both the potential and the hurdles associated with these technologies.

This Research Topic gathers insights from leading researchers, practitioners, and
policymakers at the forefront of integrating Al into health crisis management. The scope
of discussion spans multiple critical areas, including AI-powered surveillance systems, AI-
supported decision-making in resource distribution, and the role of Al in managing mental
health during crises. Each contribution advances our understanding of AT’s capabilities and
critically examines the ethical, legal, and social implications of deploying Al in sensitive
and high-stakes environments. Through this Research Topic, we aim to highlight the
innovative ways in which AI can promote health equity and improve healthcare delivery
during disasters while also addressing the significant challenges that must be overcome to
harness the full potential of Al in enhancing global health outcomes.

The Research Topic includes original research, systematic reviews, brief research
reports, mini reviews, perspective, review, and methods papers. We received 66
submissions, 25 of which, after a careful review process, were accepted for publication in
this Research Topic.

The paper by Liu P. et al. explores healthcare professionals’ and patients’ perceptions
and experiences regarding mobile health (mHealth) apps in China. The study identifies
the advantages and challenges of using mHealth apps using semistructured interviews. It
highlights concerns such as the ease of use, effectiveness, and potential risks associated with
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these apps. The findings underscore the need for improved safety,
regulatory standards, and user-friendly designs to serve older
populations better and bridge the gap between healthcare providers
and patients. The paper advocates for advancements in mHealth
technology to enhance its utility and reliability in improving
health outcomes.

The paper by Singh et al. delves into the burgeoning role of
blockchain technology within the healthcare sector. It thoroughly
examines how blockchain’s core features—such as decentralization,
immutability, and transparency—can address persistent challenges
in healthcare, such as data fragmentation, security concerns,
and the lack of interoperability among systems. By proposing a
framework for the practical application of blockchain in various
healthcare processes, the authors argue that blockchain technology
can significantly enhance data security, patient privacy, and the
efficiency of healthcare delivery systems. Moreover, the paper
discusses the broader implications of blockchain integration into
healthcare, including potential ethical and regulatory challenges.

Belachew et al.’s study investigates the adoption and utilization
of telemedicine among patients with chronic diseases at the
University of Gondar Comprehensive Specialized Hospital. The
research uses a cross-sectional study design to capture the
perceptions, willingness, and actual use of telemedicine services
among these patients. Findings indicate a generally positive
perception and willingness to engage with telemedicine despite
low usage. This discrepancy highlights the potential for greater
implementation of telemedicine, provided that patient awareness
and infrastructural support are enhanced.

The paper by Shakhovska et al. investigates micro-stresses’
impact on operators performance within search systems. The
study assesses operator behavior under stress by presenting test
images to monitor reaction times and decision-making processes
utilizing a human-machine interface model. Key findings include
the development of a methodology to analyze and cluster operator
responses based on their stress resistance. The study offers
insights into optimizing the selection and training of operators by
recognizing individual differences in stress handling.

The paper by Li et al. introduces a fractal multi-level
distribution network (FMDN) model to optimize the delivery of
essential supplies during disasters. This model considers factors
like road damage and dynamic demand changes at disaster sites
to minimize overall operational costs, which include construction,
transportation, and penalty costs for unmet demand. The study
confirms the model’s effectiveness through numerical experiments
using LINGO software, demonstrating that it can efficiently
manage emergency resource distribution under variable and
challenging conditions.

The paper by Pinto et al. examines the influence of online
news on public health responses by focusing on the syphilis
epidemic in Brazil. The study analyzes the volume and quality
of news between 2015 and 2019 and its correlation with syphilis
testing rates using text mining techniques. The findings reveal
a positive association between high-quality news and increased
syphilis testing, emphasizing the role of effective communication
in enhancing public health policy actions.

The paper by Zhang et al. examines the influences on
Chinese type 2 diabetes patients’ readiness to adopt digital
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disease management apps. Utilizing the Technology Acceptance
Model (TAM), Perceived Risk (PR) theory, and eHealth Literacy
Theory (E-HLT), the study highlights significant predictors such
as perceived usefulness, ease of use, and electronic health literacy.
Results indicate these factors substantially impact patients’ attitudes
toward and intentions to use such applications, providing critical
insights for developers and healthcare providers aiming to increase
digital health tool adoption.

The paper by Sen et al. addresses the growing relevance of big
data analytics in medical research, focusing specifically on text-
mining techniques. It discusses various challenges encountered in
this field, such as data quality and integration, privacy concerns,
and the need for robust analytical tools. The authors propose
several recommendations to overcome these hurdles, emphasizing
the development of more sophisticated data processing algorithms
and implementing stricter data privacy regulations. The paper aims
to guide future research and development in efficiently utilizing
medical big data for improved healthcare outcomes.

The paper by Towler et al. evaluates the efficacy of Machine-
Assisted Topic Analysis (MATA) against traditional human-only
thematic analysis. The study, conducted during the COVID-19
pandemic, used a dataset of 1,472 user responses from a behavioral
intervention to compare the two methods. The results show that
while human analysis provides depth, MATA significantly reduces
the time required for data analysis. Both methods produced similar
thematic outcomes, demonstrating that MATA is an effective tool
for rapid qualitative analysis in public health emergencies.

The paper by Honchar et al. investigates the predictors of long-
term health effects in COVID-19 patients post-discharge. The study
assesses symptoms, performs echocardiography, and conducts a
6-min walk test both pre-discharge and 1-month post-discharge,
utilizing a cohort of 221 hospitalized patients. The presence of
post-COVID-19 syndrome (PCS) was then evaluated 3 months
after discharge. The research identifies key pre-discharge predictors
for PCS, including age, sex, inflammation levels, and oxygen
needs. The study successfully developed a neural network-based
classification model that predicts the development of PCS with
high accuracy, demonstrating a significant step toward optimizing
patient care post-COVID-19.

The study by Lihua et al. evaluates the effectiveness of a
health self-management intervention tailored for individuals with
metabolic syndrome (MS) who were bereaved by the Wenchuan
earthquake. This randomized controlled trial utilized a detailed
intervention program based on self-management principles,
covering diet, exercise, medication adherence, and emotional
management. Results showed significant improvements in MS
management behaviors and some physiological indicators among
the intervention group compared to controls, demonstrating the
potential of structured self-management programs in enhancing
disease outcomes in post-disaster settings.

The paper by Zhou et al. comprehensively evaluates various
Al-based intraocular lens (IOL) power calculation formulas
compared to traditional and newer vergence formulas. The study
systematically analyzed 12 studies involving 2,430 eyes, utilizing
methods such as mean absolute error (MAE), median absolute
error (MedAE), and the percentage of eyes with a predictive
error within specific diopters focused on highly myopic eyes. The
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https://doi.org/10.3389/fpubh.2024.1439914
https://doi.org/10.3389/fpubh.2023.1229386
https://doi.org/10.3389/fpubh.2023.1234436
https://doi.org/10.3389/fdata.2023.1239017
https://doi.org/10.3389/fpubh.2023.1245415
https://doi.org/10.3389/fpubh.2023.1248121
https://doi.org/10.3389/fpubh.2023.1259158
https://doi.org/10.3389/fpubh.2023.1259410
https://doi.org/10.3389/fpubh.2023.1268223
https://doi.org/10.3389/fpubh.2023.1276211
https://doi.org/10.3389/fpubh.2023.1277389
https://doi.org/10.3389/fpubh.2023.1279718
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Chumachenko et al.

top-performing Al-based formulas identified were XGBoost, Hill-
RBE and Kane, demonstrating superior accuracy over traditional
methods for calculating IOL power for highly myopic patients. This
paper highlights the potential of AI to enhance the precision of
medical predictions in specialized settings.

The study by Ahun et al. investigates Turkish emergency
physicians’ ethical perspectives on using Al in epidemic triage. The
study assesses the attitudes of 167 specialists toward AT’s utility
in emergency triage, particularly under pandemic conditions,
using a detailed survey. The findings reveal a cautious optimism
about ATs benefits for patient care and healthcare operations.
However, significant concerns remain regarding responsibility for
Al-driven decisions and the ethical handling of private patient data.
Most respondents acknowledge AT’s potential to enhance triage
efficiency but emphasize the need for clear accountability and data
privacy guidelines.

The paper by Long et al. explores the application of Al to
optimize healthcare supply chain modes. It introduces a deep
reinforcement learning algorithm to improve decision-making in
selecting sustainable and efficient supply chain modes. Through
simulation experiments, the study demonstrates that AI can
effectively enhance the economic, social, and environmental
benefits of healthcare supply chains. The findings suggest Al is a
superior healthcare supply chain mode selection method, offering
significant improvements over traditional methods.

The paper by Kryvenko et al. addresses the increasing need
for effective compression techniques in storing and transferring
large dental images. The authors explore lossy compression
that retains the visual quality necessary for diagnostic purposes,
emphasizing the role of discrete cosine transform-based encoders.
They evaluate the performance of different encoders in achieving
high compression ratios while ensuring the invisibility of
compression artifacts through theoretical approaches and
experimental validation with professional dentists. This study
is crucial for advancing digital imaging in dental practice and
improving telemedicine applications by enabling efficient image
data management.

The paper by Zaidan provides a comprehensive analysis of
how AI is being integrated into various aspects of global health,
addressing significant challenges such as mental health, infectious
diseases, cardiovascular diseases, and the impacts of aging. The
review explores AIs role in enhancing disease surveillance,
diagnosis, treatment modalities, and overall public health
strategies. Additionally, it discusses the ethical considerations
and the necessity for equitable AI integration in healthcare
practices globally, highlighting AT’s transformative potential while
acknowledging the complexities and responsibilities accompanying
its widespread adoption.

The paper by Valeanu et al. examines vaccine misinformation
on Twitter, focusing on content written in Romanian. Using a
dataset of 1,400 tweets, researchers manually classified each tweet as
true, neutral, or fake information. They employed machine learning
algorithms to predict the classification of tweets, finding that
misinformation tends to be more frequently liked and shared. This
study highlights the significant role of Al in distinguishing between
valid and false health information online, aiming to support public
health efforts by mitigating the spread of vaccine misinformation.
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The paper by Yoon et al. examines the application of virtual
reality (VR) and virtual try-on technologies to address privacy
concerns in home-based fitness training. It introduces methods
to anonymize participants’ appearances and environments during
video-based exercise sessions, enhancing user comfort and
motivation. The study demonstrates the effectiveness of these
technologies through a user study, highlighting their potential
to enhance privacy, self-confidence, and coaching satisfaction.
However, no significant differences in coaching satisfaction
were noted. This innovative approach proposes a model for
future remote fitness training that prioritizes user privacy
and engagement.

The study by Roche et al. investigates the accuracy of Al
in reading and interpreting HIV self-test results. The study,
conducted in Kisumu, Kenya, involved participants using blood-
based HIV self-tests in private pharmacies, with results interpreted
by clients, pharmacy providers, and an AI algorithm. The AI
algorithm demonstrated high sensitivity and specificity, showing
promise as a quality assurance tool in HIV testing, comparing these
interpretations to an expert panel’s readings. The findings suggest
that AI could enhance accuracy and reliability in interpreting HIV
self-tests in real-world settings.

The paper by Tucker and Lorig explores the integration of
agent-based social simulations (ABSS) with the everyday digital
health perspective to inform policy during health crises like
COVID-19. ABSS models the interactions of intelligent agents
to simulate complex societal responses to health policies, serving
as a virtual testbed for scenario testing without risking real-
world consequences. The paper highlights challenges such as
the need for valuable scenario definition and appropriate data
availability, suggesting that incorporating everyday digital health
insights can enhance ABSS’s effectiveness in crisis management.
This approach emphasizes the importance of understanding digital
health technology adoption and its varied impacts across different
population segments to improve the accuracy and relevance of
health crisis simulations.

The paper by Benboujja et al. addresses the significant
challenge of language barriers in pediatric healthcare. It presents
a multilingual, Al-assisted curriculum designed to improve global
healthcare education. The curriculum includes video modules
in multiple languages tailored for diverse healthcare settings
using generative language models, enhancing comprehension
and accessibility for non-English speaking healthcare providers
and caregivers. This innovative approach ensures that essential
pediatric care knowledge is universally accessible, supporting
the World Health Organization’s advocacy for digitally enabled
healthcare education.

The paper by Alotaibi et al. examines the application of
Al, specifically ChatGPT, in the management of ocular cancer.
It reviews existing literature to address the types of ocular
cancer, the associated challenges, and how ChatGPT can assist
in overcoming these barriers. The review underscores the
limited awareness and healthcare access, financial constraints,
and infrastructure deficiencies as significant hurdles in effective
ocular cancer management. The paper discusses the prospective
benefits of integrating ChatGPT to enhance diagnostic accuracy,
patient education, and treatment planning while highlighting
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the necessity for further research to optimize AI applications
in healthcare.

The paper by Moskalenko and Kharchenko discusses
enhancing the robustness of medical AI systems against
fault
data drift. It introduces a modified machine learning operations
(MLOps)
predictive uncertainty calibration, and graceful degradation. The

disturbances like adversarial attacks, injections, and

framework incorporating resilience optimization,
study demonstrates that adding these resilience mechanisms
improves the system’s ability to handle disruptions, particularly
in medical image recognition, using datasets like DermaMNIST,
BloodMNIST, and PathMNIST. The findings suggest that AI
systems can be more reliable and trustworthy in critical healthcare
applications by integrating these resilience-focused adaptations.

The paper by Miao et al. introduces a machine learning
model for the early identification of elevated arterial stiffness
(EAS) using easily accessible clinical and questionnaire data from
77,134 participants. The study demonstrates the effectiveness
of the XGBoost algorithm, which outperformed other models
in accuracy and predictive capability, utilizing advanced feature
selection and model training methods. The research emphasizes the
potential of this cost-effective model to significantly enhance the
screening processes for arterial aging, making it accessible for broad
clinical application.

The paper by Liu X.-d. et al. focuses on enhancing the
predictive accuracy of epidemic time series data by incorporating
Gated Recurrent Units (GRU) into Graph Neural Networks
(GNN). This integration, referred to as GRGNN, is evaluated
including COVID-19
and European countries and a chickenpox dataset from

using datasets cases from African
Hungarian regions. The study demonstrates that GRGNN

consistently outperforms traditional models in prediction
accuracy, validating its effectiveness in epidemic forecasting
and highlighting its potential for early warning systems in
public health.

The Research Topic of articles within this Research Topic
underscores ATs vast potential and multifaceted challenges in
enhancing disaster preparedness and response. From improving
early warning systems to ensuring health equity in crises, the
insights provided by these papers highlight both the transformative
capabilities and the ethical considerations necessary for the

responsible deployment of Al technologies. As we move forward,
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the continued collaboration between researchers, practitioners, and
policymakers will be crucial in harnessing AI’s power to respond to,
anticipate, and mitigate global health emergencies.
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Perception, willingness, and
practices of telemedicine in
patients with chronic diseases:
implication of digital health in
patients’ perspective at a tertiary
care hospital in Ethiopia

Eyayaw Ashete Belachew ® !, Demis Getachew?,
Adeladlew Kassie Netere!, Eshetie Gizachew?® and
Ashenafi Kibret Sendekie ® *

!Department of Clinical Pharmacy, School of Pharmacy, College of Medicine and Health Sciences,
University of Gondar, Gondar, Ethiopia, 2Department of Pharmacology, School of Pharmacy, College of
Medicine and Health Sciences, University of Gondar, Gondar, Ethiopia, *Department of Information
System, College of Informatics, University of Gondar, Gondar, Ethiopia

Background: Technology-based healthcare services have important implications
for the diagnosis, prevention, and treatment of diseases, as well as providing
access to high-quality care that both the patient and the healthcare practitioner
can benefit from. To access medical information, patients have also searched
for methods of technology-based healthcare services like telemedicine (TM).
However, little is known regarding the perceptions, willingness, and practices of
TM among Ethiopian patients, especially in the study setting.

Objective: This study assessed the perceptions, willingness, and practice of TM
among patients with chronic disease at the University of Gondar Comprehensive
Specialized Hospital (UJoGCSH), Northwest Ethiopia.

Methods: A cross-sectional study was conducted from June 1 to July 30,
2022, among patients with chronic diseases who were on follow-up at the
UoGCSH. Eligible participants were included in the study using a systematic
random sampling technique. A structured questionnaire was used and recorded
in the Kobo data collection tool. The collected data were managed and analyzed
using the Statistical Package for Social Science (SPSS) version 26.

Results: Out of 422 patients approached, 384 (91% response rate) were included
in the final analysis. The mean (+SD) age of the participants was 48.07 + 16.17
years. The overall perceptions mean (£SD) score of the respondents was 3.92 +
1.06. Generally, near to three-fourths (71.1%) of the participants had a positive
perception of TM services, and around two-thirds (63.3%) had a willingness to
be involved in the TM service. However, only around one-fourth (24.5%) of the
participants were perceived to have a high level of TM practice currently.

Conclusion: The findings suggest that although the level of perception and
willingness of TM services among patients with chronic diseases was positive, their
level of practice was low. Therefore, creating awareness and suitable conditions
to improve their utilization of TM could be important.

KEYWORDS

attitude, chronic diseases, perception, practice, telemedicine, willingness
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Introduction

Digital-based intervention has been popular in the self-
management of patients with chronic diseases, particularly
during the COVID-19 pandemic, when patients faced difficulties
accessing face-to-face health services with healthcare providers
(1-4). Telemedicine (TM) has been used for communication
between physicians, nurses, paramedical personnel, and patients
in need of medical care (5, 6). The origin of TM, that is,
the support of health care services through communication
and technology, can be traced back to the time during which
electronic devices were invented (7). TM has been used to describe
the direct provision of healthcare services, and its applications
were demonstrated as teleconsultation, remote psychotherapy,
remote imaging, telepathology, tele dermatology, patient care
at the first level of health care, specialized counseling systems,
remote surgery, remote anesthesiology, remote cardiology, remote
radiology, remote oncology, home monitoring, patient education,
continuing medical education, and remote home medical care (8,
9). Globally, different studies were conducted to show the adoption,
use, and utility of TM during COVID-19 (10-13).

Chronic diseases have a significant impact on people’s lives
in the following ways: impaired mobility, reduced quality of life,
negative emotions, increased economic burden, and a higher
mortality rate. Despite this devastating potential, the incidence of
chronic diseases is increasing (14, 15). According to the World
Health Organization’s 2015 report, chronic diseases killed 38
million people each year and have become a public health concern
(15). Deaths account for roughly 80% of all deaths in low- and
middle-income countries. Morbidity and mortality from chronic
diseases are increasing faster in sub-Saharan Africa than at any
other time in history. Ethiopia is no exception to the burden
imposed by such chronic diseases (16). The prevalence of chronic
non-communicable disease (NCD) in Ethiopia has ranged from
29 to 35%: diabetes at 5%, cardiovascular disorders at 13.4%,
and respiratory conditions at 1-18% (1-18%) (17). Aside from its
high prevalence, chronic disease management is difficult because
it necessitates long-term follow-up by health care providers and
patients, as well as a large amount of resources. This results in
a scarcity of health-care resources available to patients and their
families and serves as a driving force for telehealth innovation
(18). TM enables remote monitoring of vital signs in patients
with chronic conditions, and by doing so, it decreases mortality
and hospitalization while increasing quality of life (4, 19-21).
It eliminates the need to go to the doctor’s office and sit side
by side with others, which could lead to the transmission of
communicable diseases (22). It also reduces rates of exacerbation
and hospitalization in patients with asthma and chronic obstructive
pulmonary disease (COPD) by allowing patients to receive better
medical attention at the convenience of both the doctor and
themselves (22). A review also disclosed that the use of digital-
based messages helps in improving hypertension, diabetes and
asthma (23).

Abbreviations: COPD, Chronic Obstructive Pulmonary Diseases; Cl,
Confidence Interval; DM, Diabetes Meletus; HTN, Hypertension; TM,
Telemedicine; UoGCSH, University of Gondar Comprehensive Specialized

Hospital; NGO, Non-Governmental organization.
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TABLE 1 Sociodemographic characteristics of chronic disease patients
toward telemedicine at ambulatory clinic of UOGCSH, Ethiopia 2022 (N =

384).
Variables Category Frequency (%)
Sex Male 205 (53.4)
Female 179 (46.6)
Age of participants Mean (£SD) 48.07 (16.17)
<31 years 72 (18.8)
32-50 years 149 (38.8)
50-60 years 73 (19)
>61 years 90 (23.4)
Residence Urban 232 (60.4)
Rural 152 (39.6)
Marital status Single 67 (17.4)
Married 274 (71.4)
Divorced 22 (5.7)
Widow 19 (4.9)
Educational status No formal education 109 (28.4)
Primary (1-8) 93 (24.2)
Secondary (9-12) 104 (27.1)
College and above 78 (20.)
Occupation Government employee 60 (15.6)
Business/self-employee 237 (61.7)
Unemployed 61 (15.9)
Freelance 26 (6.8)
Monthly income <860 28(7.3)
861-1,500 37 (9.6)
1,501-3,000 195 (50.8)
3,001-4,999 33 (8.6)
>5,000 91 (23.7)
Health cost Out pocket 101 (26.3)
coverage
Health insurance 207 (70.3)
NGO 7(1.8)
Other 6 (1.6)
Internet and /or Yes, on my Owen 214 (55.7)
phone cell use
On the help of other 18 (4.7)
No 151 (39.3)
Smart phone use Yes 132 (34.4)
My family use it 13 (3.4)
No 239 (62.2)
Current living Living alone 26 (6.8)
situation
Living with family 351 (91.4)
Other 7 (1.8)
(Continued)
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TABLE 1 (Continued)

Variables Category Frequency (%)
Hospital traveling Walk 9(2.3)
service
Private car 4(1)
Taxi/public transportation 371 (96.6)

TABLE 2 Clinical characteristics of chronic patients at the ambulatory
clinic of UOGCSH, Ethiopia 2022 (N = 384).

Variable Chronic disease Frequency
type (%)
Type chronic disease Cardiovascular 84 (21.9)
disorders
Endocrine disorders 69 (18.0)
Respiratory disorders 65 (16.9)
Nerve system disorders 54 (14.1)
Reproductive disorders 44 (11.5)
Circulatory disorders 84 (21.9)
Musculoskeletal 30(7.8)
disorders
Integumentary disorder 18 (4.7)
Urinary disorders 17 (4.4)
Digestive disorders 3(0.8)
Duration of disease <5 years 202 (52.6)
>5 years 182 (47.4)
Fallen on the way to our Yes 61 (15.9)
hospital
No 323 (84.1)
Admission history to the Yes 219 (57)
hospital with in 6 months
No 165 (43)
Waiting time in the hospitalis | Vey often 143 (37.2)
long
Yes 135(35.2)
Not so much 53(13.8)
No 53 (18.8)
Follow-up time Monthly 120 (31.3)
Once every 2 months 169 (44)
Once every 3 months 79 (20.6)
Semi-annually 12 (3.1)
Annually 4(1)

Although interest in telehealth is growing, its implementation
is not common practice yet. Initiatives for e-health applications
are not similar and consistent throughout the world. For example,
in the Netherlands, the implementation of e-health is developed
through the collaboration of caregivers, caretakers, and health
insurance (14). People living in low-income countries, such as
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African countries, face more health problems than those in
developed countries, and they have limited access to health
innovations (24). When it comes to Ethiopia, which is the
second-most populous country in Africa, with over 117 million
people in 2021, in order to meet the healthcare needs of such
a large population, the implementation of TM is recommended
to expand (25). Ethiopia’s Ministry of Health (MoH) recently
launched a digital and innovation center where experts can
synthesize, promote best practices, and scale up innovation tools.
According to the April 30th, 2021 report, ~54.7 million people
were telecommunications subscribers. There were ~54.7 million
mobile voice subscribers, 25 million internet subscribers, 349,000
fixed broadband subscribers, and 923 fixed service subscribers. The
telecom coverage was reported to be 85.4-95%, and the density was
50% (25).

Knowing the global and national implications of chronic
disease management, developed countries advocated for a new
technology, TM that supports the health system. It aids in lowering
health-care costs, increasing access to care, reducing the need
for a larger workforce, and reducing time waste. Although its
implementation is in its early stages, Ethiopia needs to implement
TM after learning about its benefits. However, to the best of
authors knowledge and broader search, assessment of patients
with chronic diseases perceptions, willingness, and practice of
TM has not been explored yet. Even though various literatures
are conducted during COVID-19 world concerning to the use of
TM and its implication, there is scarcity of information in the
study area.

Therefore, the main research questions are: (I) Do patients
with chronic diseases perceive TM as good or bad? (II) Are
patients with chronic diseases willing to use TM or not? (III) Do
patients practice TM or not? To answer these research questions,
this study assessed perceptions, willingness, and practice of TM
among patients with chronic diseases at the UoGCSH, Northwest
Ethiopia. The findings will serve as a baseline for identifying
opportunities and barriers from the patients’ perspective to ensure
the delivery of better healthcare through the implementation
of TM.

Methods and materials
Study design and setting

An institutional-based cross-sectional study with patient
interviews and medical record review was carried out at UOGCSH
ambulatory chronic care from June 20 to July 20, 2022. The
UoGCSH is a comprehensive public referral health facility in
northern Ethiopia that serves as a teaching hospital for students
from the University of Gondar. The hospital is ~738km from
Ethiopia’s capital city. The UoGCSH statistics and information
office revealed that the hospital’s ambulatory care follows up with
patients every Monday to Friday and serves 15,000 patients with
chronic conditions such as HTN, diabetes, asthma, COPD, heart
failure, epilepsy, and other cardiovascular disorders as of the
November 2019 report.
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TABLE 3 Perception toward telemedicine in patients with chronic disease at the UoGCSH, Ethiopia 2022 (N = 384).

Statements Response level Frequency (%)
Anxious about using a tablet or mobile device Very much 81(21.1)
Yes 114 (29.7)
Not so much 30 (7.8)
No 159 (41.4)
Opinion about the usefulness of the eHealth application for making decision for Not useful at all 37(9.6)
own health
Not useful 61 (15.9)
Unsure 69 (18)
Useful 189 (49.2)
Very useful 28 (7.3)

Perception statements

Level of response, n (%)

Strongly agree Agree Neutral Disagree Strongly disagree Mean (SD)
Telemedical service may be necessary for chronic patient care 52 (13.5) 229 (59.6) 64 (16.7) 19 (4.9) 20(5.2) 3.72(0.94)
Providing a telemedicine service helps faster medical care 62 (16.1) 179 (46.6) 68 (17.2) 19 (4.9) 56 (14.6) 3.74 (1.20)
Providing telemedicine is important for medical care to remote and 34 (8.9) 180 (46.9) 104 (27.1) 33 (8.6) 33 (8.6) 3.96 (0.95)
underserved areas of healthcare.
Providing a telemedicine service saves effort. 38(9.9) 175 (45.6) 105 (27.3) 33(8.6) 33(8.6) 3.95(0.97)
Providing a telemedicine service saves money. 33(8) 200 (52.1) 85 (22.1) 33(8.6) 33(8.6) 3.96 (0.95)
Providing a telemedicine service saves transportation cost. 36 (9.4) 231 (60.1) 45 (11.7) 39 (9.6) 44 (9.8) 3.95(0.96)
Providing a telemedicine service reduces waiting lists in medical 43 (11.2) 225 (58.6) 52 (13.5) 31(8.3) 32 (8.5) 3.9(1.00)
centers.
Providing a telemedicine service can improve communication between 62 (16. 179 (46.6) 68 (17.7) 19 (4.9) 56 (14.6) 3.84 (1.120)
patients and their doctor or nurse.
Providing a telemedicine service can help in providing appropriate 36 (9.4) 200 (52.1) 54 (14.1) 19 (4.9) 75 (19.5) 4.15 (1.13)
instructions in emergencies.
Using eHealth applications to access healthcare offers greater security. 43 (11.2) 201 (52.3) 46 (12) 19 (4.9) 75 (19) 4.15 (1.16)
Easy to share medical information on eHealth applications 39 (10.2) 210 (54.7) 40 (10.4) 20 (5.2) 75 (19.5) 4.15 (1.14)
Using eHealth applications to access healthcare is convenient. 40 (10.4) 195 (50.8) 54 (14.1) 20 (5.2) 75 (19.5) 3.15(1.15)
Using eHealth application is good to consulting physician 29 (7.6) 200 (52.1) 60 (15.6) 20 (5.2) 75 (19.5) 4.18 (1.10)
eHealth application makes appointment online to see physician 36(9.4) 216 (56.3) 36 (9.4) 21(5.5) 75 (19.5) 4.16 (1.13)
Over all mean (& SD) of the respondents 3.92 (1.06)
Overall perception of TM service Good 273 (71.1%)

Poor 111 (28.9%)
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TABLE 4 Thoughts of participants about using an application to get, keep, and update health information (N = 384).

Statements vel of response, n (%)
Strongly Disagree Neutral Agree Strongly
disagree agree
I'would be worried about the privacy of my health 40 (10.4) 35(9.1) 26 (6.8) 96 (25) 187 (48.7)
information to use TM
I don’t need TM to handle my health needs 40 (10.6) 56 (14.6) 57 (14.8) 85(22.1) 146 (38)
because it does not keep privacy
I don’t like using computers, mobiles or the 96 (24.9) 59 (15.4) 57 (14.8) 80 (20.8) 92 (24)
internet because it can lead to disclosing medical
information to people who are not authorized to
do so

Study participants

All patients with common chronic diseases who had been
followed for their medical condition at the ambulatory chronic care
unit of the UoGCSH during the study period were included as study
participants. To be included, they could be adults (age higher and
equal to 18), diagnosed and followed for at least one chronic disease,
and agreed to participate in the study. Patients who were severely
ill and unable to provide an interview, those who were with sever
neurological and psychiatric problems, and patients with hearing
problems were all excluded.

Sample size and sampling technique

The sample size was calculated using the single mean
population proportion formula with a 95% confidence level (Z =
1.96), a proportion of the outcome (i.e., perceptions, willingness,
and practice of TM) of 50% (P = 0.5) to obtain an adequate sample
size and a relative precision of 5% (D = 0.05).

2
(Zz—a) POL=P)  (1.96)? %0.5%0.5
D2 B (0.05)2

n=

n = 384.16~ 384

Where; Za/2 = confidence level at 95% (standard value of 1.96);
P = estimated prevalence or proportions of the outcome; d = range
of CI or margin of error.

Finally, considering a 10% contingency for possible non-
response, the calculated sample size was to be 422.

A systematic random sampling method was used to include
study participants. The total number of chronic patients who visit
this hospital per month is about 15,000; from this, 1,500 patients
who fulfilled the inclusion criteria visited the hospital every month,
and 300 patients who fulfilled the inclusion criteria were found to
have an appointment during the data collection period. Thus, we
had 1,800 visitors in a month (taking into consideration that the
sample was collected within a month). As a result, the sampling
fraction (k-interval) is 1,800/422 = 4 (approximately). As a result,
the first participant in the study was chosen at random, and each
subsequent participant was chosen every four persons. The study
subjects who met the inclusion criteria were considered, and if
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one was deemed ineligible, the next one was chosen, and the same
approach was used throughout the data collection procedure.

Data collection tools and techniques

Data on patients’ perceptions, willingness, and practice of
TM were collected using validated data collection instruments.
The data were collected following the adoption of questionnaires
from various studies (14, 22) and were prepared using the
Kobo data collection tool. The data collection format is divided
into four sections. Part I: focusing on the study population’s
socio-demographic characteristics (age and gender, marital status,
educational level, residence, work status, internet or mobile
phone usage status, religion, mode of transportation, and health
service coverage) and clinical characteristics questionnaires (type of
chronic disease, duration of disease, frequency of visit, perception
of waiting for health service, and e-health usage were assessed using
structured questionnaires); Part II: Perception and/or opinion
toward TM (in this part, patients’ past and present perceptions
and opinions about its benefits in terms of cost reduction, time
saving, quick access, and access to remote areas were assessed). This
perception toward TM use was measured by 14 questions on a five-
level Likert (5 = strongly agree, 4 =agree, 3 = neutral, 2 = disagree,
1 = strongly disagree) scale questionnaire, and the overall level of
perception was determined and categorized by using the overall
mean score of the questionnaires. Participants with scores above
the mean have a positive perception of TM, while those with scores
below the mean have a negative perception of TM. Part III was
composed of patients present as well as their future willingness to
use TM. The questionnaire consists of 16 questions: three questions
with a score of 4 (0-3), one question with a score of 3 (1-3),
and 12 yes or no questions (1 = yes and 0 = no). Therefore, the
overall score of the questionnaire was 24 points. To rate the overall
willingness of the participants to engage in TM, we have categorized
those scores > 13 as having good willingness and those scores below
18 as having poor willingness to engage in TM. Part IV: Focuses on
their current practice in the TM (their rate or frequency of usage
and the type of information they extract from an e-health service).
To measure the practice of respondents, we developed 12 yes-or-no
questions. The overall level of practice was determined by the score
of the questions. Those participants who answered yes to questions
six and above were considered to have good practice of TM.
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TABLE 5 Willingness to involve and practice of Telemedicine among
chronic patients at the ambulatory clinic of UOGCSH, Ethiopia 2022 (N =
384).

TABLE 5 (Continued)

Willingness and
practice statement

Category

Frequency
(%)

Willingness and Category Frequency
practice statement (%) ‘Would you be interested in Yes 141 (36.7)
using this type of website if it
Confident toward your own Very confident 87 (22.7) were from nurse
health management
No 243 (63.3)
Somewhat confident 153 (39.8)
Would you be interested in Yes 138 (35.9)
Not too confident 63 (16.4) using this type of website if it
were from a company like
Not at all confident 81 (21.1) Google or Apple
Are you familiar with Yes 133 (34.6) No 246 (64.1)
telemedicine
In general, if your health Very worried 60 (15.6)
Yes, I hav,e heard, 150 (39.1) information were online, how
but I don’t know the worried would you about the
details privacy and confidentiality of
No 101 (26.3) your information?
Interest track information Yes 160 (41.7) Somewhat worried 142 (37)
about a chronic illness Not too worried 99 (25.8)
No 224 (58.3) Not at all worried 83 (21.6)
Interest tracl.< informatio.n to Yes 146 (38.0) Currently, how much youare | Very interested 43 (11.2)
track your diet and calories interest to use TM application
No 238 (62) Interested 127 (33.1)
Interest information track Yes 150 (39.1) Alittle bit interested 73 (19)
your exercise
Not at all interested 67 (36.7)
No 234 (50.9)
Interest information track you Yes 227 (59.1) Overall perceived willingness Willing to involve 242 (63.3)
. to use TM:
remind you when to take
prescriptions Not willing to 67 (36.7)
No 157 (40.9) involve
Interest information track Yes 175 (2.6)
your remind you when you
need tests Cronbach’s alpha was employed to determine the internal
No 374 (97.4) consistency of the data collection tools. Perception toward TM (a =
Would you be interested in Yes 191 (49.7) 0.78), thoughts to update their information toward TM (a = 0.82),
using this type of website if it willingness to use TM (a = 0.79), practice of TM (a = 0.83), and
were from your doctor frequency of using TM (a = 0.88) all indicated that the tools have
No 193(50.3) an acceptable range of reliability.
Would you be interested in Yes 171 (44.5)
using this type of website if it
vere from the hospital you Data quality control technique
No 213 (55.5) Before collecting data, the literature on the questionnaires was
Would you be interested in Yes 150 (39.1) reviewed. A pretest was conducted on 21 patients with chronic
using this type of website ifit diseases (5% of the samples) having follow-ups at Debark general
were from pharmacist .
hospital. Then, after the pretest feedback, the actual data was
No 334 (60.9) collected. Following data collection, proper categorization and
Would you be interested in Yes 216 (56.3) coding of the data were performed, and the collected data were
using this type of website if it reviewed for completeness and accuracy by checking the recorded
were from your health : . .
insurance plan data. After entering the data into SPSS, it was double-checked
for accuracy.
No 168 (43.7) 2
Would you be interested in Yes 203 (52.9)
using this type of website if it .
were from a government Data entry, management, and analysis
group like Medicare
No 184 (47.1) Data was collected by the Kobo data collection tool and
(Continueq) ~ then downloaded to XLS and analyzed using Statistical Package
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FIGURE 1
Participants’ frequency of using TM applications.

W many times, a day
M at least once a day
B at least once a week
m at least once a month

Hm Not used at all

for Social Sciences (SPSS) version 20 statistical software. Both
descriptive and analytic statistics were utilized. The normal
distribution of the data was examined using Q-Q plot and
histogram. For descriptive analysis, results were expressed as
numbers, percentages, and means (£SD). To estimate the potential
relationship between patients TM practice and other variables,
Pearson correlation and cross tabulation were used. A P-value of
<0.05 was considered statistically significant.

Operational definition

Chronic disease

In this study, a chronic disease, as defined by the U.S. National
Center for Health Statistics (US-NCHS), is a disease lasting 1 year
or longer (26) and it is a permanent; it leaves residual disability,
it is caused by non-reversible pathological alteration, it requires
special training of the patient for rehabilitation; or the patient may
be expected to require a long period of supervision, observation,
or care (15); it includes chronic respiratory diseases, including
asthma, COPD, chronic circulatory diseases include HTN,
chronic heart failure, chronic endocrine diseases include diabetes,
thyroid disorders, chronic musculoskeletal disorders (including
rheumatoid diseases), chronic digestive diseases (including
pancreatitis), and liver diseases. This study also included the
commonest chronic diseases proportionally in the study setting.

Results

Sociodemographic characteristics
The study included 384 (91%) of the 422 patients who were

approached; other participants (9%) were not involved in the
study due to being unable to continue the study. Approximately
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232 (60.4%) of the participants were city dwellers. Around
one-third (28.4%) of the respondents lacked formal education.
Approximately, the monthly income of half (192 or 50.8%) of the
participants was between 1,500 and 3,000 Ethiopian birr per month.
More than half (214, 55.7%) of the patients used a cellphone,
but only around one-third (132, 34.4%) of the participants used a
smart phone. Most respondents (371 or 96.6%) used taxis or public
transportation to get around. Every 2 months, 169 (44% of the
participants) visit the hospital (Table 1).

Clinical characteristics of the participants

The most common type of chronic disease among the
participants was cardiovascular disorder (84.9%), followed by
endocrine disorder (69.0%) and respiratory disorder (65.9%). More
than half of the patients (202, 52.6%) had diseases that had lasted
<5 years More than half 219 (57%) of the participants had a
hospital admission history within the previous 6 months. In the
hospital, 143 (37.2%) of participants thought the wait was very long,
while 135 (35.2%) thought it was long (Table 2).

Perceptions of participants toward
telemedicine

The overall perceptions mean (£SD) score of the respondents
was 3.92 (£1.06). About half (189 or 49.2%) of the participants
perceived that the TM application was useful for making health
decisions for their own health. The majority of the participants
(281 or 73.1%) perceived the necessity of TM services for chronic
patient care. Similar, the majority of the participants had a positive
perception of TM service in terms of faster medical care delivery,
saving effort and money, reducing transportation costs, reducing

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1234436
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Belachew et al.

10.3389/fpubh.2023.1234436

TABLE 6 Practice of different methods of telemedicine application among chronic diseases patients in ambulatory clinic of UOGCSH, 2022 (N = 384).

Statement Category Frequency (%)
Have you ever searched online for information about a disease or medical problem Yes 31(8.9)
No 350 (91.1)
Have you ever searched online for information about a doctor Yes 16 (4.2)
No 368 (95.8)
Have you ever typed information on an application about your dietary, physical exercise, and overall Yes 16 (4.2)
lifestyle modifications
No 368 (95.8)
Have you ever typed information on an application about a chronic illness you have Yes 18 (4.7)
No 366 (95.3)
Have you ever renewed a prescription online Yes 13 (3.4)
No 371 (96.6)
Have you ever consulted your doctor using TM Yes 11 (2.9)
No 373 (97.1)
Have you ever used a personal health record for your health Yes 7 (1.8)
No 377 (98.2)
Have you ever looked at a test result online Yes 13 (3.4)
No 371 (96.6)
Have you ever used a device that measures health information (like blood pressure; blood glucose Yes 5(1.3)
levels) that connects to your mobile/website application
No 379 (98.7)
Have you ever posted anything online about your health or health care Yes 5(1.3)
No 379 (98.7)
Have you ever Joined an online group that is for a health issue that you or your family member has Yes 13 (3.4)
No 371 (96.6)
Have you ever booked appointment with doctors using TM Yes 29 (7.6)
No 355 (92.4)
Overall perceived level of TM practice High 94 (24.5)
Low 290 (75.5)

waiting lists in medical care centers, improving communication
between the patient and the doctor, and assisting in providing
appropriate instructions in emergencies. Overall, close to three-
fourths (273 or 71.1%) of the participants had a positive perception
of telemedicine services (Table 3).

Perceptions toward privacy issue vs.
telemedicine

Around half (48.7%) of the participants strongly believed that
they would be worried about the privacy of their health information
if it is online, and one quarter (24%) of the respondents strongly
perceived that using computers, mobiles, or the internet disclosed
their medical information for third person (Table 4).

Frontiersin Public Health

Willingness to involve and practice of
telemedicine

Around three-fourths (283 or 73.7%) of participants were
at least familiar with or had heard about TM. More than one-
third 160 (41.7%) of the participants were interested in tracking
information about their chronic illness, their diet and calories
(146 or 38%), exercise (150 or 39.1%), and being reminded
when to take prescriptions (227 or 59.1%). Around half (49.7%)
of participants were interested in using the TM website if it
came from their doctor, while 216 (56.3%) and 203 (52.9%)
were interested in using it if it came from the health insurance
plan and the government, respectively. Overall, around two-
thirds (63.3%) of participants were willing to participate in the
TM service (Table 5).
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Practice toward telemedicine

A lower proportion of participants practiced TM for their
medical and health-related issues. In addition, three-fourths (75%)
of the respondents reported that they did not use the TM
application at all for their medical conditions (Figure 1). Overall,
only about one-fourth (24.5%) of patients with chronic diseases
were perceived to have a high practice of TM application for their
medical condition (Table 6).

Association between patient demographic
character and inclination to use TM

Cell phone or internet use, use of a smartphone, healthcare
insurance coverage, anxious to use tablet or device, interest to
use eHealth application, frequency of using health application,
and frequency of follow-up time had a statistically significant
association with TM practice (Table 7).

Discussion

The current study sought to determine the level of perception,
willingness, and extent of TM practice among patients with chronic
diseases. This study showed that most participants had a positive
perception of and willingness to use TM services. However, their
perceived practice level was low. The study’s main finding is
that familiarity with TM influences all attitudes, willingness, and
practice of TM.

The current study showed that around three-fourths of
participants had a positive perception of the TM service. This
finding is similar to that of studies conducted in Saudi Arabia (27)
and Bangladesh (28), which found that the majority of patients
had a positive attitude toward TM. However, the current finding
is contrary to a study in the Netherlands (14), which showed
that the majority of respondents had a negative attitude toward
the TM service. The discrepancy might be because of higher
awareness regarding TM services use in the current time, especially
related to COVID-19 epidemic, but the Netherlands’ study was
conducted before the epidemic, and the impact of TM may not
have been sufficiently recognized earlier. The other possible reason
might be that the eHealth implementation in the earlier study was
collaborative with patients and carers. This may result in a lower
attitude because of the service costs. Furthermore, technology-
based applications might also be a reason for higher perception.

The majority of participants were willing to participate in
the TM service. This finding is in line with earlier studies
across the world regarding patients’ willingness to use digital-
based health services (26, 28-30). A previous study among
diabetes patients in Ethiopia showed that more than two-thirds
of participants were inclined to use mobile-based health services
(30). A study conducted in Australia also revealed that the
majority of participants were satisfied and willing to utilize
TM if it reduced costs and waiting times (29). In addition,
another study conducted in Pakistan showed that more than
half of the participants were willing to rely on text messages
to communicate with healthcare providers (31). Furthermore,
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according to a study conducted in Bangladesh, a high proportion
of participants were eager to learn about TM. They believed that
TM could benefit the ongoing advancement of healthcare (28).
A Cochrane review also showed that a digital-based text message
intervention improved patients’ self-management practices and
made patients more involved in the TM service (23). These
findings may suggest that digital-based health interventions could
be popular and advancement in the healthcare system from the
patient’s perspective.

However, in terms of TM practice, this study revealed that
around three-fourths of the participants had overall low TM
practice. This finding is consistent with a study conducted
in the Netherlands, which found that most applications were
practiced low (14). On the contrary, a study in Poland found
that the majority of participants had used TM in various
ways (32). In addition, according to an Australian study,
close to half of the respondents used TM applications (29).
Furthermore, studies in Pakistan (31) and Saudi Arabia (27)
also showed that a higher proportion of respondents utilized
TM services in different ways. The discrepancy could be because
of differences in digital-enabled infrastructure and healthcare
systems across settings. Internet access, socioeconomic status, and
TM implementation differences might affect the application of
the service among chronic disease patients. The other possible
difference might be awareness of privacy issues and digital-
related health applications. In this study, most participants worried
and believed that the digital-based service jeopardized their
privacy. This study suggests that patients can be attracted to a
digital-based system by increasing awareness, promoting pushing
factors and encouraging driving factors. The study revealed that
the use of the internet, having a smartphone, and interest in
and frequency of using health applications were among the
significant factors associated with the practice of TM services
among patients. This is because their experience with the practices
and techniques helps them engage easily. As a result, better
opportunities could be provided to fully implement the TM service
in Ethiopia.

Implication of this study

Assessing the perception, willingness, and practice of long-
term patients in TM implementation has a paramount role in
establishing and implementing TM. Identifying barriers to its
implementation is an initial step to providing possible solutions
for better control of chronic diseases through TM. There is
substantial evidence to support the benefits of TM in the control
of chronic diseases and the general advancement of the health care
delivery system. This study focused on assessing chronic disease
patients’ perception, willingness, and practice toward telemedicine.
A well-developed perception, willingness, and practice of TM will
provide a baseline for the identification of barriers and fill the
gaps to ensure better health care through TM implementation.
This will help design digital-based interventions for managing
chronic disease patients. Furthermore, it will extend a body
of knowledge to patients, carers, practitioners, the community,
stakeholders, and the healthcare system community in general.
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TABLE 7 Comparison of patients’ background characteristics between patients in terms of practicing TM.

Characteristics Category TM practice
High Low
Age Mean (£ SD) 46.4 (17.2) 48.58 (15.7) 0.12
Sex Male 57 (27.8) 148 (72.2) 0.154
Female 37(20.7) 142 (79.3)
Use of internet or cell phone Yes, on my own 49 (22.9) 165 (77.1) 0.006*
Yes, with the help of others 10 (55.6) 8(44.4)
No 33 (21.9) 118 (78.1)
Use of smart phone Yes 38 (28.8) 94 (71.2) 0.001*
My family use it 9(69.2) 4(30.8)
No 45 (18.8) 194 (81.2)
Health coverage Payment 31 (30.7) 70 (69.3) 0.007*
Insurance 54 (20) 216 (80)
NGO 5(42.3) 8(57.8)
Living condition Living alone 10 (38.5) 16 (61.5) 0.092
Living with family 79 (22.5) 272 (77.5)
Other 3(42.9) 4(57.1)
Admission to the hospital Yes 48 (21.9) 171 (78.1) 0.118
No 46 (27.9) 119 (72.1)
Fall in the way to hospital Yes 13 (21.3) 48 (78.7) 0.237
No 81 (25.1) 242 (74.9)
Anxious to use tablet or device Very much 14 (17.3) 67 (82.7) 0.021*
Yes 24 (21.1) 90 (78.9)
No so much 12 (40) 18 (60)
No 44 (27.7) 115 (72.3)
Interest to use eHealth application for your health Very interested 19 (41.5) 24 (58.5) 0.033*
information
Somewhat interested 32 (24.8) 97 (75.2)
Not too interested 14 (19.2) 59 (80.8)
Not all interested 29 (20.6) 112 (79.4)
Frequency of using health application Many times, a day 10 (58.8) 7 (41.2) <0.001*
At least once a day 9 (37.5) 15 (62.5)
At least once a week 17 (63) 10 (37)
At least once a month 17 (60.7) 11(39.3)
Not used at all 39 (13.5) 249 (86.5)
Frequency of follow-up time Monthly 20(17.7) 100 (82.3) <0.001*
Once every 2 months 37(21.9) 132 (78.1)
Every 3 month 28 (35.4) 51 (64.6)
Semi annually 3(25) 9 (75)
Annually 3(75) 1(25)

*Indicates variables with P < 0.05.

The findings of this study will also serve as a baseline for Strengths and limitation of the study

future research in the area. In addition, these findings will also

help to scale up and integrate with other digital health policies The results of this study should be interpreted while
and initiatives. remembering the following limitations: First, due to the nature
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of the study design, a cause-and-effect relationship could not
be explained. The finding relies on self-reported outcomes from
participants, which could depend on their faith and honesty. In
addition, the sample size calculation did not take into account the
prevalence of chronic diseases in Northwest Ethiopia. This may
affect the sample size calculation results. Despite the limitations,
our findings highlighted the attitude, willingness, and extent of
TM practice among patients with chronic disease. It could be a
baseline for future research in this area. In the future, it would be
welcome to explore the opportunities and challenges of practicing
a digital-based healthcare system in Ethiopia using a prospective
national-based study.

Conclusion

This study concluded that although patients with chronic
diseases perceived and willingly accepted TM services, their
perceived practice level was low. Experience with health
applications and the availability of the internet and cell phones were
among the factors associated with practicing TM. In general, this
study provides baseline information about perceptions, willingness,
and actual practice of digital-based healthcare among Ethiopian
chronic disease patients. Creating awareness of privacy issues
vs. digital-based health applications and creating an opportunity
may result in practicing the available digital health system among
patients and even for an entire population.
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The supply and reserves of emergency necessities of life are important for
emergency management in disaster events. The scope of the necessities of life
changes with social development, and their reserves and allocation in sudden
disaster events continually face new challenges. Timely distribution of the
necessities of life during disasters is critical to saving lives and maintaining social
order. Therefore, this study proposes a fractal multi-level distribution network
(FMDN) optimization model with multiple warehouse points, multiple emergency
distribution centers, and multiple disaster points from the perspective of fractal
theory. The FMDN model considers the influence of road damage on vehicle
speed and the dynamic change in demand at the affected points. The FMDN
model aims to minimize the operating costs of a distribution network, including
the cost of building emergency reserve points, transportation costs, and penalty
costs for lack of demand. Numerical experiments verify the feasibility of the
model. The FMDN model is solved using LINGO software programming, and
an optimal distribution path and quantity are obtained. Analyzing the numerical
example results shows that the model is suitable for emergencies and has good
applicability.

KEYWORDS

necessities of life, emergency allocation, optimization model, demand disturbance,
fractal perspective

1. Introduction

Since the twenty-first century, the frequent occurrence of large-scale sudden disasters has
caused huge economic costs to global society. Notably, China is one of the countries most
affected by frequent disasters. The United Nations Global Assessment Report on Disaster Risk
Reduction points out that global disaster risk events are on the rise, especially natural disaster
losses caused by climate change and environmental damage, causing the world $2.5 trillion in
direct losses this century. Earthquakes and tropical storms cause direct losses of more than 180
billion US dollars a year globally. According to the Economists War-Game Pandemic Threat to
Global Growth analysis report, the outbreak of the public health emergency of COVID-19, which
created a pandemic, may ultimately destroy 1% of global GDP and cost global GDP more than
$1.1 trillion (1).

In recent years, the number of disasters worldwide has been increasing. For example, on
the morning of 7 February 2021, a glacier in the Jamori district of the Indian state of
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Uttarakhand collapsed, triggering massive flooding that left more
than 207 people dead or missing and forcing the emergency
evacuation of thousands of people from surrounding areas. In June-
July 2021, the United States and Canada experienced historic heat
and drought. The heat and drought resulted in more than 1,319
deaths in the U.S. and Canada, thousands of people seeking
emergency medical treatment for heat-related discomfort and illness,
and more than 58 million people affected by the heat and drought.
On 16 December 2021, Typhoon Rey struck the Philippines, killing
378 people, leaving 60 missing and 742 injured, and affecting 3.95
million people.

Major natural disasters in China in recent years include the
following: On 12 May 2008, a massive earthquake measuring 8.0
on the Richter scale struck Wenchuan County, Sichuan Province,
killing 69,227 people, injuring 374,643, and leaving 17,923 missing.
On 14 April 2010, an earthquake measuring 7.1 on the Richter
scale struck Yushu, Qinghai, killing 2,698 people and leaving 270
missing. On 7 August 2010, a mudslide in Zhouqu County, Gannan
Prefecture, killed 1,463 people, left 302 missing, and injured 72. On
3 August 2014, an earthquake measuring 6.5 on the Richter scale
struck Ludian County, Yunnan Province, affecting 1,088,400
people and killing 617. With the development of urbanization,
China’s main population distribution is one of the spatial
aggregations characterized by urban agglomerations and super-
large urban agglomerations. During large-scale emergencies, the
demand for rescue materials increases geometrically in the short
term. The demand structures for medical materials, necessities,
emergency rescue materials, and restoration and reconstruction
materials in disaster areas are complex, and the types and quantities
of material demand at different stages show large fluctuations and
dynamic uncertainties. This makes it difficult for emergency
management to accurately predict material needs at affected sites
and often leads to bottleneck problems, such as configuration delays.

The main research content of fractal theory is the scale
distribution characteristics of fractal systems, that is, using
mathematical methods to reveal the intrinsic scale invariance of
irregular shapes in nature and to analyze the original systems’
characteristics and intrinsic evolution laws. The application of fractal
theory in the distribution of necessities of life helps the regional
fractal distribution units integrate and utilize limited resources, make
independent decisions, adapt and optimize themselves, and complete
the superior distribution tasks on time.

This study focuses on life necessities’ connotation, category,
demand, and distribution characteristics. Considering the uncertainty
of demand quantity, the fractal theory was adopted to efficiently
transport various life necessities from warehouses to the disaster area
to minimize the total delivery time. It is vital to meet the basic needs
of people in disaster-stricken areas concerning the necessities of life
and to maintain social order there.

2. Literature review
2.1. Literature review on necessities of life
The necessities of life are defined in both a broad and a narrow

sense. In the broad sense, they refer to goods that meet people’s basic
living needs, and the broad sense is increasing in scope: In a
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developing social economy, with advances in social production
technology and an increase in product use, non-life necessities are
gradually transformed into life necessities over a long period of time.
In the narrow sense, the necessities of life comprise four categories:
clothing, food (including firewood, rice, oil, salt, and sanitation),
housing (temporary rental housing available for replacement), and
transportation (e.g., public transportation). These constitute the basic
means of subsistence, the basic requirements for human beings to live
their lives.

Pantazis et al. (2-5) found that British peoplé’s ideas on what life
necessities comprised were wusually broader and more
multidimensional than those assessed by experts. Their social
activities, roles, and relationships were key factors that determined the
content of their necessities of life. Gordon et al. (6) believed that public
identification with a range of social activities, roles, and relationships
was an important factor in determining the necessities of Guernsey
residents. Necessities perceived by the public depend on the
interaction between the market availability and the social development
structure on which the current living environment depends. Fahmy
et al. (7) argued that the extent to which there is a clear public
consensus on the necessities of life needs to be further explored and
suggested that additional methods be applied to determine
public perceptions.

Research on the necessities of life at home and abroad focuses on
the establishment and improvement of emergency reserve systems, the
improvement of relevant emergency planning systems, and the
integrated optimization modeling of the location-routing problem
(LRP) of emergency distribution centers. Teimoury et al. (8) studied
the vegetable import quota problem in Tehran city through system
dynamics model simulation. Brady (9) simulated the coordination and
response of information flow and medical, police, and fire resources
to help emergency managers quickly develop robust emergency plans
to deal with potential threats.

2.2. Literature review on fractal theory

The fractal theory has been applied to image processing,
universe exploration, financial analysis, medical diagnosis,
earthquake research, and logistics. Guo et al. (10) and Bocewicz
et al. (11) studied the scale characteristics of public transport
networks (PTNs) in L-space through fractal analysis and
considered the effect of the real bus routes, providing new
perspectives and tools for human migration in spatial networks.
Saad and Bahadori (12) proposed a new information fractal
framework to study the improvement in the sustainability of an
entire food distribution chain using two variables: the greenfield
service limit and the minimum-on-board-vehicle-weight fill level.
Webber and Dunbar (13) studied the fractal structure of the
distribution of communities of practice and analyzed the
implications for the business management structure. Zhang and
Li (14) studied the multifractality of traffic flow at the spatial scale
and used it to quantify the uniformity of the flow’s spatial
distribution. Li et al. (15) combined a fractal method with a
passenger flow allocation model to establish a fractal
quantification method to measure the temporal and spatial
distribution and the characteristics of passenger flow in rail transit
networks. Man and Chen (16) studied the fractal and fractal
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dimension characteristics of Shenzhen, China. Shao et al. (17)
studied the multifractality of three major cryptocurrencies using
multifractal detrended fluctuation analysis (MFDFA).

Fractal theory for the study of finance has also been studied by
many scholars (18-21). Jiang et al. (22) used multiple fractals to
quantify financial market inefficiencies in the context of risk
management. Fractal theory has also found application in the field of
logistics distribution. Jingwen (23) studied the feasibility of using
fractal theory to design the spatial organization of logistics companies.
Ryu et al. (24) proposed a fractal-based inventory management
(fVMI) model to minimize inventory costs and satisfy customer
demand. Yue et al. (25) proposed a fractal hierarchical honeycomb
structure for vehicle routing problem (VRP) solving. Bi et al. (26)
constructed a correlation model of regional logistics dynamics using
multifractal theory; they studied the coupling relationship between
regional logistics dynamics and multifractal dynamics using
empirical analysis.

A number of scholars have studied the optimization of
material distributions under uncertain demand. Wu and Peng (27)
proposed a chance-constrained model with uncertain customer
demand and center-setting costs, constructing and solving the
model using uncertainty theory. Wen et al. (28) studied the facility
location-allocation (FLA) problem in a random environment,
established an uncertain expected value model based on uncertain
measures, and used a hybrid intelligence algorithm to solve
numerical examples. Liu et al. (29) studied the problem of locating
a multi-product logistics distribution center in an uncertain
environment and constructed a total annual cost model to
minimize construction, management, inventory, and
transportation costs; they validated the model with numerical
examples using Lingo software. Xu and Qi (30) established a dual-
objective mixed-integer linear programming model to solve the
problem of multi-point gasoline-emergency-distribution vehicle-
path optimization with vehicle sharing and time window
coordination. Cui et al. (31) proposed an objective function to
minimize operating costs under uncertain demand and established
a logistics center location optimization model with a three-node
expansion mechanism. Xing et al. (32) introduced the fractal
theory into the emergency organization construction of coastal
cities in China. They proposed a virtual network fractal emergency
organization structure with self-organization, self-optimization,
and self-affinity characteristics. Using Typhoon “Lichma” as an
example, they verified the efficient, dynamic, and open
performance of virtual network fractal emergency organizations
in adapting to changes in disaster scenarios. Li et al. (33) applied
computational mathematical organization theory to construct a
fractal emergency organization optimization model. Li et al. (34)
studied the emergency response collaborative organization model
and proposed an unconventional emergency response
organization model based on fractal theory.

The current research on emergency necessities is inadequate. The
public’s perception of the content of the necessities of life needs to
be redefined using a new methodology. With the development of
technology and social progress, the scope of necessities is expanding,
and the distribution of emergency necessities in sudden disasters
consequently faces new challenges. This study, therefore, applies
fractal theory to an emergency distribution network model of the

necessities of life to examine these challenges.
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3. Fractal-based emergency allocation
framework for life necessities

The American mathematician Benoit B Mandelbrot (35) defined
fractals as follows: “Fractals are geometric figures or natural shapes
composed of parts that resemble the whole in some way”” Fractals
have the following characteristics: (a) Parts of a figure or object in
a fractal are the same as the whole formal structure, but different in
size, and may be slightly deformed. (b) Regardless of the level of
examination, a fractal’s form is either extremely irregular, highly
discontinuous, or fragmented. (c) A fractal contains some “special
elements” that vary greatly in rank and cover an extremely
wide range.

Figure 1 shows the framework for establishing the emergency
allocation of life necessities. A fractal distribution center framework
is proposed to solve the problem of emergency configuration of life
necessities; its core purpose is to obtain a function of self-organization,
self-similarity, and self-optimization of sub-fractal units. Both the
fractal distribution center layer and the sub-distribution center layer
adopt a goal-driven mechanism: On the one hand, they are subject to
the top-level distribution center goal, and on the other hand, they can
optimize their internal processes and dynamically adapt to changes in
the external environment and changes in the top-level goals. Fractal
elements are autonomous units with autonomous decision-making,
autonomous adaptation, and the execution of top-level
distribution tasks.

Fractal elements are similar to the whole in some form, and a
fractal emergency configuration center for necessities includes a
top-level distribution center layer, a fractal distribution center layer,
and a sub-distribution center layer. The top-level distribution center
layer is the decision-making command center for emerging fractal
configurations of the necessities of life. Generally, government
agencies play this role and issue specific orders for the location and
quantity of specific warehouses for the transportation of necessities
during emergencies. The fractal distribution center layer is a
combination of distribution platform centers that include various
entities (e.g., governments, enterprises, logistics, and alliances) in a
region. The fractal distribution center layer is composed of a
combination of different distribution modes (e.g., third-party
logistics and fourth-party logistics), whose common goal is to
accomplish the task of emergency distribution of necessities. The
bottom layer is the sub-distribution center layer, which is responsible
for the execution of distribution tasks. The sub-distribution center
layer is a combination of various fractal enterprise distribution
platform centers, government fractal distribution platform centers,
and fractal logistics alliance centers, providing emergency allocation
of necessities of life.

Unlike previous studies, the fractal emergency distribution
framework of the necessities of life can decompose the distribution
tasks and alleviate the distribution pressure in a short time. Under the
goal-driven mechanism, the sub-fractal units make independent
decisions, adapt, and organize themselves independently, which can
timely and reliably achieve the distribution goal of the top-level
decomposition. The key feature is that, on the one hand, fractal
distribution units increase the potential scope of collaborative units.
On the other hand, the fractal distribution unit makes independent
decisions and optimizes independently, which saves resources and
improves distribution efficiency while achieving goals.
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FIGURE 1
Fractal emergency allocation framework for life necessities.

4. Optimization model for the
emergency allocation of life
necessities under demand disturbance

4.1. Problem description

In large-scale emergencies, due to the limited supply of life
necessities near the disaster site, it is necessary to send them from the
emergency reserve point to the necessities’ distribution center as soon
as possible. Emergency necessities first arrive at the emergency
distribution center and are then distributed to each emergency
demand point. The problem is to construct a fractal emergency
distribution network optimization model that encompasses multiple
emergency storage points, multiple emergency distribution centers,
and multiple disaster demand points. The model must take into
account the construction costs of emergency reserve points,
emergency distribution center costs, transportation costs, and demand
shortage penalty costs. The road condition coeflicient and the penalty
cost of lack of demand are introduced into the model. Finally, to
minimize the operating costs of the emergency distribution network,
an emergency allocation optimization model is constructed; this
model is for necessities with uncertain demand and takes into account
road access conditions. The fractal emergency distribution network of
necessities of life is shown in Figure 2.

Frontiers in Public Health

4.2. Model assumptions

(1) During the emergency rescue period, the carrying capacity of
vehicles at each stage is limited, and the vehicles adopt a round-trip
distribution mode.

(2) In the case of a road network interruption, there is at least one
other path to reach the disaster point. The road condition coefficient
influences the delivery time and speed. Basic road condition information
(travel time, travel cost, and road condition coeflicient) is known.

(3) Different kinds of emergency necessities are packaged and
transported by independent vehicles.

(4) The end of the rescue mission is marked by the receipt of no less
than the required amount of necessities at each emergency demand point.

4.3. Variable description

Ris the set of alternative nodes for emergency reserve points (rR).

D is the set of alternative nodes for emergency distribution
centers (deD).

Qs the set of emergency demand points for life necessities (ge Q).

M is the set of emergency necessity categories (meM).

K is the set of fractal distribution stages for emergency life
necessities (ke K).

25 frontiersin.org
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CF., is the fixed cost of establishing the rth emergency reserve
point for Category m of life necessities in stage k.

Cz]jim is the fixed cost of establishing the dth emergency
distribution center for Category m of life necessities in stage k.

Yr];m is the unit mileage transportation cost of distributing life
necessities m from the emergency reserve point r to the emergency
distribution center d in stage k.

Y ;;m is the unit mileage transportation cost of distributing life
necessities m from the emergency distribution center d to the
emergency demand point g in stage k.

Sk, is the supply of life necessities m from the emergency reserve
point r in stage k.

dé‘m is the actual demand for life necessities m at the emergency
demand point g in stage k.

L4 is the shortest distribution distance from the emergency
reserve point  to the emergency distribution center d.

éé{m is the penalty price per unit of shortage of emergency life
necessities m at the emergency demand point ¢ in stage k.

X rl‘{dm
from the emergency reserve point r to the emergency distribution

is the distribution volume of emergency life necessities m

center d in stage k.

X §qm is the distribution volume of emergency life necessities m
from the emergency distribution center d to the emergency demand
point g in stage k.

Vtgmis the delivery speed of life necessities 7 from the emergency
distribution center d to the emergency demand point g in stage k. As the
existing traffic routes are often damaged after emergencies, the normal
speed of the distribution vehicles for life necessities arriving in the
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disaster area will inevitably be affected. In this study, the average speed

of the vehicles is represented by Va]fqm .The formula is given as follows:
k k k
qum = ﬁdq * qum (1)

in Constraint (1), ﬁsq is the road condition coefficient for the
emergency distribution center d to emergency demand ¢ in stage
k. ﬁ(];q €[0,1]; the larger the value, the better the traffic condition of
the road.

tsqmis the delivery time of life necessities m from the
emergency distribution center d to emergency demand g in
stage k.
l:?é‘m is the shortage of life necessities m at emergency demand gq
in stage k.

fr’ﬁn is the binary variable. When life necessities m are selected at
the emergency reserve point r in stage k, it equals 1; if not, it equals 0.

f fm is the binary variable. When life necessities m are selected at
the emergency distribution center d in stage k, it equals 1; if not, it
equals 0.

4.4. Model building

The occurrence of a sudden catastrophic event can result in the
destruction of transportation routes, and the speed of material
distribution vehicles can be seriously affected. This model uses a road
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condition coefficient and demand disturbance parameters to solve for
the optimum distribution route and optimum distribution quantity of
an emergency distribution network.

A fractal multi-stage emergency distribution network model that
considers road traffic conditions and constant demand. Hence,
we have the resulting model:

mnz=Y T bt LY T S bax,

reRmeMkeK reRdeDmeMkeK
k k
+ Z Z zctdmfdm
deDmeM keK @)
k ok k k k
+ Z Z Z Zqudeqtdqmvdqdeqm
deDgeQmeM keK
rk ok
+ 20 2 2 Eqnban
qeQmeM keK
k k rk
Zqumqum+Eqm,qu, meM,keK 3)
deD
xk <sk pk. deD, meMkek
Z rdm = rmfrms e, meM,kKe (4)
reR
k k
Zerm:Zqum, qeQ, meM, kekK (5)
reR deD
St meM, kekK (6)
reR
Zf;‘mzl, meM, keK (7)
deD
fr]§ne{0,l}, reRmeM,keK (8)
f;me{o,l} deD, meM, kekK 9)
demZO,reR,deD,meM,keK (10)
qumZO,deD,qu,meM,keK (11)
Ekn20, geQ, meM, kek (12)

Constraint (2) is the objective function. The formula aimed to
minimize the total cost of the emergency distribution network by
adding volume-shortage parameters and its penalty cost. The total
cost includes the fixed construction cost of the emergency reserve
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point, the transportation cost from the emergency reserve point to
the emergency distribution center, the fixed construction cost of the
emergency distribution center, the transportation cost from the
emergency distribution center to the emergency demand point, and
the penalty cost of the demand shortage at the emergency demand
point. Constraint (3) states that the number of necessities allocated
to each emergency demand point should satisfy the demand as
much as possible in stage k. Constraint (4) is that in stage k, the
distribution quantity of the necessities of life m from the emergency
reserve point r to the emergency distribution center d should be less
than or equal to the supply quantity of the necessities of life m
supplied by the emergency reserve point r, and only the selected
emergency reserve point can distribute. Constraint (5) is the sum
of the emergency life necessities supplied from the emergency
reserve point, equal to the sum of the delivery volume of the
emergency distribution center. Constraint (6) established at least
one emergency reserve point for life necessities in the emergency
distribution network in stage k. Constraint (7) established at least
one emergency distribution center for life necessities in the
emergency distribution network in stage k. Constraints (8) and (9)
are decision variable constraints. Constraints (10), (11), and (12)
are non-negative constraints.

In reality, large-scale emergencies lead to dynamic changes in the
number of emergency life necessities demanded in disaster areas. In
the objective function (2), it is difficult to accurately simulate the
number of necessities of life under disaster by studying the emergency
distribution network model with determined demand. Since the
solution to constraint (2) of the objective function is easy to find,
constraint (2) is not solved further.

To accurately simulate the changes in demand for life necessities
during a disaster event, the following analysis is performed:

In this study, the following interval estimates are given for the
demand for different categories of life necessities m in stage k:

Kk -
d[}‘m e [dgm , dgm | (¢eQ, meM, keK), where dgm is the
nominal demand value of life necessities 7 at demand point q in stage
k. décm is the maximum disturbance value that deviates from the

Tk ok
nominal value. 9gm / dgm is the disturbance coefficient.
In emergencies, the probability of the number of necessities of life

reaching the limit is extremely low. That is, when dé‘m: dé{m , the

-k
demand forecast is insufficient. When dé{m: d;‘m +dgm | there is a
surplus of emergency life necessities. In this study, a control parameter
yé{m is introduced to control the disturbance of the demand for life
each

necessities  at emergency demand point in the

interval [a’t/]{m,d;‘m} :

<rhn(qgeOmeM keK) (13)
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By introducing the control parameter qu into the model, the
solution infeasibility that occurs when demand dqm varies within an
interval is avoided. If y qm—O then dgm—d isa determmlstlc problem
with demand equal to the lower bound of the interval. if qu—l then

dgm— dé‘m + df]“m is an absolutely robust correspondence problem.
Therefore, the range of demand disturbance can be controlled by
adjusting the value of qu between the interval L"1]. This provides a
model solution for demand disturbance. Thus, constraint (3) can

be transformed into the following:

Zquka 4 bl + Bl (g € Om e Mk € K)
deD

(14)

Therefore, a fractal multi-stage emergency allocation optimization
model of life necessities is built considering road traffic conditions
under demand disturbance:

minZ=Y F YChith XY T bk,

reRmeMkeK reRdeDmeMkeK
+ Z Z ZCtrmfrm"' Z Z Z Zqudeqtdqm
deDmeM keK deDgeQmeM keK

(15)

k gk rk
vdqm (ddqm +7qm dqm + Eqm)

LDIDIPN A

qeQmeM keK

Subject to Constraint (4) ~ Constraint (14).

10.3389/fpubh.2023.1245415

5. Numerical experiments

In the 7.1 Richter scale earthquake that struck Yushu City,
Qinghai Province, China, the emergency distribution of necessities,
such as food, medicine, and tents, was urgently needed by the victims.
Let there are six life necessities reserve points, four regional
emergency distribution centers, and six emergency demand points in
the provincial, prefectural, and municipal emergency distribution
network that require the supply of life necessities, as shown in
Figure 3. The minimum number of emergency distribution centers
in the emergency allocation network is 2 (Tables 1-9). The relevant
data are as follows:

LINGO is a software developed by LINDO that can solve large-
scale linear and non-linear programming problems and deal with
optimization problems. In this example, to verify the model’s
effectiveness, the penalty cost of the lack of quantity at the demand
point in an emergency is considered, as is road damage. The model
was verified and solved using LINGO software to minimize the
operating cost of a three-level fractal emergency distribution network
for a given class of life necessities. We used LINGO11.0 software, 8 G
memory, and a 1.80 GHz AMD processor to solve the model. The
model obtained optimal transportation volumes, as shown in
Tables 10, 11.

The emergency reserve point obtained from the model solution
is r4, and emergency distribution centers were selected as d4 and d3
. Since the goal of the solution is to achieve the lowest total cost of the
system, only one distribution center is used in the actual
configuration. The total operating cost of the distribution network
was 367.31 million yuan. The distribution path is(74,d3). Emergency
life necessities are first distributed from the 4 emergency reserve

FIGURE 3
Regional disaster map.

% %

° gEERA

O BEY

@@ Earthquake point
Il Emergency reserve points -

O Emergency distribution centers

A Emergency demand points
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TABLE 1 Fixed cost of emergency reserve points (unit: 10,000 CNY) and
quantity of life necessities supplied at emergency reserve points (unit:
tons).

10.3389/fpubh.2023.1245415

TABLE 6 Transportation costs from the emergency distribution center to
the emergency demand point (10,000 CNY/per ton/km).

TABLE 2 Fixed cost of the emergency distribution center (unit: 10,000
CNY).

7,000

8,000 6,000 6,000

(Ctm)

TABLE 3 Distribution distance from the emergency reserve point to the
emergency distribution center (km).

(Crrm) 1,000 600 3,000 1,000 2000 | 800 dl 0.09 0.058 0.08 1.10 0.079 | 0.04
Som) 3,000 2000 | 5,000 3,000 4,000 | 1,500 a2 0.08 118 0.02 0.097 1 0.087
d3 112 0056 | 114 0.089 0.05 007
d4 0.085 009 | 0.079 1.08 003 006

TABLE 7 Road condition coefficient from the emergency distribution
center to the emergency demand point.

dl 0.56 0.80 0.60 0.45 0.70 0.90
d2 0.60 0.37 0.96 0.52 0.48 0.62
d3 0.42 0.81 0.39 0.63 0.85 0.78
d4 0.65 0.56 0.70 0.46 0.91 0.82

r2 28 21 13 9

r3 17 14 15 16

r4 13 34 11 27

rs 24 12 18 33

r6 50 46 71 68

TABLE 4 Relevant values of emergency demand points.
(q) ql q2 q3 q4 q5 q6
200 280 300 320 300 350

dgm

~ 80 90 60 30 22 27

Eqm

: 0.0025 0.0021 0.0022 0.0029 0.0026 0.0023
qm

TABLE 5 Transportation costs from the emergency reserve point to the
emergency distribution center (10,000 CNY/per ton/km).

TABLE 8 Travel time of vehicles from the emergency distribution center
to the emergency demand point (h).

d2 0.6 0.3 0.9 0.5 0.4 0.6
d3 0.4 0.9 0.3 0.6 0.7 0.7
d4 0.6 0.5 0.7 0.4 0.8 0.6

TABLE 9 Average speed of vehicles from the emergency distribution
center to the emergency demand point (km/h).

d2 52 18 88 44 38 56
d3 30 72 28 58 76 68
d4 59 48 61 37 82 74

TABLE 10 Model results: volume of the emergency reserve point to the
emergency distribution center (unit: tons).

r2 2 5 8 9 r2 0 0 0 0
3 7 4 5 6 3 0 0 0 0
r4 3 4 1 7 rd 0 0 2059 0
rs 4 2 8 3 rs 0 0 0 0
r6 3 8 2 9 r6 0 0 0 0
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point to the d3 emergency distribution center and then distributed
to six emergency demand points through the d3 emergency
distribution center. The specific distribution routes are shown in
Table 12.

To better verify the model’s performance, given a value of 0.5
for the control parameter, measure the cost and location of the
emergency distribution network for necessities with a 5, 10, and
30% disturbance coefficient. Comparing the target optimal values
of the stochastic demand model, the relative robust model, and
the absolute robust model, the model results are shown in
Table 13.

Figure 4 compares the total target cost values with 5, 10, and
30% disturbance coefficients. As can be seen from the comparison
of the total target cost values of the model in Figure 4, as the value
of the disturbance coefficient increases, the total target cost value
increases, and in which the absolute robust model objective value
is maximized. The deviation range of objective function values
between the relatively robust and stochastic demand models is less
than 5%. Therefore, it is shown that the relatively robust model
achieves the optimality of the target value under uncertain
demand. The robustness goal of minimum cost of the emergency
distribution network under demand disturbances is achieved.

TABLE 11 Model results: transportation volume from the emergency
distribution center to the emergency demand point (unit: tons).

TABLE 12 Model results: emergency distribution routes.

10.3389/fpubh.2023.1245415

6. Conclusion

In the world, there is a high demand for necessities of life, with a
wide variety of categories. With the development in social
productivity and progress in science and technology, the scope of the
necessities of life in the narrow sense is expanding. This study applies
fractal theory to an emergency distribution network analysis
framework and constructs a fractal-multi-stage-distribution network
(FMDN) model under demand disturbance. The FMDN model
includes multiple emergency reserve points, multiple emergency
distribution centers, and multiple disaster points. Then, considering
the actual situation of the emergency, the road condition coefficient
and demand disturbance parameters are added to the FMDN model.
The goal is to minimize the delivery cost of the FMDN model and
solve it using LINGO software programming. Finally, a numerical
experiment was solved and analyzed, and an optimal distribution
path and a distribution volume were obtained. The feasibility of the
model was verified.

It is important for the national and local emergency management
departments to ensure the basic living and production needs of
people in disaster areas are met. It is also important that the smooth
implementation of emergency relief work through an efficient
emergency distribution network be obtained to allocate the
necessities of life to emergency demand points during large-scale
emergencies. Whether life necessities can be allocated to disaster
areas in time directly impacts the lives and property of those affected
as well as the stability of the disaster area. We suggest that the central
and local governments establish emergency reserve points based on
the types of necessities of life. The government should consider the
introduction of a minimum-quantity reserved system for emergency
distribution centers, as well as formulating effective and feasible

d2 0 0 0 0 0 0 emergency distribution plans for essential commodities.
5 280 370 360 | 350 | 322 377 Consideration should also be given to strengthening the existing road

infrastructure of emergency distribution networks; establishing
d4 0 0 0 0 0 0

emergency linkage mechanisms across provinces, autonomous
regions, and local departments to achieve inter-regional emergency
linkage and collaboration; and improving the layout of emergency
distribution multimodal transportation facilities to ensure the
timeliness and stability of emergency distribution of life necessities

Distribution Distribution routes in large-scale emergencies. This study provides a reference for
nodes government departments to deal with the distribution of life
@ necessities during emergencies.

Only the allocation of emergency necessities with uncertain
R—»D - - r4—9d3 - demand and road traffic conditions was considered in our model.
0 / 2 » 44 45 46 We did not, therefore, take into account the perishability of life
necessities, cold chain transportation, and other related factors. This

d3 gl d3 g2 d3Wg3 A3 g4 d3 g5 d3 P46 ghould be considered in future research.

TABLE 13 Model results.

Disturbance Absolute robust model

Stochastic demand model

Relative robust model

COSfmcient Cost Location Cost Location Cost Location

5% 37987.28 (r4,d3) 37417.41 (r4,d3) 37359.14 (r4,d3)
10% 39243.55 (r4, d3) 38603.81 (r4, d3) 37987.28 (r4, d3)
30% 44268.65 (r4,d3) 41649.43 (r4,d3) 40499.83 (r4,d3)
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Background: In recent years, mobile health (mHealth) has gradually developed
in China, and intelligent medicine has become an important research topic.
However, there are still significant problems in mHealth applications (apps).
Although healthcare professionals and patients are the main users, few studies
have focused on their perceptions of the quality of mHealth apps.

Objective: This study aimed to (1) understand the respective perceptions of
healthcare professionals and patients regarding mHealth apps, (2) assess what
barriers exist that influence the user experience, and (3) explore how to improve
the quality of mHealth apps and the development of the mHealth market in China.
The study aims to promote the standardization of mHealth apps and provide
effective information for the improvement and development of mHealth apps in
the future.

Methods: Semistructured interviews with 9 patients and 14 healthcare
professionals were conducted from January 2022 to April 2022 in the Affiliated
Hospital of Xuzhou Medical University. The participants used mHealth apps for
more than 3 months, including the "Good Mood” and “Peace and Safe Doctors”
apps and apps developed by the hospital that were popular in China. Interview
transcripts were analysed using thematic analysis.

Results: The following five themes were extracted: different concerns, hidden
medical dangers, distance and insecurity, barriers for older people, and having
positive perceptions of mHealth apps. Healthcare professionals prioritized simplicity
in regard to mHealth apps, whereas patients rated effectiveness as the most crucial
factor. The study also revealed several problems with mHealth apps, including
insufficient information about physician qualifications, inaccurate medical content,
nonstandard treatment processes, and unclear accountability, which led to a sense
of distance and insecurity among participants. Older individuals faced additional
obstacles when using mHealth apps. Despite these issues, the participants remained
optimistic about the future of mHealth app development.

Conclusion: The utilization, advantages, and obstacles of mHealth applications
for healthcare professionals and patients were explored through semistructured
interviews. Despite the promising prospects for mHealth apps in China, numerous
issues still need to be addressed. Enhancing the safety monitoring system and
developing user-friendly mHealth apps for older adult patients are essential steps
to bridge the gap between healthcare providers and patients.
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Introduction
Background

In China, medical human resources are limited, and medical
development is uneven. Mobile health (mHealth) is popular among
Chinese residents as a convenient way to utilize equal medical resources
(1). According to Chinas iiMedia Group, the number of users of
mHealth apps in China rose from 151 million to 298 million in
2015~2016, an increase of 50.6% over the previous year (2). The
COVID-19 pandemic of recent years has also facilitated further
advancements in mHealth apps. Mhealth apps provide equal medical
resources to patients in remote areas and have good cost-effectiveness (3).

As smart medical devices, mHealth applications (apps) involve smart
sensors, display screens, database storage and other multifunctions. These
apps can monitor a user’s mental health, behavior, activity trajectory, and
clinical data and remind users of correct behavior. Mhealth apps have
been researched and developed in terms of pregnancy, smoking, asthma,
pain, cancer, mental health, spirituality, and vision (4, 5).

Due to the continuous development of mHealth apps, the validity,
acceptability, reliability, and quality of these apps need to be understood.
To date, the evaluation of mHealth apps is mainly divided into clinical
effectiveness (6-8), acceptability (9, 10), usability (9, 10), compliance (9),
user experience (11, 12), and information quality (13, 14). Evaluation
methods are also divided into three major categories: scales and
questionnaires (15, 16), comparative experiments (6, 7), and qualitative
interviews (9, 10). According to different evaluation methods,
information and results from different perspectives can be obtained.
Researchers often use comparative experiments to determine whether
mHealth apps have improved regarding certain clinical indicators or
cognition. Scales and questionnaires include the Mobile App Rating
Scale (MARS) (17), the user version of the Mobile App Rating Scale
(uMARS) (18), the System Usability Scale (SUS) (19), and self-designed
questionnaires based on the Technology Acceptance Model (TAM) (20).
The MARS and uMARS can be divided into four subscales (engagement,
functionality, aesthetics, and information quality) and a qualitative scale
that aims to examine users’ feelings during the use process (17, 18). The
MARS and SUS have strong reliability and good internal and external
validity, as recognized by most researchers (19, 21-23).

Qualitative interviews are used by researchers to understand
interviewees internal and in-depth ideas. To investigate users
evaluations of mHealth apps, Anderson (12) conducted qualitative
interviews with individuals residing in university towns in Australia
to gain insights into their experiences with and expectations of self-
management apps. Serafica and colleagues (11) studied the experience
of mHealth apps among people in rural Hawaii. In addition, in
previous studies, qualitative interviews have been conducted to
explore British COPD patients’ opinions on self-management apps
(24), as well as to examine community health workers’ perspectives
and experiences regarding mHealth apps in Brazil (25). However, it is
unclear what experiences people in mainland China, which has a large
population and many ethnicities, have with popular mHealth apps. In
an era of rapid internet development, what do these individuals think

Abbreviations: mHealth, Mobile Health; App, Application; MARS, Mobile App Rating
Scale; uMARS, User Version of the Mobile App Rating Scale; SUS, System
Usability Scale.
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of mHealth apps in China? What are the shortcomings that need to
be improved, and what important information has been overlooked
by developers? These issues are worth discussing.

In recent years, research on mHealth apps has gradually increased,
and the types of mHealth apps for various diseases have also increased.
Chinese researchers have utilized the MARS and Silberg Scale to assess
the quality of various types of mobile health apps, including psychological
(26), cardiovascular (27), sleep management (28), and postpartum
depression apps (29), in terms of usability, effectiveness, and acceptability.
Due to poor supervision and other issues, the quality of mHealth apps
can be inconsistent, which can lead to decreased usage by users (30).
Additionally, China’s vast population and diverse cultural differences
among provinces and cities in different regions can make it difficult for
mHealth apps to stand out in this crowded medical market (1).

In 1989, Davis proposed the TAM to explain users’ acceptance of
information technology. The TAM suggests that the use of a system is
determined by behavioral intentions, and behavioral intentions are
determined by perceived usefulness and perceived ease of use (31). The
diffusion of innovations theory discusses how new ideas, new things,
and new products are accepted by the public (32). This theory divides
the diffusion process into five stages (awareness, persuasion, decision,
application, and determination) and emphasizes that mass
communication can effectively provide new information. However,
interpersonal communication is more effective in changing people’s
attitudes and behaviors. According to these two theories, the
experiences of healthcare professionals and patients with mHealth apps,
as the main users, is particularly important. However, there are still gaps
in the research on the experiences of healthcare professionals and
patients in relation to mHealth apps in the Chinese healthcare market.
To fill these knowledge gaps and address future software iterations,
we conducted semistructured interviews with patients and healthcare
professionals recruited from a tertiary grade A hospital. The purpose of
this study was to (1) understand healthcare professionals’ and patients’
perceptions of the quality of mHealth apps; (2) evaluate the obstacles
that affect users’ quality experiences; and (3) explore how to improve
the quality of mHealth apps. The results are intended to promote the
standardization of mHealth apps and provide effective information for
the improvement and development of mHealth apps in the future.

Methods
Design and setting

In this study, semistructured interviews were conducted at the
Affiliated Hospital of Xuzhou Medical University, which is a general
hospital in Xuzhou, Jiangsu Province, China. The Affiliated Hospital
of Xuzhou Medical University was founded in 1897 and has a history
of 123years. In the first half of 2021, nearly 1.4 million patients
received outpatient and emergency services at this hospital, with
nearly 90,000 discharged patients. Although Xuzhou belongs to
Jiangsu Province, as an important transportation hub city, it has close
ties with Shandong, Anhui, Henan and other provinces. The hospital
treats many patients. Xuzhou also has a long history of more than
6,000 years of civilization and 2,600 years of history, and the population
is more than 8 million. The hospital has developed a series of medical
treatment and management systems. Healthcare professionals working
in this hospital have access to mHealth apps and use them frequently.

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1220160
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Liu et al.

Participants

By using purposive sampling and the principle of maximum
differentiation, patients who visited this hospital and clinical frontline
healthcare professionals who worked in this hospital from January to
April 2022 were selected as participants for this study. The selection
criteria for patients were as follows: patients who know what are
mHealth apps; those who had used at least one mHealth app; those
who had used the apps for at least 3 months; those aged >18 years;
those with clear awareness and thinking that allowed good
communication; and those who volunteered to participate in this
study. The selection criteria for healthcare professionals were as
follows: healthcare professionals who had worked on the clinical front
line for >3 years; those who had used the apps for at least 3 months;
those with good communication skills; and those who volunteered to
participate in this study.

According to a literature analysis (33-35), the evaluation period
of the majority of mHealth app intervention studies can be roughly
divided into pre-and postintervention periods, with four treatment
cycles (12weeks) before and after the intervention. Based on the
21-day effect of behavioral development and a literature analysis, this
study set a target of the use of mHealth apps for a minimum of
3 months to ensure that participants had a thorough understanding of
the mHealth apps they used. The sample size was determined based
on data saturation, which occurs when the information provided by
interviewees becomes repetitive and no new topics emerge.

Interview outline

The study adopted a descriptive research method, utilizing
interviews to gain a comprehensive understanding of the quality
evaluation of mHealth apps from the perspectives of both patients and
healthcare professionals. In accordance with the study’s objectives, two
nurses working in the pain department were chosen for preinterviews
after a thorough review of the relevant literature and consultations
with two members of the research team. According to the preinterview
situation, an expert with rich research experience was consulted, and
discussions and revisions were conducted to determine the final
interview outline (Table 1).

Data collection

Researchers introduced the purpose and methods of this study to
patients at the outpatient department. After obtaining their consent to
participate, the researchers asked the patients if they knew what mHealth
apps were. If the patients could name one or more apps, the researchers
proceeded to the next question. If not, the patients were terminated from
the study and did not proceed with the enrolment process. This
approach ensured that only patients who had some knowledge of
mHealth apps were included in the study. Then, researchers inquired
about whether they had previously used a mHealth app, what the name
of the app was, how long they had been using it, and how often they used
it. The selection of healthcare professionals was based on communication
with department managers, who selected individuals based on their
work experience. Then, researchers asked questions about whether they
used mHealth apps in their work, the amount of time spent using them,
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and the frequency of use per day. Based on these questions, individuals
were deemed eligible for inclusion in the study if they met the inclusion
criteria; otherwise, they were excluded.

Due to the long wait times of approximately 1-2h, interviews with
patients were conducted during the patient’s wait time. After
consulting with the department head nurse and doctors, the interviews
with healthcare professionals were scheduled in the afternoon of a
workday, with each healthcare professional invited and allotted 1 h of
sufficient time for the interview. All interviews took place in a quiet
classroom in the hospital. One-on-one, face-to-face interviews were
conducted by a qualitative research-trained researcher. The entire
interview process was recorded with a smartphone, and the key
content and nonverbal content were recorded on paper. The interviews
lasted approximately 30 min. When the researcher did not understand
an answer, she repeated it to the participant to determine whether the
meaning of the expression was accurate.

Data analysis

Within 24 h of the interview, the researcher transcribed the interview
contents into written materials, and then another team member checked
and ensured the accuracy of the transcript. After the transcription was
completed, the interview subjects determined whether the transcription
content accurately expressed their meaning or whether it needed to
be modified. We used the standard method of thematic analysis to
analyse the transcripts. Two researchers analysed the data independently.
First, the researchers read the transcript in depth several times until they
felt that they understood what the participants had said. Second, open
coding was initially started line by line. Significant fragments were
extracted, which were identified as “quotes,” and assigned “codes”” Third,
the meaning was formulated for the codes, which were then organized
into themes. Finally, the themes were further integrated into descriptions.

Ethical considerations

Ethical approval was obtained from the Affiliated Hospital of
Xuzhou Medical University Ethics Review Board (Reference Number:
XYFY2019-KL018). Information about the study was explained to all
participants before the interviews, including information on research
confidentiality and the participants were advised regarding their ability
to withdraw from the study at any time during the interview. Participants
were asked if they agreed to record the entire interview; if they did not
want the interview recorded, a change was made immediately to manual
recording. Finally, the participants signed written informed consent
forms and volunteered to participate.

Results
Participant characteristics

A total of 14 healthcare professionals and 9 patients were
interviewed. Their ages ranged from 24 to 57 years. The healthcare
professionals had all worked in clinical first-line therapy for more than
3 years (Table 2). The patients were all from the area surrounding
Xuzhou and were engaged in different industries, such as decoration
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TABLE 1 Qualitative semi structured evaluation guide for healthcare professionals and patients.

Serial number Healthcare Patients

@ Have you used any mHealth apps (if the mHealth app has a patient version)? Would you recommend it to your friends?

0] What do you think about the development of mHealth apps in the future?

(©] For the mHealth app that you have used, what do you think are its shortcomings? What else do you think needs to be improved?

® If you were to evaluate an mHealth app, what aspects/perspectives would you use? What indicators do you think are the most important for
evaluation?

TABLE 2 Characteristics of the interviewed healthcare professionals.

Sociodemographics Statistics

Profession, n

Nurse 10
Physician 4
Age (years)

Range 25
Mean 34.57
SD 7.07
Sex

Male 5
Female 9
Professional experience (years)

<5years 2
5-10years 7
10-15years 3
>15years 2
Frequency of mHealth app usage

<3 times/day 2
>3 times/day 12

design, teaching, and homemaking, and different departments
(Table 3). The mHealth apps used by the participants are presented in
Appendix 1. These mHealth apps are frequently used in China and are
popular based on the number of downloads.

Themes and subthemes

A total of five themes were identified: (1) different concerns; (2)
hidden medical dangers; (3) distance and insecurity; (4) barriers for
older people; and (5) having positive perceptions of mHealth apps.
Theme 1: Different concerns

In the interviews, 7 (7/14, 50%) healthcare professionals
considered easy operation to be the focus of the evaluation (Table 4).
A nurse shared her feelings about mHealth during her work:

Now with the electrocardiograph machine, it is a relatively easy

operation. One key or two keys can be used; it is not complex. For
example, for the current electrocardiogram, you press a key. If an
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app requires data to be filled in, it will be a challenge for the
patients. (M3)

Another nurse shared that her workload was increased by
cumbersome mHealth operations:

A lot of patients ask us to help them, which indirectly increases our
workload. We always have miscellaneous tasks every day. (M4)

Furthermore, 6 (6/9, 67%) patients agreed that effectiveness was
the most important part of their evaluation of mHealth apps.
According to one patient,

The most important thing, I think, is that it's helpful, effective, and
beneficial regarding my illness. If the software is not helping me, why
do I want to use it? (P4)

Theme 2: Hidden medical dangers

Subtheme 1: Insufficient information about
qualifications

Four (4/9, 44%) interviewed patients said that the qualifications
of the healthcare professionals were not included on the platform,
and they could not objectively judge the professionals’ medical
levels. A patient described the awkwardness of using the app to
select an obstetrics and gynaecology professional because of the
unknown qualifications of the healthcare professionals in the
mHealth app:

I selected a gynaecology professional on it; maybe I didn't see it
clearly. I thought the doctor was a woman when I looked at the
doctor's name at first. Then, I looked again—a man. I can't see a
male doctor. I didn't want to...I didn't want him to check. (P1)

Another patient believed that the authenticity of mHealth apps
would be confusing if they did not detail the qualifications of
healthcare professionals:

Every doctor's skill is really important. Now there are only two
things to say about the software, such as what the doctor is, but
not exactly. Of course, doctors with high grades are certainly
relatively experienced. Users can also evaluate these doctors, not
just show good evaluations. Some bad evaluations are blocked in
some software, so we do not trust the authenticity of the
software. (P9)
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Subtheme 2: Inaccurate medical content

Five (5/9, 56%) interviewed patients said that the health
information provided by the mHealth apps did not have a detailed
source description, and they could not judge the scientific nature and
authenticity of the information. A mother shared her doubts about the
information provided on a mother-to-child mHealth app during
her pregnancy:

It's a bizarre statement that pregnant women can’t eat this and that
on this app. In the past, pregnant women could eat anything that a
normal person could eat. I'm generally selective about what's on this

app. (P2)

A patient who came for a medical examination said that the low
authenticity of the content provided by the mHealth app would affect
his compliance:

TABLE 3 Characteristics of the interviewed patients.

Sociodemographics Statistics

Age (years)

Range 33
Mean 35.88
SD 10.57
Sex

Male 3
Female 6

Educational Level

Junior high school 2
High school diploma or equivalent 3
College 4
Residence

Rural 5
Urban 4

Frequency of mHealth app usage

<3 times/day 7

>3 times/day 2

10.3389/fpubh.2023.1220160

If the authenticity is low, I don't believe what it is providing, so my
compliance is low, and even if it’s right, I' m still reluctant to follow
it. (P4)

Furthermore, a patient said that due to poor authenticity,
he selectively used mHealth apps; if he had problems, he still sought a
doctor for the first time:

Some of the online content is right or wrong ... even though I know
that some health care knowledge in the app is good, I still mainly
seek a doctor's advice. (P9)

Subtheme 3: Nonstandard treatment
processes

A standardized medical treatment process can effectively reduce
the incidence of medical accidents and disputes (36). Standardized
processes not only reduce human injury for patients but also protect
healthcare professionals. Two doctors (2/14, 14%) reported that the
medical procedures of an mHealth app were not standardized, which
could lead to medical errors:

The medical software needs to be more rigorous to meet the basic
requirements of the National Health Commission and to ensure
safety. All processes and operations should be scientific, regular
and secure. It's a big taboo to prescribe prescription drugs and
diagnose patients. We can’ t afford the consequences of
misdiagnosis. We can't tell if there's a problem. We can only give
patients some medical advice or health measures they can
take. (M7)

I personally believe that the regulation of smartphone medical
software is relatively loose. The entire process is not perfect. (M8)

Subtheme 4: Unclear accountability

According to two participants (2/23, 9%), the responsibility of
mHealth apps is unclear, there are hidden dangers, and it is difficult to
determine responsibility.

TABLE 4 Focus of mHealth app quality assessments by healthcare professionals and patients.

Healthcare professionals Patients
Encoding Number of persons Percentage Number of persons Percentage
Easy operation 7 50% 2 22%
Effectiveness 2 14% 6 67%
Function 2 14% 2 22%
Accessibility 3 21% 1 11%
Security 6 43% 5 56%
Payment 2 14% 2 22%
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I don't know who I can look for if there's something wrong with
pills. (P5)

Once the mistake and the inevitable consequences have taken
place, who should be responsible for them? This cannot
be determined clearly. There are also problems in the hospital that
are unclear.

disputes. (M7)

Now there are too many doctor-patient

Theme 3: Distance and insecurity
Subtheme 1: Blunt expression

The counseling function of mHealth apps is mainly in the form of
text input and output (37), and healthcare professionals cannot
observe the body language of patients. In addition, patients are prone
to doubt the responses of healthcare professionals, which produces a
sense of distance and insecurity. Four participants (4/23, 17%) said
mHealth apps display too much text, less vivid dynamic graphics and
less videos and are difficult to understand. A nurse with rich clinical
experience believed that presentation can not only close the distance
between nurses and patients and improve patient compliance but also
meet the needs of patients at all cultural levels:

From the patients’ point of view, if you recommend mHealth apps
well, they’ll see more. Like the rich form I've just said: if every
health education app has video education, it is convenient for the
patient. You'll be able to close the distance from the patient, and
improve their compliance, cooperation with treatment or
rehabilitation. In addition, there are also cultural levels and
regional differences. For example, a person with a high level of
education, you go to tell them the information is not as good as
their own. However, patients with a low educational level or
patients from some rural regions want you to say it, write it down,
rather than taking their own initiative to learn. (M4)

In addition, some nurses suggested that more dynamic videos
could be made:

There can be some health education videos ... dynamic. (M12)

A patient wanted to be provided with video calls and face-to-
face communication:

How did the doctor judge which situation I was in? It would be best
to have a video to communicate. In addition, I wasn't very good at

typing. I feel a little bit relieved to see the doctor himself in the video,
at least feel zero distance. (P9)

Subtheme 2: Generating medical virtuality

With the development of networks and technology, intelligent
virtual agents have permeated various fields, such as medicine,
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teaching, work and life, promoting the development of society (38).
However, because of the particularity of the target population of
mHealth apps, they often cause insecurity for users:

Like apps, many times the consulting doctor is not local. If a problem
emerges, I do not where I can go to find them. (P4)

Another patient said the medical software led to a sense
of distance:

I have a distant feeling in the app that I'm not talking to real people
and that sometimes it's the robot that automatically replies. It's not
as good as talking to a doctor in person. I can also understand the
doctor's level and the medical level of the hospital. (P2)

Subtheme 3: Lack of humanistic care

Mhealth apps can expand the medical network, connect patients
from multiple fields, and share medical resources equally. Although
communication can increase peer support, humanistic care and
cross-cultural differences are ignored. Users receive cold and
mechanized responses. A patient believed he could receive warm care
hospital, but the app

from paramedics in the only

responded automatically:

I received polite replies (on the app), but they were cold and official.
Although doctors also have a bad attitude in the hospital, there are
doctors and nurses in the hospital every day to check in and ask
you how you slept last night. After you leave the hospital, the nurse
will follow up on your recent situation. However, it's over when you'
re done consulting on the app, and no one cares about your
follow-up. (P5)

I don't feel like anyone cares about me. A smart device can't do what
doctors and nurses do, and no one cares what danger will happen to
you. In addition, the speed of the response of apps is too slow, which

made me feel I am not important .... (P7)

Theme 4: Barriers for older people

Subtheme 1: Terminology and
professionalization

The main difference between mHealth apps and other apps lies
in the purpose of mHealth app use and the particularity of the
population (25). Medical terminology and medical professionalism
are also unique to mHealth apps. Due to degenerative changes in
the brain and organs of older people, their ability to perceive,
think, remember and understand is weakened. They may feel a
certain degree of psychological resistance before using medical
apps, thus reducing their desire to use these apps (39). A doctor
shared his experience in recommending medical software to
older patients:
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When I recommended the ‘Good Mood’ app to the patients, I found
that the older patients rejected it directly and said that they did not
understand it when I told them they would have to use a
smartphone. (M7)

Because of late contact with smart devices and poor understanding
in China, older people tend to resist mHealth apps:

Due to the particularity of the work, we connect the older patients
or children. Older patients have a poor understanding, and their
generation has a low level of education and medical knowledge, even
with oral explanations. They may not understand, let alone use the

app. (M3)

Subtheme 2: Unfriendly technology and
design

A small font size and cumbersome operations seriously affect
older patients’ experiences of mHealth apps, which are also
common problems with smartphone apps. A 56-year-old patient
had
registered services:

several operational problems during the wuse of

Apps have to be downloaded and constantly remind you to
update, which is especially complex. I have to register a service
repeatedly. My patience wears out. I have no confidence in
myself. (P9)

Healthcare professionals and individuals who cohabitate with
older relatives frequently encounter senior citizens who lack
proficiency in utilizing mHealth apps. Older people come to seek
their help. However, they said that this indirectly increases
their burden:

It doesn't feel good to use it because when an older patient comes,
the process of linking a card and a bank card can be slightly more
cumbersome. He will not do it, so we help him. (M2)

I have two old people in my family. Some software is said to be used
for elderly individuals, but older people cannot see clearly and do
not know how to use it. Well, we as their children will help them, but
we also have our own things that keep us busy. (P2)

Theme 5: Having positive perceptions
of mHealth apps

In the interviews, the healthcare professionals and patients had a
positive attitude as the main users of mHealth apps. While participants
criticized their drawbacks, they looked forward to future mHealth
apps to bring new changes to society. For example, although 23
participants noted that the current mHealth apps have many quality
problems that seriously affect their use experience, they answered
positively when asked whether they would recommend these apps to
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others. They believed that the future medical model would reach a
new platform if developers could effectively improve the quality of
mHealth apps:

As young people grow older, they will prefer to use smartphone apps
rather than go to the community to do these things. So I suggest that
when the community can promote this, and then young people use
these apps for a long time, your medical information is equivalent
to filing in this community, which is actually good for the later
development of the community and can reduce the waste of medical
resources in big hospitals. (M7)

Discussion
Principal findings

This study was conducted during the implementation of lockdown
regulations in China, a time when the use of mHealth or telemedicine
provided a novel approach to patient care. The purpose of this study
was to examine the experiences of healthcare professionals and
patients who used mHealth apps and to identify the challenges they
faced while using these apps. The primary findings indicated that
there are several issues related to the quality of mHealth apps, although
users still recognize the benefits of these apps. This may be attributed
to the limited access to hospital-based medical care during the
COVID-19 lockdown period in China, where patients relied on
mHealth apps to receive timely and effective medical attention from
healthcare professionals.

The participants were drawn from a range of clinical areas,
including pain management, oncology, psychiatry, thymic surgery,
general surgery, obstetrics and gynaecology, and physical examination
centres. Based on their own usage experiences, the participants
demonstrated the most frequently utilized features, such as
appointment scheduling and registration, the dissemination of health
information, and online consultations. These findings are in line with
the results reported by Anderson (12) and Wu (40). MHealth apps
can provide various benefits to patients, such as saving time,
enhancing the efficiency of medical treatment, and reducing
discomfort and anxiety. During the period when lockdown
regulations were implemented in China to combat the COVID-19
pandemic, patients demonstrated a preference for using mHealth
apps for appointment scheduling or consultation purposes, thereby
reducing the time and opportunities spent in social contact
with others.

Although the nine patients had different types of diseases, the
interviews did not reveal any differences in their experiences using
mHealth apps based on their specific medical conditions. It is
possible that the participants had relatively mild or subhealth
conditions, which may have influenced the results. However,
according to Wang’s systematic review (41), the effectiveness of
mHealth functions can vary depending on the specific type of
disease being treated. A meta-analysis (42) showed that mHealth
apps had no significant effect on drug compliance for patients with
various chronic diseases. Further research is needed to determine
whether different types of chronic diseases have varying effects on
each function and module of mHealth apps.
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It was found that Chinese patients prioritized the effectiveness of
mHealth apps in managing their illnesses, whereas Chinese healthcare
professionals favored apps with user-friendly interfaces and optimized
designs. However, Jiang et al. found that healthcare professionals were
primarily interested in the economic benefits of mHealth apps in
reducing healthcare costs (43). Xiang’s study found that Chinese
healthcare professionals prioritized the ability of artificial intelligence
to reduce repetitive workload, and nonhealthcare personnel valued
efficiency in diagnosis and treatment. Both groups of participants
reported that artificial intelligence does not pose any safety risks (44).
In contrast, this study found that both Chinese healthcare professionals
and patients perceive mHealth as having safety issues. Furthermore,
we propose that the government needs to establish strict procedural
guidelines for the development and regulation of mHealth. These
findings suggest that there is a need for more comprehensive research
on the impact of mHealth on patient safety, as well as for the
development of appropriate regulatory frameworks to ensure the safe
and effective use of this technology (45). Generally, this study
highlighted the importance of considering the perspectives of different
stakeholders when designing mHealth apps.

During the interviews, healthcare professionals expressed
concerns about the burden placed on their work by older patients who
are unable to use mHealth apps. With the implementation of China’s
three-child policy, the number of female clinical doctors and nurses
on maternity leave has increased, resulting in healthcare professionals
having to assist patients with basic tasks and teach them how to use
mHealth apps. This has undoubtedly increased the workload of
healthcare professionals. These findings highlight the need for medical
institutions to employ dedicated internet staff or information nurses
to address these issues. This study provides valuable insights into the
underresearched area of user perspectives.

Healthcare professionals also faced challenges when assisting
older patients who lacked necessary information such as call
numbers and personal identification information required for
verification. This issue may be related to the lower education levels
of contemporary older individuals (46) or the larger number of
hospitalized patients in nearby rural areas. These findings are
consistent with those of Raghunathans study (47). Older
individuals aged over 80 years were less willing to use mHealth
apps, and those with higher levels of education were more
accepting of these apps than those with lower levels of education
(48). Therefore, mHealth app designs should not only cater to
young and middle-aged individuals but also focus on the needs of
older users.

It was found that the interviewed patients perceived mHealth apps
as lacking in care, which could potentially strain the doctor-patient
relationship. Furthermore, healthcare professionals in China face
challenges due to heavy workloads and low wages (49, 50). Simpkin
etal. (51) explored the perspectives of medical students on intelligent
healthcare and gained insights into how to integrate technology
effectively and consciously into the medical field to enhance empathy
and compassionate care. To address the concerns raised by patients, a
feedback function could be added to the platform, mHealth apps
could be developed with a patient-centred approach (48), and
humanistic theory could be applied to intelligent healthcare.

The quality issues of mHealth have also been emphasized by
international organizations and researchers from other countries. To
assist developers in evaluating the quality of apps, several tools have
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been developed (52). A systematic review of 87 studies published
through 2018 revealed that researchers developed 48 different rating
scales for evaluating the availability and quality of mHealth apps (52).
These rating scales primarily focused on content quality and usability.
This study uses open-ended questions to overcome these rating
frameworks. The findings indicated that there were quality issues in
mHealth apps from various aspects, including security risks, technical
issues, design, and humanistic concerns. International organizations
considered the entire quality regulatory issue from a larger perspective,
accounting for the interests of multiple parties (53). They believed that
improving the efficiency of mHealth regulation should emphasize
process transparency rather than imposing accountability (54). This
study concluded that healthcare professionals and patients considered
the need for more standardized accountability to clarify their own
work responsibilities or better protect their individual rights.

Implications for future research and
clinical practice

The participants of this study identified various barriers in the areas
of process, regulation, technology and humanistic. Additionally, they
found that mHealth apps increase workloads for both healthcare
professionals and individuals who cohabitate with older relatives to a
certain extent. Drawing on ShachaK’s research findings (55), future
research directions in health information technology implementation
should not only focus on users’ social psychological issues and usage
behavior but also consider technology, processes, contexts, and users as
a dynamic interactive system. In a multicultural, multireligious, and
multiethnic Asian country with a predominantly older population,
medical humanities can help patients feel respected and cared for. China
is a country that values family-oriented traditions, and the loneliness
experienced by older individuals who live alone can easily lead to
mental illness. MHealth apps can provide these individuals with more
medical and social support. Future studies should focus on continuously
improving the quality of mHealth apps while considering how to better
integrate humanistic care with scientificand technological advancements.

Strengths and limitations

The primary strength of our study lies in the use of qualitative
methods to explore the experiences of healthcare professionals and
patients with mHealth apps, as well as the factors influencing the
continued use of mHealth apps by users in the Chinese healthcare
market. However, a major limitation of our study is the small sample
size, limited to individuals from XuZhou, the results are not
representative of the whole of China, and the fact that only the views
of healthcare professionals and young patients with older patients
around them were considered. Although the selected mHealth apps
have a high download frequency in the market, these apps could not
represent all mHealth apps in China. To address this limitation in
future research, we can expand the sample size and increase the
diversity of the sample by including more technicians and related
personnel in drug enterprises. Additionally, importantly, the
participants in our study were homogeneous in terms of ethnicity;
therefore, our findings may not accurately represent minority groups
outside this demographic background.
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Conclusion

This study aimed to explore the perceptions of individuals
regarding mHealth apps in China. Healthcare professionals and
patients expressed optimism about the potential of mHealth apps
but also highlighted several concerns and potential risks associated
with their quality. Thus, it is crucial to enhance the safety and
regulatory frameworks surrounding mHealth apps and to develop
user-friendly mHealth apps specifically designed for older patients,
which will help bridge the gap between healthcare professionals
and patients.
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Appendix 1

MHealth apps used by participants and their functions and basic information.
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Blockchain technology includes numerous elements such as distributed ledgers,
decentralization, authenticity, privacy, and immutability. It has progressed past
the hype to find actual use cases in industries like healthcare. Blockchain is an
emerging area that relies on a consensus algorithm and the idea of a digitally
distributed ledger to eliminate any intermediary risks. By enabling them to trace
data provenance and any changes made, blockchain technology can enable
different healthcare stakeholders to share access to their networks without
violating data security and integrity. The healthcare industry faces challenges
like fragmented data, security and privacy concerns, and interoperability
issues. Blockchain technology offers potential solutions by ensuring secure,
tamper-proof storage across multiple network nodes, improving interoperability
and patient privacy. Encrypting patient data further enhances security and reduces
unauthorized access concerns. Blockchain technology, deployed over the
Internet, can potentially use the current healthcare data by using a patient-centric
approach and removing the intermediaries. This paper discusses the effective
utilization of blockchain technology in the healthcare industry. In contrast to
other applications, the exoteric evaluation in this paper shows that the innovative
technology called blockchain technology has a major role to play in the existing
and future applications of the healthcare industry and has significant benefits.

KEYWORDS

blockchain, distributed public ledger, healthcare, electronic health record, personal
health record, medical health insurance

1. Introduction

Blockchain technology has been around for at least 20 years. It wasn’t until recently
that academics and businesses began to consider it strongly. This paper aims to highlight
blockchain technology’s existing and future applications in the healthcare industry through
a thorough analysis. The authors wanted to highlight projects from the scientific
and commercial sectors. This article may alternatively be seen as a concise summary
and annotation of the idea behind the potential connections between healthcare and
cryptocurrency and blockchain technology.

The blockchain’s core value is closely related to trust and decentralization. A distributed
database called blockchain supports transactions between unreliable entities, instead of
having banks or another brokerage firm it acts as a middleman as is the case with traditional
transactions, people and organizations may deal directly with one another. Because of this,
it is anticipated that the blockchain will alter how people conduct international payments.
It is crucial to investigate the potential benefits that this new technology might bring to the
healthcare industry. It is clear that instead of just financial transactions, this effort will focus
on healthcare data applicability and operations in general.
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One of the biggest sectors, healthcare accounts for more than
10% of the GDP of developed nations. The expense of providing
effective healthcare services is rising, and patient data is fragmented
which calls for the need to protect patient data and deliver effective
services to be expanding whereas patient data is scattered, and
sharing this private information may occasionally be subject to
the practice of authorization management. Data is sometimes
unavailable and inaccessible; all such problems in healthcare may be
resolved with the help of blockchain. Distributed ledger technology
is the foundation of blockchain technology, where transactions
occur amongst peers rather than through a central authority.
Decentralized transactions will be used throughout none of the
entities can change any of the transactions once they have been
added since they are all immutable which offers security and
privacy for the transactions. A single location may be used to store
patient data as a result, diagnosing a patient will be simple. IoT
and blockchain can be utilized for real-time patient monitoring.
As patient claims are properly monitored by health insurance
companies, records are kept in a ledger that cannot be changed after
it has been added. Blockchain has a wide variety of features that
allow its implementation in a variety of applications. Decentralized
storage and authentication are one of the key characteristics of
blockchain. There are three main types of blockchain: public,
private, and federated. Table 1 lists different types of blockchains.
Anyone may participate in and validate public transactions on
a public blockchain. The public is in charge of maintaining
this kind of blockchain. Public blockchains include, for example,
(1) Ethereum, (2) Bitcoin, (3) Bit shares, (4) Waves, and (5)
Dash. Government agencies are in charge of maintaining private
blockchains. Transactions are internally vetted and not accessible
to the public. The consortium maintains federated blockchains, the
third form of blockchain. This blockchain may or may not make
transactions public. Federated blockchains include B3i, EWE, and
Corda R3 as examples.

Blockchain has started to infiltrate a variety of different
industries over the past few years, including finance and banking,
capital markets, trade finance, business, real estate, media,
government organizations, etc. The area where blockchain has
enormous potential is healthcare. Data security, data access, data
sharing, and interoperability are the top needs in the healthcare
industry. Confidentiality and security are fundamental needs of the
healthcare sector to protect patient medical information. In this
digital age, cloud storage has become the most popular way to
exchange and retrieve data, but since it is shared across a network,
there is a danger of virus attacks and even a chance that personal
information may be compromised. The constraints of healthcare
requirements include data sharing, data access, data transmission,
authenticity, and interoperability.

An EHR system (electronic health records) has replaced
the conventional manual filing method, although it is
expensive and labor-intensive.
of EHR cloud-based systems to address the
with EHR systems, these cloud-based
still fell short in terms of encryption, data confidentiality,

Following the introduction
problems
however, systems

interoperability, and standards.
the healthcare
data

blockchain technology.

security Every challenge

industry has, from interoperability to

security and transmission, might be addressed by
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TABLE 1 Blockchain types.

S.no Blockchain type Important property
a) Maintained by the Public
1 Public blockchain b) Anyone can participate

and validate the transactions

a) Maintained by Government
Organizations
2 Private blockchain

b) Transactions are not

public

a) Maintained by consortium

3 Federated blockchain b) Transactions may not be

public

Blockchain technology has several characteristics that include
immutability, transparency, distributed ledgers, data security,
authentication, and decentralization. This highlights why and
how this technology is becoming increasingly popular across all
industries, but especially in those like healthcare where issues with
legitimacy, dependability, and security are especially problematic.
The blockchain architecture is seen in Figure I and consists of
three layers: an application layer, a transaction layer, and a network
layer. Users will communicate with one another using blockchain
applications in the application layer, and immutable transactions
will be carried out in the transaction layer and on a global ledger.
At the network layer, information exchange will take place on a
P2P network.

2. Motivation

It is now well acknowledged and perhaps even evident that
blockchain will most likely significantly disrupt the healthcare
sector. Nevertheless, the authors tried to define the amount of
relevance anticipated in as many ways as possible, to measure it,
and to quickly characterize it in general terms.

In order to start with peer-reviewed papers, a search at
Scopus was made in January 2022 for publications that had both
“blockchain” and “healthcare” in their “Article” or “Abstract”
or “Keyword” sections. This search returned a total of 1,776
documents (Figure 2). Figure 3 shows their distribution according
to their country of origin, scientific field, keyword, and year of
publication. The authors can clearly see the apparent quick growth
in the number of relevant publications, as well as an intriguing
keyword distribution where some keywords (like “security” and
“privacy”) do not occur as frequently as expected. It is important
to note that interest has extended globally, in addition to China
and the USA. On January 2023, the authors ran the same query
and received 2,828 documents in response. According to this, there
are around three articles about blockchain technology in healthcare
every day.

A similar search at Solulab turned up the 18 projects financed
by independent companies under their Research and Innovation
initiative. The acronyms for these R & D projects are provided
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below, followed by their titles, and they are ranked by Solulab
according to how closely they adhere to the keywords. Presents
a visual representation of the chronological distribution of these
initiatives. These projects’ time distribution is graphically shown in
Figure 4.

BurstIQ: The organization uses blockchain to enhance the
sharing and utilization of medical data.

SoluLab: Solulab uses blockchain to strengthen healthcare
cybersecurity and to increase the sharing and use of medical data.
The blockchain-based
by Medicalchain keeps track of the source and safeguards

Medicalchain: infrastructure used
patient identification.

Guardtime: Blockchain technology is used by Guardtime in
cybersecurity applications, including healthcare.

Avaneer Health: Avaneer is a startup that seeks to use
blockchain technology to improve healthcare efficiency. It is
supported by Aetna, Anthem, and Cleveland Clinic. This is
accomplished by utilizing a public ledger to provide improved
claims processing, safe healthcare data transfers, and upgrade
provider directories.

Chronicled: The usage of the Chronicled blockchain network
ensures the secure delivery and thorough examination of
drug supplies.

ProCredEx: ProCredEx has created a decentralized record
system for healthcare credential information, ensuring that the
data cannot be altered and remains permanently trackable. This
enhances the effectiveness of intricate datasets, allowing for data
customization to meet specific organizational requirements and the
secure sharing of this data with authorized collaborators.

Robomed: Robomed captures patient data via blockchain and
securely distributes it to the patient’s healthcare professionals.

Patientory: The blockchain platform used by Patientory makes
it possible to store and send sensitive medical data securely.

Doc.ai: The company uses artificial intelligence to decentralize
medical data on the blockchain.

Encrypgen: It is now simpler to locate, share, save, and
purchase information because of the

genetic company’s

blockchain technology.
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Coral Health: Coral Health uses blockchain to streamline
administrative procedures, speed up the delivery of treatment,
and enhance patient outcomes. The startup establishes faster
connections between doctors, scientists, lab workers, and
public health authorities by incorporating patients’ records into
DLT. To ensure that information and treatments are correct,
Coral Health also uses smart contracts between patients and
medical experts.

Embleema: Embleema is a tool for regulatory analytics and
virtual experiments intended to accelerate the drug development
process. Users are encouraged to provide their digital consent
for the safe, unaltered acquisition of their medical data, which
is subsequently recorded on the blockchain of Embleema
and examined.

Blockpharma: Blockpharma provides a method to combat
medication fraud and counterfeiting. Patients may find out whether
they are taking fake medications using the company’s app by
scanning the supplier base and validating all points of shipping.
Using a blockchain-based supply chain management system,
Blockpharma claims it can screen out the 15% of medications that
are fake worldwide.

Tierion: The blockchain of Tierion verifies all documentation,
data, and pharmaceuticals to maintain a complete record of
ownership. The company maintains evidence of ownership
throughout a medical supply chain wusing timestamps
and credentials.

FarmaTrust: The blockchain solutions from FarmaTrust may
be used to manage prescriptions, validate the legitimacy of medical
equipment, and protect patient data when they schedule vaccines
and diagnostic tests. For example, the firm offers a service that
prevents fraudulent pharmaceuticals from entering the supply
chain and an app that allows customers to verify that their
medications are authentic.

Nebula Genomics: Nebula Genomics is utilizing distributed
ledger technology to eliminate extra fees and intermediaries in
the genetic research industry. Annually, companies in the biotech
and drug industries spend billions of dollars to get genetic data

from other sources. While contributing to the development of a
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substantial genetic library, Nebula Genomics invites users to sell
their encrypted genetic data securely.

3. Background and concepts

In 2008 Satoshi Nakamoto implemented the cryptocurrency
named Bitcoin based on the web white paper (1). This
cryptocurrency works on open source technology and on the
decentralized network in simple terms all nodes are connected
mutually, and these nodes have the authority to leave and rejoin
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the network on demand and later receives the authentic record
i.e., Proof of Work (PoW) referred to as the blockchain (1). To
rejoin the network, they had to perform certain large computations
to show evidence of their authentic members. PoW describes and
gives proof of what happened when the particular nodes left the
network. In cryptocurrency there may be a threat of a Sybil attack
and this situation can be solved by claiming PoW from all nodes of
the network which verifies transactions. The working of POW can
be understood by understanding the block of the bitcoin structure.
The network consists of nodes that are nothing but participants
and all of them have an identical ledger copy and these blocks of
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information are attached (2). These blocks consist of transaction
data of both sender and receiver, the extent of the transaction,
and hash value. Hash values are used to link the blocks, therefore
Blockchain is a series of blocks tailored together as illustrated in
Figure 5. It reflects, how blocks are linked together in blockchain.
The order of blocks linked together will be determined by PoW
consensus in Bitcoin. Bitcoins are chained using hashing. Changing
the hash value will lead to the invalidation of a block. To validate,
the block hash value needs to be recalculated. Bitcoin as being
public blockchain technology is susceptible to security and privacy
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threats; this property is not acceptable for healthcare systems where
data privacy is concerned. Bitcoin along with throughput is most
desirable for building healthcare applications (3).

Blockchain is best characterized by a decentralized, immutable
ledger that records data. It enables entities to communicate with
one another without the requirement for a centralized, reliable
middleman. The blockchain contains blocks of data, comprising
sets of information that grow consistently. Once integrated into the
blockchain, these blocks are linked to the preceding and subsequent
blocks through cryptographic procedures. All parties can read,
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write, and modify these data records/blocks in the blockchain’s
original form. Decentralized transactions and data processing are
made possible. These characteristics have made blockchain very
popular for a variety of uses. Blockchain also supports smart
contracts, fully independent contracts that may be executed without
a central authority. As of right now, Ethereum is the blockchain that
facilitates smart contracts.

3.1. What is blockchain?

3.1.1. Key characteristics

Blockchain is decentralized, so nobody has full control over
the data that is uploaded to it. Instead, a P2P network utilizing
different consensus mechanisms approves the data that is uploaded

Frontiersin Public Health

to the blockchain. Persistence is another essential component of
blockchain technology. Due to the distributed ledger’s massive
node storage, it is highly challenging to remove anything after
it has been published onto the blockchain. Additionally, a lot of
blockchains make use of the desirable potential anonymity (or
pseudonymity) characteristic. By linking each block in a chain of
blocks by containing the hash of the one before it, blockchains ofter
traceability and transparency. The Merkle tree-based organization
of the blocks’ transactions enables independent root-to-transaction
verification (4, 5).

3.1.2. Type of blockchains
Blockchains come in three basic forms: consortium, public, and
private. They have a wide range of characteristics that influence
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who is able to read from, write to, and access data on the
blockchain. All users have access to the data on a public chain,
and anybody may contribute and make changes to the consensus
and the core software. The two biggest cryptocurrencies, Bitcoin
and Ethereum, which are categorized as public permissionless
networks, are among the several cryptocurrencies that utilize the
public blockchain. Because only a small number of carefully chosen
groups of businesses have access to observe and take part in the
consensus process, a consortium blockchain may be perceived
as being somewhat centralized. A decentralized network that
is frequently centralized makes up a private blockchain. A few
nodes can connect to the network, and they are often under the
supervision of one central authority (4, 6, 7). The definition and
classification of the many blockchain types discussed here are still
subject to debate. There is currently no widespread agreement
on what defining characteristics and consensus procedures are
necessary to refer to a piece of technology as “blockchain” (8).
For the creation of decentralized applications, there are currently
available blockchain frameworks and platforms (Dapps). The
most well-known blockchain development platforms to date are
Ethereum (decentralized platform) and Hyperledger (framework),
both of which let programmers add new blockchain apps to current
blockchains and construct new test nets using their protocols (9).

3.1.3. Consensus algorithms

The procedure for approving data records on the decentralized
ledger is a crucial component of blockchain technology. A
distributed consensus method that checks the data entries
accomplishes this. For this, a variety of consensus techniques have
been put out and used; the three most popular ones are shown in
Table 2 and are given below:

Proof of Work (PoW): PoW is the consensus system that
is most closely connected to the blockchain because it is
a part of Bitcoin. The process confirms the transaction and
creates a new block for the blockchain. Miners compete in this
procedure to finish the network transaction first. Competing is
involved in mining. Miners receive incentives for successfully
confirming a new block. This idea is supported by evidence
of the significant electricity needed for Bitcoin mining, which
is currently comparable to the requirements of a small nation
(10).

Proof of Stake (PoS): With PoS, the node that will serve as an
approving node is chosen based on its stake in the blockchain.
When it comes to cryptocurrencies, a person’s balance in a
certain currency represents their investment. The “richest” node
may, however, unjustly gain from this. Many hybrid PoS systems
have been put out as a solution to this problem, where the
approving node is selected using a mix of the stake and some
randomization. The second-largest cryptocurrency, Ethereum,
plans to transition to Proof of Stake from Proof of Work
(4).

Practical Byzantine Fault Tolerance (PBFT): The underlying
protocol of PBFT is a Byzantine agreement mechanism. This
consensus procedure can’t be used in a public blockchain
since every node in PBFT must be known to the network,
which places limitations on its use. Pre-prepared, prepared,
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TABLE 2 Comparison of consensus mechanisms.

Characteristics PoV PoS PBFT
Management of nodes Accessible | Accessible | Permissioned
Usage of energy High Medium Low
Tolerated an adversary power | <25% <51% 33.3% faulty
Example Bitcoin Ethereum Hyperledger

and commit are the three separate stages of the PBFT
of the
votes from the other nodes in order to pass through the

consensus process. A node must get two-thirds
three phases. PBFT is now used by Hyperledger Fabric

(11, 12).

3.1.4. Smart contracts

Smart contracts are supported by blockchain infrastructures
like Ethereum. These are executed automatically contracts with
clauses that are written clearly into the source code. Smart contracts
operate independently of any third parties or middlemen since
they are automatically implemented based on these set clauses. A
blockchain transaction may activate this smart contract feature, and
the healthcare industry seems like an appealing use for it (7).

3.2. Significance of blockchain in
healthcare industry

Healthcare is a problem-driven, people- and data-intensive
industry, and access to, updating, and trust in the information
generated by its operations are essential for the sector’s overall
operations. According to a classification of healthcare operations
into accident and emergency, health problem-solving, clinical
decision-making, realization, and evaluation of knowledge-based
care (Figure 6), it is essential to have a multidisciplinary team
of healthcare professionals who treat patients with the best
knowledge, technologies, and skills. To help students learn and
develop their skill sets, the healthcare industry must work with
educational institutions to give them access to patients and a
training environment. In exchange, educational institutions give
the industry skilled staff.

The healthcare sector faces a number of challenges,
including data fragmentation, security and privacy issues, and
interoperability problems caused by the usage of numerous
standards in healthcare systems. By assuring secure and
impenetrable data storage through a distributed ledger system,
enabling secure data sharing to improve interoperability, and
protecting patient privacy through data encryption, blockchain
technology presents a potential solution. In the context of
blockchain, various technologies have been implemented to
address these issues, such as electronic health records (EHRs),
health information exchanges (HIEs), and federated learning.
While blockchain has great potential, it is important to understand
that it is not a cure-all, and the healthcare sector is still exploring a
variety of methods and technologies to meet its changing demands.
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Health institutions must assist with access to experts,
informants, test subjects, and samples when working with
organizations and businesses for research and engineering
purposes. Health institutions are required to help in the design,
planning, execution, and analysis of the studies while taking
part in prospective clinical trials. In exchange, the research
and engineering organizations offer the healthcare industry the
most recent information, practices, and technology. Therefore,
the operations of health institutions are closely linked to
those of organizations that educate health professionals and
conduct biomedical research and engineering (Figure 6). The
efficient sharing of patient-related information and evidence,
along with reimbursement processes, necessitates the exchange
of data between different institutions. It’s crucial to safeguard
the sensitive data patients entrust to healthcare organizations.
Ensuring patients’ privacy while sharing data with other entities
in the healthcare network requires measures like access control,
maintaining data origin, preserving data integrity, and enabling
interoperability. The traditional way of implementing access
control assumes a level of trust between data owners and the
entities holding the data. These entities often manage access
restrictions. To enhance the health of individuals and communities
through collaborative data access, exchange, and utilization, a
variety of information systems, devices, or applications need to
seamlessly connect within and across organizational boundaries in
a coordinated manner.
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Data provenance refers to the origins and historical records
of data sources. It can enhance transparency and reliability in
electronic health records (EHRs) and foster consumer confidence
in EHR software. According to Courtney and Ware, data integrity
encompasses data quality and its expected standards. This means
that meeting or surpassing these standards directly impacts data
reliability. The demand for real-world data from businesses
and research units is increasing within healthcare institutions.
Simultaneously, the public’s trust in healthcare organizations is
waning due to instances of unlawful data sharing, widely publicized
breaches, and private information theft. Another constraint is the
existence of healthcare system mispractices that exploit the same
trust level, involving issues like counterfeit medications, fraudulent
personnel, and patients. Given this overall scenario, a reassessment
and adoption of alternative strategies are imperative (13, 14).

4. Related works

In this study, the keywords such as “Blockchain in healthcare,”

“healthcare record(s);” “healthcare system(s),” “healthcare and
system and record(s),” “healthcare and blockchain,” and “healthcare
and blockchain” were used to search the Scopus and Google
Scholar databases for EHR-related literature. By limiting the
inclusion of the research in these influential review publications,

this manuscript provides a concise overview. In this study, the
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word “Healthcare” is used instead of “Healthcare,” as “Health care”
refers to an industry or system that enables individuals to access the
medical care they require (12, 15, 16).

People have expressed a desire to save their medical records
as new technologies have emerged. For instance, research revealed
that 87% of the health data that US citizens have gathered for
themselves and their families are physical copies and that 42% of
US citizens have done the same (17). EHR systems include several
restrictions (like security) that make it challenging for users to
exchange information. Rezaeibagha et al. (16) took into account
the implications of security and privacy on EHR systems in their
assessment of healthcare systems. They recognized a number of
important aspects that affect information security and privacy,
including encryption and scaling techniques, laws and regulations
applicability, agreement and choice mechanisms, and integration
and sharing of information. In the latest review to investigate
the effectiveness of EHR systems, Afrizal et al. (18) explored the
perspective of both individuals and an organization. Their research
revealed organizational limitations, such as a lack of teamwork,
inadequate executives, and a shortage of competent personnel.
Aside from that, each person had their own limitations, such
as a lack of computational resources and apprehension about
novel technologies.

Modern technologies reduce the aforementioned restrictions.
For instance, there are various ways to use blockchain to reduce
hurdles in electronic health record systems (19). Blockchain is
a distributed ledger technology that records network member
transactions using immutable, reliable, and encrypted data (20). A
system is referred to as a completely distributed system when no
individual authority manages transaction operations that require
the computing labor of several machines (21). UN’s sustainable
development goal may be greatly enhanced and achieved using
blockchain, particularly in the healthcare sector (22). EHRs are one
example of a public sector function that can be modernized with
blockchain (23).

Zhang et al. (19) investigated the application of blockchain
in healthcare systems using health scenarios that highlighted a
patient-centric strategy in a framework for safe data sharing. They
proposed adopting blockchain in seven different areas, including
clinical documentation, patient-supervised cancer information,
telemedicine treatment, patient verification, and health insurance
disputes. In order to show how blockchain is related to patients’
information-sharing behavior, authors focused on their health data.
Even though Zhang et al. emphasized the benefits of utilizing
it in health record administration, very few current works have
offered a foundation for employing blockchain for patient health
records. Homans et al. (24) built a blockchain-based management
information system for electronic health records to solve security
and privacy concerns. The ledger, database, committer, “orderer;,
endorser, and client were suggested as the six components that
make up the framework. Fan et al. did not concentrate on the
concepts of privacy labor and digital money and left them for
future investigations.

Griggs et al., Fan et al. (25), added to the work done by Fan
et al., using Homans (24), by introducing a private blockchain to
address privacy concerns in blockchain usage. Public and private
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blocks come in two varieties. A block is a complete record of
every completed and pending transaction. A private blockchain
can be a useful option in healthcare administration, according to
Griggs et al., given the serious security issues surrounding personal
information. Reduced opt-in rates might be the outcome of privacy
problems in EHR systems.

The study proposes “PeNLP Parser, a tool developed to
extract and visualize exact geographic information about maternal,
neonatal, and pediatric healthcare from unstructured data. The
application extracts pertinent data and geolocations from the
unstructured data using Natural Language Processing (NLP)
techniques. By employing PeNLP Parser, healthcare providers
and researchers can efficiently access and visualize essential geo-
location data, enhancing their ability to make informed decisions
and improve maternal and child healthcare services (26).

An integrated ontology is presented in the study by Patience
et al. to aid in decision-making in the Maternal, Newborn,
and Child Health (MNCH)
a feature of the ontology that enables it to take a variety

sector. Context awareness is

of situational circumstances into account while offering
decision help. By utilizing the integrated ontology, which can
effectively analyze and understand data relevant to maternity,
newborn, and child health to provide insightful analysis and
suggestions for healthcare professionals and policymakers,
the study seeks to improve decision-making processes in
MNCH (27).

Sharma et al. (28) used the technique of the soft system
to present qualitative evidence demonstrating that the usage of
EHRs assisted with blockchain can increase patient engagement
opt-in rates. They worked on the PHC strategy, which consists
of a number of separate EHRs that are meant to be available
to everyone in order to advance the healthcare system. They
demonstrated how their suggested blockchain-based approach
may boost patient and doctor trust in the sharing of medical
records, while also enhancing the security and privacy of trustless
PHC platforms.

The prospective impacts of blockchain on HIE were
taken into account by Esmaeilzadeh et al. (29) their findings
demonstrated that consumers are particularly planning complete
Shahnaz et al

(30) provided a framework to reduce the scalability issue

blockchain-based privacy protection tools.

in the usage of blockchain in order to enable the adoption
of blockchain in EHR. Blockchain-based healthcare systems
have both beneficial and detrimental effects on patients and
healthcare professionals, which presents new study opportunities
(31).

The use of blockchain technology in the healthcare industry
administration has lately been the subject of a number of
studies, although its exact function in healthcare systems is
yet unknown (32). To the best of the authors knowledge,
this is the only study to date that systematically examines the
correlation between the intention of patients to share medical
information and blockchain technology through mediating effects.
The role of external incentives and security/privacy in the
information system of a healthcare practitioner is also not well
understood conceptually.
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5. Applications of blockchain in
healthcare

Blockchain technology possesses the potential to enhance
the healthcare sector by prioritizing the patient within the
system and enhancing the safeguarding, security, and seamless
exchange of health information. In essence, the healthcare
industry could undergo a substantial transformation through
the of blockchain,
in comprehensive in

widespread implementation resulting

improvements safety, security, and

openness across all operations. Blockchain has the ability
to improve things in this specific industry. It may perform

a range of tasks, including controlling epidemics and
safely encrypting patient data. Finally, by enabling secure
data sharing between multiple healthcare systems with

patient authorization, blockchain may enhance digital health
(Figure 7).

5.1. Electronic health records

Blockchain technology could be employed to exchange and
store patients EHR. It may offer a supporting system for the
exchange of health information that is safer, more transparent, and
traceable. With the use of this technology, several data management
systems that currently function in isolation might be linked to
creating an EHR system that is both interconnected and functional.
Therefore can patients and healthcare professionals easily access
health information stored on the blockchain. It may be summed
up in four easy steps:

1. The patient is examined by the doctor, who also registers
the patient’s report, lab findings, prescribed medications, and
important comments in their current health information system.
The patient’s government-approved and accepted approved ID-
related data fields are then transmitted to the blockchain using
APIs. Here, a transaction is established.

2. Each transaction on the blockchain is verified and given a unique
public key that would be stored on the blockchain.

10.3389/fpubh.2023.1229386

. Using the patient’s decryption key, doctors and healthcare
organizations may use APIs to build a query that retrieves the
encrypted patient data.

. Patients can give their doctor or the healthcare institution
authorization to decrypt their data by giving them the private
key, which serves as a password. The information is nonetheless
encrypted for those without a secret key.

Asaph et al. introduced a decentralized system for managing
medical records, aimed at handling electronic medical records
(EMRs). In this system, MedRec provides patients with a
comprehensive and reliable log of their medical history. This
log is easily accessible and empowers patients with a better
understanding of their medical past and any modifications to it,
thus restoring their control over their medical information. The
authors established a mechanism for patients to initiate sharing of
their data across different medical entities using blockchain-based
permission management.

MedRec’s architecture enables specific permissions to be
granted with a focus on maintaining confidentiality at a very
detailed level. Additional constraints, such as setting time limits on
viewing rights, can be placed within the various metadata segments
that constitute a single medical record. These constraints can be
independently communicated through smart contract provisions.
By utilizing blockchain technology, the ledger ensures a transparent
and traceable record of all medical interactions involving patients,
doctors, and regulatory bodies (33).

5.2. Genomic data exchange platform

Platforms built on the blockchain aim to solve some of
the biggest problems with governance, including the exchange
of genetic data. The ultimate objective is to guarantee that
organizations and people may exchange data with privacy-
preserving algorithms that make it easier to adhere to moral and
legal obligations. Even though most new platforms are still in
their infancy, they might be regarded as advantageous since they
provide fresh solutions to the governance issues associated with the
sharing of genetic data. Notably, Blockchain represents more than
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TABLE 3 Applications/delivery functions of blockchain in healthcare.

S.no Application References
1 Access control (34-37)
(38-41)
(42-46)
(25, 33, 47-49)
(50-53)
(54-59)
(45, 60-64)
2 Privacy (48, 65-74)
3 Distributed computing (75=77)
HIV (78)
LMIC (79)
Cancer (73, 80)
Diabetes (81)
Insurance (82)
Dermatology (83)
Clinical trial (46, 77, 84, 85)
Supply chain (86-88)
Genetics data (89)
Communication (51)
Medical imaging (78, 90)
Software design (81,91)
Pharmaceuticals (92)
Health education (47)
Blood management (93)
Radiology oncology (91, 94, 95)
Patient-centered care (85, 96-98)
National Health system (62)
4 Service delivery
Dyslexia (99)
Remote care (100)
Dental care (99)
DNA compression (101, 102)
Hemoglobin test (HbAlc) (103)
Arrhythmia classification (68)

a mere technological foundation; it introduces a novel approach
to overseeing open networks that leverages the advantages of
decentralized systems, market dynamics, and consumer genetics.
As a result, the primary innovation in this context surpasses
technological aspects, although it is facilitated by them. Networks
built on blockchain hold the potential to amplify data volume
while introducing fresh ownership models and fostering active user
participation in data-sharing governance. Especially in the realm
of blockchain-based solutions, there’s the potential to automate
data access control processes, thus enhancing transparency and the
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availability of genetic data. Similarly, the incorporation of smart
contracts could significantly bolster the enforcement of access
agreements. This effort is noteworthy as it instills confidence among
researchers and data custodians that subsequent data uses will
adhere to the specified terms and conditions (Table 3).

Furthermore, effective implementation of the Blockchain-
driven solution has the potential to reshape cultural norms
around data sharing. This could result in a shift away from the
dominance of public and commercial genetic test providers in
controlling the dissemination of genetic information. This shift
would empower patients and individuals to play a more influential
role in the data-sharing landscape. Blockchain technology holds
the capacity to establish novel shared resources that bridge the gap
between market-driven dynamics and public resources. To initiate
this transformation, substantial efforts in education, incentive
design, ownership structure, and collaborative governance may
be required. The aim of blockchain-based platforms is to
empower patients and citizens to have agency over their data
and participate in data sharing. Nonetheless, it's important to
note that legal frameworks are still essential for the success of
Blockchain-based solutions.

There are crucial scenarios where self-regulation might fall
short, such as when assigning value to specific genetic datasets
and determining ownership rights. To ensure that regulations
align with the best interests of scientific advancement, society, and
innovation, a thorough evaluation of the broader impact of such
regulations within the realm of biomedical research is of utmost
importance (104).

5.3. Medical imaging

Many scientists have been working on creating a feasible
method for storing and distributing medical images in the realm
of healthcare in recent years. The use of centralized cloud-based
data centers in current practices raises privacy problems when
exchanging information across a network, increases maintenance
expenses, and necessitates vast storage capacity. The chain of
transactions on the blockchain simply contains a list of the key
owners who are authorized to view each research; no medical
pictures are kept there. The image recipient must issue a signed
request to the URL endpoint of the imaging source that generated
the research before the actual image transfer can take place. Any
person or organization that the owner (patient) who has granted
permission to obtain this specific imaging study may be considered
the requesting entity. The authors made use of the already existing
work by the Integrating the Healthcare Enterprise (IHE) effort,
which has established the ITI-43 transaction as a standard form for
document retrieval across domains. The image source certifies the
validity of the signature, confirms that the repository Unique ID
specifies its own public key, confirms that the hashed UID matches
to a study it previously released for the patient, and confirms—
via the blockchain—that the patient has authorized the requester
access to these images. If every requirement is met, the source sends
back an ITI-43 response that includes the imaging study. To avoid
eavesdropping, the request and the response are both sent via a
secure channel at the transport layer (62, 105).
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5.4. Pharmaceutical and drug discovery

Pharmaceutical research and development encompass a
comprehensive journey, spanning multiple years dedicated to
drug discovery, drug development, and regulatory approval within
the pharmaceutical supply chain. However, drug counterfeiting
occurs when drug producers and regulatory agencies conceal,
lack control over, or use obsolete information on the supply
of pharmaceuticals. This information results in the production,
marketing, and use of fake pharmaceuticals. In situations like
these, when data security and privacy protection are top priorities,
blockchain is the most appropriate technology. It demonstrates
the reliability of medical treatment for the people and the safety
of pharmaceuticals sold on the market by utilizing current,
genuine digital technologies. When considering the potential uses
of blockchain technology in the sector, the pharmaceutical supply
chain offers a convincing example: Pharmaceutical drugs are
created and produced in specialized facilities before being routinely
distributed to wholesalers and eventually patients. A possible way
to improve medication research and secure the dependability of
the pharmaceutical supply chain is through the incorporation of
blockchain technology. The whole drug development process is
facilitated and managed by this technology thanks to features
like distributed ledgers, smart contracts, asset transfers, and proof
of work (Table 4).

Despite its potential benefits, the influx of counterfeit and
substandard pharmaceuticals into the legitimate supply chain
poses a significant threat to public health. However, blockchain
technology holds the promise of mitigating these risks and
improving current systems. As the acceptance of blockchain
technology becomes widespread, its capacity to revolutionize
intercompany interactions is evident. While industries are only
beginning to grasp its potential implications, it’s essential to
recognize that its applications span beyond specific sectors.

The full extent of the impact this transformative technology will
have on the global landscape will become apparent over the years.
As blockchain technology gains traction, its potential to reshape
business interactions becomes increasingly apparent.

5.5. Remote patient monitoring in loT

The utilization of the Internet of Things (IoT) and Blockchain
advancements has found extensive application in various domains,
such as remote patient monitoring (RPM). There has been swift
development in crafting wearable medical devices within the IoT
framework, equipped with diverse functionalities that facilitate the
collection and analysis of live sensory data from patients. Data from
IoT devices is gathered, analyzed, and stored centrally. However,
there may be a number of drawbacks to this centralization, such
as single-point failure, data manipulation, privacy concerns, etc.
Blockchain’s decentralized design can be used to solve these issues.
Consequently, using IoT and blockchain to create a smart RPM
system is a viable option. RPM is effective for treating a wide
range of medical diseases, including diabetes, pediatrics, prenatal
care, hypertension, and post-operative treatment. Patients can
monitor their health at home with medical tools including blood

Frontiersin Public Health

10.3389/fpubh.2023.1229386

pressure cuffs for hypertension, pulse oximeters for blood oxygen
monitoring, glucometers for blood sugar levels, ECG machines for
heart patients, and activity trackers. When one of these devices is
attached to a patient, the health readings are automatically taken.
The readings are then sent to the healthcare professionals who may
monitor for health trends, and changes in conditions, and even
be alerted when a patient’s condition is likely to deteriorate using
danger warnings.

5.6. Parallel Healthcare systems

The authors provided a paradigm for ACP-based Parallel
Healthcare systems (PHSs) to improve the precision of diagnosis
and efficacy of treatment. PHS uses computerized testing to
analyze and evaluate a variety of medical prescriptions, simulating
real-world healthcare systems to represent and reflect patient
conditions, infections, and prescriptions. Healthcare operations for
both humans and machines use real-time advancement as well as
data-driven decision support in system arrangement. Additionally,
they combined the recently developed blockchain-based PHS,
which utilizes a consortium blockchain to interconnect patients,
hospitals, healthcare organizations, and societies for critical health
data interchange, medical record review, and accessibility to
treatment (84).

5.7. Medical body sensor network

In addition to concurrent wireless technologies like wireless
personal area networks, WBANs, and WPANS offer a lot of promise
in healthcare monitoring systems to assess particular vital data and
also to give location-based data (WPANS). A high incidence of both
diagnostic and therapeutic studies is being driven by the expanding
selection of wearable and subcutaneous medical equipment and
their incorporation with wireless sensors. The development of
Wireless Body Area Networks has been facilitated by the growing
use of wireless networks and the ongoing shrinking of electrical
invasive/non-invasive devices (WBANs). A WBAN allows for
continuous patient health monitoring without interfering with
the patient’s regular daily activities. Numerous technologies have
demonstrated their effectiveness in enabling WBANs applications
by meeting their unique quality of service (QoS) needs, such as
remote monitoring, biofeedback, and assisted living. It might be
difficult to choose the best technology for a medical application
because there are so many technologies that are now accessible.

5.8. Personal Health Records

A Personal Health Records (PHR) is a medical file where
a patient manages their own health records as well as other
information related to their healthcare. It is an electronic tool that
enables people to manage their healthcare information securely. A
patient may maintain and share their health information via an
electronic PHR, which is secure software. Information entered by
the patient from other sources, such as pharmacies and healthcare
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TABLE 4 Applications of blockchain in healthcare and related technology used.

S.no References Application Technology

1 Zhang and Lin (34), Thwin and Vasupongayya (106), Personal Health Information (PHI) Proxy re-encryption technique, private blockchain,
Yue et al. (107) and consortium blockchain

2 Patel (62), Roehrs et al. (98) Personal Health Records (PHR) Distributed P2P network system

3 Xia et al. (96), Badr et al. (38), Alexaki et al. (42),
Tian et al. (63), Pham et al. (102), Rouhani et al. (108) Parallel Healthcare system (PHSs) Hyperledger framework, Ethereum,
Lietal. (109), Theodouli et al. (110) Cryptographic functions, and smart contracts

4 AlOmaretal. (111) Healthcare System (e-health) Body sensor network

5 Zhao etal. (112) Remote Patient Monitoring (RPM) Loosely coupled Blockchain, off-chain storage, and

on-chain verification.

6 Jiang et al. (88) Remote Healthcare system (RHS) MAM module of the IOTA protocol

7 Alamoodi et al. (113) BSN, Sensor Data Provider, permissioned,
Brogan et al. (114) Remote Patient Monitoring (RPM) in IoT consortium-managed blockchain, Private key,
Uddin et al. (37) public key, and Healthcare Provider Interface

8 Griggs et al. (64), Dwivedi et al. (115) EHR in a cloud environment Constrained Goal Model (CGM)

9 Wehbe et al. (116) Medical insurance storage Blockchain technology

10 Wang and Song (36) Multi-site Clinical Trials Artificial system modeling

11 Zhou et al. (85) Telecare Medical Information System Hyperledger Fabric

12 Wang et al. (84) Healthcare Information Exchange Blockchain and cloud

13 Choudhury etal. (117) Medical Data Sharing in Cloud Environment Blockchain

providers, may also be included. The medical professionals who
assisted in the treatment processes might be held accountable for
the patients disease. PHRs can be stored electronically or using a
computer program. The sort of information that each individual
may access can be managed by users using PHR.

PHR aims to provide an accurate, online-accessible summary of
a patient’s medical history. Lab reports, patient-reported outcomes,
and other information could be included in the PHR. The phrase
first appeared in usage between 1956 and 1978. It was first used in
paper-based and digital systems.

People think that PHR and EHR are similar. However, this
is not true. Doctors maintain an electronic health record (EHR).
Hospitals, pharmacies, and doctors’ offices can all create personal
health records. Its main goal is to give patients the tools they need
to manage their information. PHR calls for all the tools necessary
for you to manage your health with the guidance of your doctors.
It includes information such as doctor’s names, medicine allergies,
family history, sickness dates, and extra dosages.

5.9. Drug supply chain

At the moment, counterfeit drugs are pharmacology’s primary
problem. Health Research Funding estimates that 10%-30% of
medicines in underdeveloped nations are bogus. The effects that
counterfeit pharmaceuticals cause are not just different from those
of traditional drugs; they also have distinct consequences on human
health. According to the World Health Organization, around 30%
of the medications marketed in Africa, Asia, and Latin America
are unfortunately fake. In underdeveloped nations, where one in
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every ten medicines could be fake or don’t follow drug standards,
this issue is regrettably becoming worse. Monitoring drug safety has
become more difficult as a result of the rise of online pharmacies.
These medications run via a more convoluted, dispersed supply
chain, making it more challenging to detect fakes and providing
possibilities for fake pharmaceuticals to penetrate the real supply
chain. Concern over the security of the drug supply chain has
increased within the public health community, a process that affects
everyone. Public health, a process that involves everyone, has
grown more concerned about the safety of the drug supply chain.
Transparency might make medication supply chain surveillance
and inspection considerably more effective and accessible. Laws
and regulations pertaining to blockchain are currently being
developed because the technology is in its genesis stage. Even
blockchain technology itself is evolving (e.g., “smart contracts,”
“Blockchain 2.0”), therefore more regulatory effect analyses and
system simulation stress testing will be required in the future,
along with engagement with key stakeholders, to undertake the
cost-benefit analysis.

5.10. Fraud detection

The healthcare industry and public entities are very concerned
about medical insurance fraud. The cost of healthcare fraud was
reported as a loss to health insurance companies in the United
States on an annual basis in the tens of billions. The patient’s health
is in danger from some types of fraud. This happens because the
mechanism used to manually process medical insurance claims
frequently fails to consider some stakeholders’ consent throughout
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TABLE 5 Blockchain frameworks in the healthcare domain.

Feature Bitcoin Ethereum Hyperledger
Security Public Private Private

Speed (transactions/s) 7 15 3,000

Scalability Low Low High

Cost of transaction Low Low Moderate

Need of cryptocurrency | Yes yes no

the assertion validation procedure. Blockchain is a peer-to-peer
decentralized technology that can enable the secure, open, and
unchangeable validation of medical claims.

Blockchain will be applied to Electronic Health Information
(EHR) to address issues of security and privacy; by integrating
blockchain with EHR, patients can effectively manage and
save their records. Dissemination of patient data will be
handled confidentially by blockchain using the blockchain medical
records can be securely audited. With the blockchain, clinical
data sharing will be securely and effectively managed with
the help of blockchain. Blockchain enables IoT to provide
a range of services, including Remote Patient Monitoring.
Blockchain-based Remote Patient Monitoring will be maintained
confidently. Health insurance companies are adapting blockchains
to monitor false insurance claims made by patients. Various
applications of blockchain and related technologies are listed in
Table 2. Applications and delivery functions are listed in Table 5.
Blockchain will be used in the pharmaceutical industry to address
challenges like:

Clinical data sharing.
Supply chain of drugs.
To manage clinical trials.

Prescription management etc.

6. Use cases of blockchain-assisted
decentralized applications

Blockchain technology is still in its adolescence stages, and even
when prototype apps are created, they may serve just experimental
or least functional objectives. However, some publications give
implementation information for programs that have been created
for specific use cases. Examples of such apps for the EMR use
cases are, Hyperledger Fabric-based Healthchain (118), Acile (119),
and MedRec (33), both of which were created on the Ethereum
platform and Other instances include MeDShare (96), BlockHIE
(88), FHIRChain (81), and MedBlock (25).

The administration of the pharmaceutical and drug supply
chain, biomedical education and research, handling health
insurance claims, and remote patient monitoring are examples of
other blockchain use cases that have been discussed. However, there
are also potential blockchain use cases that are still conceptual and
do not yet have prototypes, such as the usage of blockchain in legal
medicine (120).
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7. Constraints of blockchain-assisted
decentralized apps

The development of blockchain-assisted applications has been
slowed by a variety of issues, including interoperability, security
and privacy, scalability, speed, and patient involvement. Due
to the lack of an open standard, it may be challenging for
applications made by different manufacturers or on technology
to interact with one another. This creates an interoperability
dilemma. Consider taking a look at the other RPM apps: one
was programmed on the Ethereum network, and the other was
on the Permissioned Blockchain platform. Information exchange
between these two systems would be difficult because, despite
the encryption mechanisms used, it may still be possible to
determine a patient’s identity on a public blockchain by correlating
enough data that are pertinent to that patient, blockchain-assisted
healthcare apps have received criticism for their lack of security and
privacy. Additionally, there is a chance that security flaws brought
on by hostile deliberate attacks launched against the healthcare
blockchain by criminal groups or even governmental entities
might compromise patients’ privacy. Various cryptocurrencies’
blockchain networks have allegedly been the victim of many hacks.
The private keys utilized by the blockchain for the cryptographed
data are also prone to hacking, which might give unapproved
individuals permission to the stored medical data. How well the
immutability aspect of blockchain will function with the “right
to be forgotten” clause of the EU GDPR, which specifies that
users have the right to request the complete deletion of their
personal data, raises further doubts. When a patient’s clinical
history is wiped away, it may be problematic since data once
synced on the blockchain may not be altered or changed because of
its immutability. Blockchain-based healthcare systems have major
scalability challenges, especially in light of the amount of data
involved. It is not advisable to put a vast quantity of biological
data on the blockchain since doing so will always result in a
severe performance hit. There is also the question of speed, since
processing with blockchain may result in significant delays. For
instance, the current validation technique used by the Ethereum
blockchain platform involves participation from each network
node. This results in a sizable processing lag, particularly when the
input file is substantial. The management of medical records on the
blockchain presents another challenge, particularly the inclusion
of patients. It’s likely that patients won’t be able to or desire to
get engaged in the processing of their medical data, primarily
individuals of younger or elder age.

8. Addressing challenges

There are several constraints and limitations over how
blockchain can be implemented in health IT systems, and many
methods are being put up to get around these restrictions. For
example, it is advised that encrypted health data be stored “oft-
chain,” with just a limited amount of knowledge about the medical
record and how to access it, in contemplation of the scalability
issue. Thus, the “right to be forgotten” concern raised by the GDPR
is similarly addressed. Although the connection to the medical
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data stored upon that distributed ledger cannot be unpublished,
the particular medical data retained off-chain may be removed
permanently. This countermeasure has a number of disadvantages,
along with a gradual decrease in the built-in redundancy of the
blockchain, which increases data availability. To better safeguard
the data and maintain patient privacy, healthcare apps use
permissioned blockchains, such as the consortium blockchain,
instead of the permissionless, public blockchain. Additionally, by
utilizing a strong software development strategy and all existing
security safeguards during code development, many security
vulnerabilities may be addressed. There are procedures in place on
blockchains with permits for the healthcare sector that enable the
rectification of transactions that go completely bonkers.

9. Future research

The application of distributed ledger technologies like
blockchain in the healthcare industry is still in its premature
stage, thus researchers must develop more proofs-of-concept and
prototypes. This will aid scientists in their efforts to comprehend
and advance technology as it pertains to healthcare systems. It
is necessary to construct and test a number of the suggested
principles, concepts, methods, and architectural designs in order
to examine their merits and drawbacks. To check interoperability
across diverse blockchain applications, open standards are
necessary. Currently, the focus is on evaluating the capabilities
of blockchain prototypes to demonstrate principles. Prior to
blockchain becoming fully operational in healthcare systems, open
protocols for compatibility must be developed. Researchers must
immediately begin researching the issues with interoperability and
standardization practices. Currently, there is a standards body
(ISO/TC 307) where researchers may propose their concepts.

10. Conclusion

Blockchain technology has evolved since it was first used in
Bitcoin to become a general-purpose technology with uses in
many other sectors, including healthcare. The authors conducted
a systematic review, employing the systematic mapping study
methodology, to create a comprehensive overview of relevant
research. This was done to gain insights into the current
status of blockchain technology utilization in the healthcare
sector. The study aimed to achieve several specific objectives:
identification of healthcare applications utilizing blockchain
technology, examination of exemplary apps developed for these
applications, exploration of challenges and limitations linked to
blockchain-based healthcare apps, analysis of the methodologies
employed in creating such apps, and identification of potential
avenues for future research. Through a meticulous search and
selection process, the team identified 136 papers. These papers were
subsequently scrutinized by the authors to address the research
inquiries at hand.

The healthcare
applications for blockchain technology, including governing

study we conducted revealed various

electronic medical records, overseeing the pharmaceutical and
drug supply chain, advancing biotech research and education,
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enabling remote patient monitoring, and facilitating healthcare
information analytics. To achieve these goals, different blockchain
development approaches such as permissioned blockchains,
off-chain storage, and smart contracts have been employed.

However, further investigation is necessary to refine, evaluate,
and fully grasp the potential of blockchain technology in the
healthcare sector. There is also a need for additional research to
support ongoing endeavors aimed at resolving challenges related to
scalability, latency, interoperability, confidentiality, and security in
the implementation of blockchain-based healthcare solutions.
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Background: The global burden of type 2 diabetes has significantly increased,
leading to a considerable impact on healthcare systems worldwide. While the
advent of mobile healthcare has provided some relief by addressing the shortage
of certain medical resources, its adoption among the Chinese population remains
relatively low. To extend the benefits of mHealth to a greater number of Chinese
diabetic patients, it is essential to investigate the factors that influence their
willingness to utilize it and implement targeted interventions based on these
influencing factors. The Technology Acceptance Model (TAM) is widely employed
to examine users’ ultimate usage behaviors, and previous studies have indicated
the potential relevance of the Perceived Risk (PR) theory and the eHealth Literacy
Theory to users’ usage behaviors.

Objective: Our objective was to investigate the determinants that affect the
willingness of Chinese patients diagnosed with type 2 diabetes patients to utilize
digital disease management applications (DDMAs).

Methods: We conducted a cross-sectional study of patients with type 2 diabetes
in three tertiary general hospitals in Chengdu using questionnaires designed
by the investigators. Participants were sampled using a convenience sampling
method. The questionnaire comprised three sections: socio-demographic profile
and medical history; current awareness and willingness to use digital disease
management applications; and the current level of e-health literacy. Structural
equation modeling was employed to assess the impact of patient awareness of
DDMAs and e-health literacy on the willingness to use such DDMAs.

Results: (1) Patients’ attitudes toward using DDMAs were significantly influenced
by perceived ease of use (8 = 0.380, P < 0.001) and perceived usefulness
(B = 0.546, P < 0.001); (2) Electronic health literacy exerted a significant impact
on patients’ perceived usefulness (8 = 0.115, P =0.018) and perceived ease of use
(B =0.659, P < 0.001); (3) Patients” willingness to use was significantly influenced
by perceived usefulness (8 = 0.137, P < 0.001) and use attitude (8 = 0.825, P
< 0.001).

Conclusions: The present research findings hold both theoretical and practical
significance, and can serve as a guide for healthcare practitioners and researchers
to gain a deeper comprehension of the acceptance of digital disease management
applications (DDMAs) among type 2 diabetes patients.

KEYWORDS

type 2 diabetes, mobile medical, TAM, intention to use, eHealth literacy theory
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1. Background

The prevalence of diabetes and its complications have had
a profound impact on global health. Over the past years, the
number of diabetes patients has skyrocketed. In 2015, the number
of diabetes patients worldwide reached 415 million, far exceeding
the predicted number of 340 million by 2030 (1). The International
Diabetes Federation reported that in 2019, the prevalence of
diabetes was 9.3%, affecting 463 million people globally, with a
projected rise to 10.9%, or 700 million people, by 2045 (2). Type 2
diabetes mellitus (T2DM) is predominant in adults, while children
and adolescents also tend to develop it (3). Self-management plays
a critical role in diabetes control, as it not only regulates the
progression of the disease but also improves patients’ health status
and quality of life (4, 5). Therefore, people with diabetes should
acquire more knowledge and skills related to the disease and
enhance their ability to self-manage it (6, 7).

In the face of a large number of patients with various illnesses,
traditional medical resources have become strained, and are unable
to cater to the medical needs of all patients (8). Digital disease
management applications (DDMAs) belong to the category of
mobile health (mHealth) and have emerged as a new solution
to address the aforementioned dilemma. These apps have a
wide range of features including blood glucose recording, insulin
management, diet carbohydrate calculation, medication reminder,
doctor consultation, diet advice, and health knowledge (9-11).
Numerous studies have demonstrated that diabetes patients can
manage their illness through these digital applications, which
can effectively regulate their health and reduce diabetes-related
laboratory indicators (12, 13). Additionally, the use of mobile
medicine has the potential to reduce the cost of managing the
disease for patients (14). Moreover, especially in the context of
public health emergencies such as the COVID-19 pandemic, the use
of mobile medicine has reduced the influx of patients to hospitals,
thereby reducing the risk of infection (15).

Despite the potential benefits offered by digital disease
management applications and the increasing interest from patients,
their implementation in practice remains limited (16). To promote
the use of digital disease management, scholars in many countries
have investigated the factors that affect patients’ willingness to
use mobile medicine. For example, British scholars Lee et al.
have explored the attitude of diabetes patients toward the use of
mobile medicine and found that technical considerations, service
awareness, and empowerment are the main factors that affect their
use (17). Iranian scholar Rangraz Jeddi et al. have investigated the
use of smartphone apps to manage diseases in patients with T2DM
and found that younger participants were more interested in using
such apps (18). However, due to differences in national conditions
between developed and developing countries, the influencing
factors for the willingness to use digital disease management
applications are different. China, being a developing country, has
limited evidence on the influencing factors for T2DM patients’
willingness to use such applications.

TAM constitutes an information technology framework
designed to elucidate user adoption and engagement with emerging
technologies. The model postulates that an individual’s intention
and conduct pertaining to technology adoption hinges upon their
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perception of the technology’s usefulness and ease of use (19).
Perceived usefulness and perceived ease of use constitute pivotal
determinants within the technology acceptance model, which
indirectly shapes users’ inclination to adopt through their attitudes
toward usage (20). Presently, the Technology Acceptance Model
finds application in numerous domains, particularly in the realms
of social media (21) and the Internet (22). Evidently, this model
serves as a common tool for exploring the factors that impact users’
willingness to engage with Internet technologies, making it equally
applicable to digital disease management applications as part of
the Internet technology landscape. The perceived risk theory posits
that every consumer transaction carries a certain degree of risk,
implying that the dimension of perceived risk is context-dependent
(23) and is now gradually being extended to health-related contexts
(24). Furthermore, this theory lends itself to the examination
of behavioral intentions regarding usage. Scholars following the
Norman perspective define eHealth literacy as the capacity to
locate, comprehend, and assess health-related information derived
from electronic sources and apply this information to address
physical health concerns (25). It has been postulated that eHealth
literacy exerts a positive influence on the willingness to embrace
mHealth (26). This theory also finds relevance in the present
study, emphasizing the significance of eHealth literacy among
individuals with type 2 diabetes, and investigating whether it
directly impacts the intention to utilize such technologies. Hence,
this study endeavors to probe the usage intentions of T2DM
patients and the factors that influence digital disease management
applications, grounded in the patients’ viewpoint and employing
the technology acceptance model (TAM), perceived risk theory
(PR), and eHealth literacy theory (E-HLT).

2. Methods
2.1. Study design

The current cross-sectional investigation was carried out in
2021 in the southwest region of China, utilizing the convenience
sampling technique to select participants. The study included
patients with T2DM who visited outpatient and inpatient services
in three hospitals located in Chengdu. Inclusion criteria: [
individuals aged 18 years and above; U Individuals diagnosed
with type 2 diabetes in a secondary or tertiary healthcare facility,
following the 1999 diagnostic criteria for diabetes established by
the World Health Organization (WHO); U individuals possessing
complete cognitive and behavioral abilities; U individuals who
exhibited clear awareness, normal thinking, and expression
abilities, and were willing to participate after giving informed
consent. Patients who declined to participate were excluded from
the study. A convenience sampling method was employed to
select diabetic patients who fulfilled the eligibility criteria for
participation in the survey. Following the formula for determining
sample size in multifactor analysis, the sample size should be 15-20
times the number of variables influencing the analysis (27). In this
study, there were a total of 28 measured variables, thus necessitating
a minimum sample size of 420 cases, calculated as 15 times the
number of variables. Considering a 20% allowance for invalid or
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missing questionnaires, a minimum of 525 questionnaires were
distributed for the purpose of this research study.

2.2. Questionnaire

Our questionnaire consisted of three sections. The first section
collected socio-demographic information from participants, such
as age, gender, education level, city of residence, and monthly
income. The second section utilized the Chinese version of the E-
health literacy scale (eHEALS) instrument, which includes tests of
application ability, judgment ability, and decision-making ability
related to network health information and services. The scale
has a Cronbach coefficient of 0.913, and the factor analysis
load factor is between 0.692 and 0.869. The third section asked
participants to provide their cognitive attitudes and willingness to
use digital disease management applications, answering questions
formulated by the different instrument items represented in the
Technology Acceptance Model (TAM) and Perceived Risk Theory.
The questionnaire was divided into five dimensions: perceived
usefulness (4 items), perceived ease of use (4 items), perceived
safety (4 items), attitude toward use (5 items), and intention to use
(3 items). The questionnaire had good internal consistency, with
Cronbach’s a coefficient >0.8 for each dimension of the willingness
to use questionnaire, a KMO value of 0.941 in the validity test,
and 77.63% of the total variance explained cumulatively by the
five dimensional factor rotations. To increase the research validity,
five local experts with extensive experience in relevant fields
supported the validation of the instrument items and offered
wording modifications. Furthermore, 20 individuals with type
2 diabetes (T2DM) were randomly chosen for the pre-survey,
and 20 valid questionnaires were collected. The reliability of
the questionnaire related to awareness and willingness to use
digital disease management applications was assessed using SPSS
22.0, indicating that the internal consistency of the questionnaire
was satisfactory. Specifically, the Cronbach’s o coefficient for
the willingness to use questionnaire was found to be 0.944.
Subsequently, the written language and the questions were refined
based on the feedback received from the participants. Table 1
presents the questionnaire items employed in this study. Each item
was measured using a 5-point Likert scale ranging from “strongly
disagree” (1) to “strongly agree” (5).

2.3. Data collection

The present study received approval from the Ethics
Committee of the First Affiliated Hospital of Chengdu Medical
College (02020CYFYIRB-BA-129-F01). Wen Juan Xing, a Chinese
online survey platform, was used to conduct the study. The
researcher got written informed consent from the patients
and thoroughly explained the aim of the research and the
questionnaire’s format to them before to the survey. Patients
answered the surveys in the researcher’s presence to guarantee
clarity and correctness. A total of 570 questionnaires were
distributed, with 559 valid questionnaires recovered, resulting in
an effective recovery rate of 98.07%.
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TABLE 1 Construct items of the instrument.

Instrument items Questions

Perceived usefulness PU1 Diabetes management APP can manage
diabetes anytime and anywhere, which I

think is very convenient.

PU2 Using diabetes management APP can
improve my effectiveness in diabetes
management.

PU3 Diabetes management APP can meet
my needs for diabetes management.

PU4 In conclusion, I think the use of
diabetes management APP is very
useful for diabetes management.

Perceived ease of use PEOU1 I think it’s easy for me to learn to use

diabetes management APP.

PEOU2 | Idon’t think it will take me too much
time to use diabetes management APP

for diabetes management.

PEOU3 | Ithink its easy to master diabetes

management APP.

PEOU4 In short, I think it is easy to use diabetes

management APP to manage diabetes.

Perceived safety PS1 I'm worried that using diabetes
management APP will leak my personal

information.

PS2 I'm worried that my diabetes
management APP password will be
stolen, resulting in economic losses.

PS3 I'm worried about the system
vulnerability of the third-party platform
of diabetes management APP.

PS4 I believe that the use of diabetes
management APP is reliable and safe.

Attitude toward using ATT1 Compared with my peers, I am more
willing to try diabetes management

APP to manage diabetes.

ATT2 Even if there are risks, I intend to use
diabetes management APP to manage

diabetes.

ATT3 It is a wise choice to use diabetes

management APP to manage diabetes.

ATT4 I think using diabetes management
APP to manage diabetes is in line with

my lifestyle.

ATT5 In general, I support the use of diabetes

management APP to manage diabetes.

Intention to use ITU1 I'm happy to try the management

method of diabetes management APP.

ITU2 I will recommend diabetes management

APP to my friends and relatives.

ITU3 I will actively use diabetes management

APP to manage diabetes.

2.4. Statistical analysis
The collected data was subjected to statistical analysis using

SPSS version 22.0 and AMOS version 23.0. Firstly, demographic
data were evaluated in terms of frequency and percentage,
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TABLE 2 Respondents’ demographic information (n = 559).

10.3389/fpubh.2023.1259158

Frequency Percentage (%)

Gender Male 351 62.8
Female 208 37.2
Age <45 83 14.8
46-59 260 46.5
>60 216 38.6
Marital status Married 510 91.2
Unmarried 49 8.8
Place of residence Urban 459 82.1
Rural 100 17.9
Education level Primary school and below 130 233
Middle school diploma 230 41.1
High school diploma 133 23.8
Bachelor’s degree and above 66 11.8
Monthly income (RMB) Below 2,000 162 29.0
2,001-5,000 227 40.6
5,001-10,000 121 21.6
Above 10,000 49 8.8
Occupation Personnel of government and public institutions 46 8.2
Enterprise employees 102 18.2
farmer 79 14.1
Self-employed businesses 130 233
Retired 202 36.1
Duration of the disease <3 201 36.0
4-10 197 352
>11 161 28.8
Chronic complications of diabetes | Yes 378 67.6
No 181 324
Smartphone proficiency Very unskilled 44 7.9
Not skilled 119 21.3
commonly 192 34.3
Relatively skilled 144 25.8
Great facility 60 10.7
while the mean and standard deviation of each dimension 3. Results

of the digital disease management application cognition and
willingness to use scale were calculated. AMOS 23.0 was
used to create a structural equation model to study the path
association between variables. The significance of the differences
was evaluated using a bilateral test with a threshold of P
< 0.05. The Bayesian Positive Free Sampling and Bootstrap
methods were used to estimate the effect value and 95%
confidence interval. Statistical significance was determined at a P
< 0.05.

Frontiersin Public Health

3.1. Description of respondents

The sample population consisted of 62.8% males and 37.2%
females, with 14.8% of respondents aged between 18 to 45
years, 46.5% between 46 to 59 years, and 38.6% over 60
years old. Among the respondents, the majority (64.4%) had
attained a middle school education level or below, followed by
those with a high school diploma (23.8%) and those with an
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TABLE 3 Means, reliability, and convergent validity.

Construct Items Mean (SD) Standardized CR

factor
loading

Perceived PU1 3.76 (1.71) 0.837 0.896 | 0.683
usefulness

PU2 3.69 (1.06) 0.828

PU3 3.63 (1.06) 0.801

PU4 3.69 (1.05) 0.840
Perceived PEOU1 3.14 (1.27) 0.878 0.900 | 0.695
ease of use

PEOU2 3.36 (1.19) 0.691

PEOU3 | 3.16(1.27) 0.869

PEOU4 3.14 (1.25) 0.881
Perceived PS1 2.87 (1.34) 0.946 0.967 | 0.880
safety

PS2 2.92 (1.34) 0.958

PS3 2.82 (1.26) 0.953

PS4 3.27 (0.95) 0.894
Attitude ATU1 3.35(1.30) 0.793 0.858 | 0.551
Toward Using

ATU2 3.04 (1.26) 0.802

ATU3 3.47 (1.13) 0.732

ATU4 3.21 (1.26) 0.787

ATU5 3.78 (1.12) 0.573
Intention to ITU1 3.49 (1.21) 0.781 0.820 | 0.603
use

1TU2 3.36 (1.17) 0.747

ITU3 3.46 (1.21) 0.800

undergraduate degree or higher (11.8%). Furthermore, 40.6% of
respondents reported a monthly income between RMB 2,001
and 5,000, with 29.0% earning <RMB 2000, 21.6% earning
between RMB 5,001 and 10,000, and 8.8% earning over RMB
10,000. Most of the respondents (82.1%) resided in cities, with
71.2% reporting a T2DM diagnosis for <10 years, and 67.6%
indicating the presence of chronic complications related to
diabetes. Table 2 provides a detailed summary of the respondents’
socio-demographic information.

3.2. Measurement model

The composite reliability (CR) and average variance extracted
(AVE) were used to measure the reliability of each component.
The CR values for the constructs in this study ranged from
0.820 to 0.967, exceeding the proposed threshold value of
0.70 (28) (Table3). Similarly, the AVE values ranged from
0.551 to 0.880, exceeding the suggested threshold of 0.50
(29) (Table 3). These findings indicate that the constructs
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and measurements used in this study are reliable and well-
constructed.

3.3. Structural model

3.3.1. Model fit

A structural model was developed using the maximum
likelihood (ML) method to identify any explanatory relationships.
The initial model included two paths that did not show a
statistically significant difference in terms of the difference in
intention to use: electronic health literacy and perceived safety.
After considering various factors such as correction index,
standardized residuals, path coeflicient p-values, and removing
insignificant paths and variables, a modified model with satisfactory
fit was achieved. Whilst evaluating the goodness of fit indices,
it is recommended to use more than one indicator to evaluate
model fit (30). Apart from Goodness of Fit Index (GFI) which
measured slight below 0.90, all fit indices fulfill the accepted
values. Both Comparative Fit Index (CFI) and Normed Fit Index
(NFI) were estimated at 0.959 and 0.946 and indicates good fit
(31). The Root Mean Square Error of Approximation (RMSEA)
measured below 0.10 and was considered a good fit (32). The
fitness indices of the proposed theoretical model are presented in
Table 4.

3.3.2. Analysis of influencing factors

Figure 1 and Table 5 present the results of the structural
equation analysis. Perceived ease of use (8 = 0.511, P < 0.001)
and electronic health literacy (8 = 0.115, P < 0.05) were found to
predict perceived usefulness. Electronic health literacy (8 = 0.659,
P < 0.001) was found to predict perceived ease of use. Furthermore,
perceived usefulness (8 = 0.137, P < 0.001) and use attitude
(B = 0.825, P < 0.001) were found to predict intention to use. In
conclusion, the research model explained 43.4% of the variance in
perceived ease of use, 35.2% of the variance in perceived usefulness,
68.7% of the variance in attitude toward using, and 87.2% of the
variance in intention to use.

4. Discussion

This research emanates from China, delving into the inclination
to engage with DDMAs among individuals afflicted with type 2
diabetes mellitus. The findings validate that all of the envisaged
factors, barring perceived safety, exhibit robust and affirmative
correlations with the proclivity to employ DDMAs among patients
with type 2 diabetes mellitus. Notably, perceived usefulness
and attitude toward utilization directly and positively impact
the disposition to adopt, while the influence of perceived
ease of use on willingness to use is mediated indirectly
through perceived usefulness or attitude toward utilization.
Furthermore, the impact of e-health literacy on willingness
to use operates indirectly through perceived ease of use or
perceived usefulness, thereby indirectly influencing the inclination
to embrace these applications.
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TABLE 4 Model fit.

10.3389/fpubh.2023.1259158

Fitting index =~ CMIN/DF
Result 3.951 0.845 0.814 0.073 0.951 0.946
Criteria <3 excellent; <5 >0.9 excellent; >0.7 >0.9 excellent; >0.7 <0.05 excellent; >0.9 excellent; >0.7 >0.9 excellent; >0.7

Acceptable Acceptable Acceptable

<0.08 Acceptable Acceptable Acceptable

CMIN/DE, chi-square fit statistics/degree of freedom; GFI, goodness of fit index; AGFI, adjusted goodness of fit index; RMSEA, root mean square error of approximation; CFI, comparative fit

index; NFI, normed fit index.

Perceived
usefulness

(R*=0.352)

Perceived case of use 0.511%+¢
(R*=0.434)
380%*
0.659%*

0.115¢

0.546%** 0.137%%*

\

Electronic health literacy

Attitude toward Intention to

using
(R*=0.687)

use
(R?=0.872)

FIGURE 1
The results of the structural model ("p < 0.05; “p < 0.01;

*kk

p < 0.001).

4.1. Willingness to use digital disease
management applications

According to the study, the inclination of individuals with
T2DM toward utilizing DDMASs is moderately to highly favorable,
with scores exceeding 3 (out of 5) for each of the dimensions
related to willingness to use, analogous to the discoveries of
Mehbodniya (12) and Rangraz (18). Moreover, the study comprised
40% of the total population aged 60 years and above, who have
a moderate to high intention to use DDMAs, consistent with the
research conducted by Jaana M (33). This emphasis on the older
population is justified by their significantly higher prevalence of
T2DM compared to the general adult population, highlighting
their heightened need for support from DDMAs. Additionally,
this reflects the widespread presence of the internet and patients’
confidence in the capability of DDMAs to facilitate effective disease
management. The swift growth of mHealth in China over the years
has led to reduced costs of utilization. Furthermore, China’s policies
have encouraged the advancement of “Internet + medicine” to
ensure the availability of mobile healthcare benefits to all residents
(34). MHealth has gained popular acceptance, particularly after
COVID-19, making it easier for people with chronic diseases to
manage their conditions and minimizing the need for hospital visits
(35). Various channels have enabled patients with T2DM to become
acquainted with or employ mHealth, gradually comprehending
the benefits of this novel disease management model. Several
avenues have facilitated the introduction and utilization of mobile
health (mHealth) among patients with type 2 diabetes (T2DM),
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gradually imparting an understanding of the advantages associated
with this innovative disease management approach. Consequently,
there exists a necessity to further diminish the barriers for
older individuals in accessing Internet-based healthcare services.
Community and healthcare institutions should offer ample training
opportunities to assist them in comprehending and mastering
DDMAs (36). Simultaneously, DDMAs should be thoughtfully
designed, considering the specific requirements and usability of this
demographic, with a focus on maximizing ease of operation and
addressing the disease management needs of this group.

4.2. Factors affecting willingness to use
DDMAs

The Technology Acceptance Model (TAM) is a well-established
and reliable research model used for forecasting user acceptance
and adoption of health information technologies (21). This study
is similar to previous studies applying the TAM in the context
of general mobile medicine. The findings indicate that perceived
ease of use and perceived usefulness are critical patient-centered
factors that positively impact the willingness of patients with type
2 diabetes to use DDMAs, thereby validating the TAM model
(37). These results are consistent with the findings of other studies
that have explored the adoption of mHealth based on TAM,
including Wang et al. (38), Nezamdoust et al. (39), and Harakeh
et al. (37). Additionally, the research of Breil et al. (40) and
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Palos-Sanchez et al. (41). also supports the notion that perceived
usefulness bears a direct impact on the inclination to adopt, while
perceived ease of use can affect the willingness to use through its
influence on perceived usefulness. Additionally, these two factors
can synergistically interplay to shape attitudes toward utilization,
consequently influencing the predisposition to adopt. Perceived
usefulness refers to the subjective perception of how much
patients believe DDMAs can benefit their disease management.
T2DM patients are more likely to use DDMAs to manage their
disease when they believe that these apps can help manage
their disease (42). This underscores the necessity for DDMA
developers to meticulously enhance application functionalities,
aligning them with patients’ requirements for effective disease
management. By augmenting the user experience, the goal is
to catalyze the wider adoption of DDMAs. Perceived ease of
use refers to the degree to which patients find the diabetes
management app effortless to use. T2DM patients are more
positive about using the diabetes management app when they
feel it is less difficult to operate and the setting functions are
easier to understand (43). Particularly in the context of China,
where individuals with type 2 diabetes are predominantly found
among the middle-aged and older adult demographics (44), the
formulation of disease management applications necessitates a
meticulous consideration of the physiological decline associated
with older adult patients. Factors like visual impairment and
reduced manual dexterity should be attentively taken into account
during the design process (45). These applications ought to
be structured for effortless installation and operation, with an
interface that emphasizes simplicity. Moreover, provisions for
specialized assistance modes can also be incorporated to cater
to the needs of older adult users. The path coefficient between
perceived usefulness and use attitude is greater than that between
perceived ease of use and use attitude. This indicates that patients
attribute higher importance to the concrete advantages offered
by disease management applications in comparison to the user-
friendliness of these applications. Moreover, perceived usefulness
directly impacts patients’ willingness to use DDMAs, indicating
that T2DM patients are highly concerned about the effectiveness of
glucose management brought about by using DDMAs (46, 47). But
the positive impact of perceived ease of use on perceived usefulness
cannot be ignored. Patients may doubt the usefulness of mobile
medical technology if they find it inconvenient or challenging to
use, which can affect their attitude toward using it (48, 49).

This study further corroborates that electronic health literacy
indirectly affects patients’ willingness to use DDMAs. The findings
demonstrate that electronic health literacy has a favorable impact
on patients perceived usefulness and perceived ease of use,
aligning with previous research (50). Song et al. (51) posited e-
health literacy as a potential variable influencing the sustained
utilization of mHealth services by patients. They proposed
that individuals possessing higher e-health literacy are more
adept at effectively engaging with DDMAs for the purpose of
managing their health conditions. Consequently, this elevated e-
health literacy contributes to an augmented perception of the
utility and user-friendliness of DDMAs (52). However, the path
coefficient between e-health literacy and perceived ease of use is
substantially greater than that of e-health literacy and perceived
usefulness, signifying a more significant impact of e-health literacy
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TABLE 5 Structural equation model analysis results.

Path Path coefficients S.E C.R. Pvalue
PU— ITU 0.137 0043 | 3915 <0.001
PEOU—> PU 0511 0.039 | 10.250 <0.001
PU— ATU 0.546 0.046 14.755 <0.001
PEOU— ATU 0.380 0.034 | 10.986 <0.001
ATU— ITU 0.825 0.039 | 20.852 <0.001
E-heals— PU 0.115 0.035 | 2374 0.018
E-heals— PEOU 0.659 0033 | 18.485 <0.001

PU, Perceived usefulness; PEOU, Perceived ease of use; ATU, Attitude toward using; ITU,
Intention to use; E-heals, Electronic health literacy.

on perceived ease of use. This parallels the discoveries made
by Chisolm et al. (53). Enhancing users’ e-health literacy to
streamline their online access to requisite health information
becomes notably feasible when confronted with novel web-based
offerings. With the advent of the internet, patients with elevated
electronic health literacy have greater access to pertinent health
information and management services, thus facilitating their
adoption of relevant mobile health services (54). Consequently,
the electronic health literacy of patients emerges as a pivotal
concern, demanding the implementation of strategies to elevate
patients’ proficiency in electronic health literacy. This equivalently
signifies the necessity for relevant authorities to place substantial
emphasis on providing technical educational support to older
adult individuals grappling with diabetes. Embracing novel disease
management paradigms and enhancing the efficacy and potential of
disease management strategies are also imperative considerations.
In contrast to prior research, this study integrates the perceived
risk theory into the analysis. Surprisingly, the results show
that perceived safety has no impact on patients attitudes or
willingness to use DDMAs (55, 56). Despite the complexities
and potential security risks associated with online information,
including online fraud and data breaches, patients still exhibit
a willingness to use these digital tools (57, 58). One possible
explanation for this is that older adult Chinese patients with
T2DM, who make up a significant portion of the population,
are less concerned with their online information exposure than
younger people. During the questionnaire survey, some older
adult patients did not believe that personal information leakage
would impact their daily life or cause economic losses, which
suggests a lack of awareness regarding information security (59).
Additionally, diabetes management mHealth primarily involves
recording patients’ blood glucose, medication, diet, and exercise,
with less involvement in their financial information. As a result,
patients’ perceived security is insufficient to affect their willingness
to use such tools. Nonetheless, within the domain of perceived
security, the entry score reveals a lower perceived security rating.
This underscores that patients continue to harbor concerns
regarding potential privacy breaches and the security of their
personal assets arising from the utilization of DDMAs. Therefore,
developers of DDMAs are compelled to intensify their focus on
enhancing application security to effectively safeguard patients’
personal privacy.
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4.3. Theoretical and practical implications

In this study, a theoretical model was constructed to investigate
the factors that influence the willingness of T2DM patients to use
DDMAs. The results showed that e-health literacy had an impact
on patients’ perceived ease of use and perceived usefulness toward
DDMAs. This provides new insights into improving the willingness
of patients to use DDMAs. In contrast, the perceived safety may not
significantly affect patients’ intention to use DDMAs, suggesting
that it is not the main concern for patients who decide to adopt
DDMAs. However, due to the unique characteristics of the study
population, future studies should also consider perceived security
in their measurements.

Past scholarly inquiries within this realm have predominantly
centered on evaluating the effectiveness of patients’ engagement
with disease management applications, resulting in fewer
examinations of their inclination to embrace these tools. This
is notably prominent when considering patients dealing with
type 2 diabetes in the Chinese context. This study broadens the
scope of the field, presenting significant and relevant insights
that hold practical value for mHealth designers and educators in
the field of diabetes health. By identifying the impact of e-health
literacy on perceived usefulness and perceived ease of use, as
well as the impact of perceived usefulness and perceived ease of
use on use attitude, the findings can inform the development
of personalized and user-friendly DDMAs services that cater to
individual users’ needs and preferences. Designers can reduce
the complexity of DDMAs operation by providing guidance and
prompts at each step of the process, which can be particularly
helpful for older adult diabetes patients. Although the research
did not find a significant impact of perceived security on user
willingness to use, patients’ low perceived security scores indicate
that personal privacy protection should still be a consideration
in DDMAs design. DDMAs providers should specify how
personal information is used and ensure the safety of all personal
data collected.

5. Limitations and future work

This study has some limitations that should be acknowledged.
Primarily, the exclusivity of the survey’s focus on Chinese
respondents, coupled with the sole reliance on quantitative
research methodologies, might have contributed to an aspect of
incompleteness within the findings. Subsequent research endeavors
could consider amalgamating qualitative and quantitative
methodologies to offer a more comprehensive understanding
of patients and yield a richer repository of information. As
cultural differences may affect social norms, as well as users
perceptions and attitudes, it is crucial to confirm the research
findings in other cultural contexts before generalizing them.
Thus, we suggest conducting a cross-cultural comparison
of the factors that influence the willingness to use DDMAs.
Secondly, as the actual adoption rate of DDMAs in China
is currently low, the results of this study may only be valid
for predicting patients’ behavior at this stage. Therefore, the
population should be monitored in the future. Thirdly, the

study only examined patients’ willingness to use DDMAs, and
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further research could explore their actual usage behavior.
Lastly, the evaluation of patients smartphone proficiency
rested on self-reports, potentially engendering subjectivity in
the research outcomes. To enhance the precision of results,
future studies could incorporate objective tools for assessing
smartphone proficiency.

6. Conclusions

Our study delved into the impact of patient-centered factors
on the patients’ inclination to adopt DDMAs, and integrated
the technology acceptance model (TAM), perceived risk theory,
and e-health literacy to substantiate the acceptance model.
Our complete model describes the variation in DDMA use
willingness of 87.2%. Precisely, patient-centered factors exert
diverse influences on their attitudes and behavioral propensities
to utilize DDMAs. Specifically, patient-centered elements wield
a diverse range of impacts on their attitudes and inclinations
toward utilizing DDMAs. Among these, perceived usefulness and
attitude toward utilization emerge as pivotal determinants of
the propensity to adopt. For both diabetes health educators and
developers of DDMAs, careful attention should be accorded to
these determinants. This entails catering to patients’ exigencies
for disease management and perpetually refining and enhancing
application functionalities. During the preliminary phases of
DDMA design, a profound exploration of the type 2 diabetes
patient group becomes imperative. This can be accomplished
through surveys, interviews, and other modes to glean genuine
patient requirements and precisely delineate the trajectory of
functional development. Likewise, consulting medical professionals
and pertinent guidelines is essential to elucidate the disease
management focal points. Subsequent to this, functionalities
can be meticulously set, guided by scientific principles and
methodologies to ensure the platform’s empirical soundness.
Moreover, the indirect effects stemming from perceived ease of
use and e-health literacy warrant substantial attention. Perceived
ease of use considerably influences perceived usefulness and
attitudes toward utilization. Simultaneously, e-health literacy exerts
its influence on perceived ease of use. Hence, patient habits
concerning DDMA usage demand consideration. Particularly for
older adult type 2 diabetes patients, employing more intuitive
formats such as imagery, comics, and videos can alleviate reading
complexities and amplify engagement. Furthermore, our study
underscores the significance of extending technological education
support to type 2 diabetes patients. This holds true especially
for the substantial portion of older adult or less formally
educated patients. By facilitating patients’ seamless integration
into the trajectory of information technology advancement,
they can efficaciously partake in and reap the benefits of
technological development.
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Experimental study and clustering
of operating staff of search
systems in the sense of stress
resistance

Nataliya Shakhovska*, Roman Kaminskyi and Bohdan Khudoba

Department of Artificial Intelligence, Lviv Polytechnic National University, Lviv, Ukraine

Introduction: The main goal of this study is to develop a methodology for the
organization of experimental selection of operator personnel based on the analysis
of their behavior under the influence of micro-stresses.

Methods: A human-machine interface model has been developed, which
considers the change in the functional state of the human operator. The presented
concept of the difficulty of detecting the object of attention contributed to
developing a particular sequence of ordinary test images with stressor images
included in it and presented models of the flow of presenting test images to the
recipient.

Results: With the help of descriptive statistics, the parameters of individual
box-plot diagrams were determined, and the recipient group was clustered.

Discussion: Overall, the proposed approach based on the example of the
conducted grouping makes it possible to ensure the objectivity and efficiency of
the professional selection of applicants for operator specialties.

KEYWORDS

human-machine, operator personnel, decision-making, clustering algorithm, stress
management

1. Introduction

In modern information and search automated systems, the main role is played by the
human-machine interface for decision-making based on the detection of objects of a given
class in the information field. The human operator, as an element of such an interface,
carefully reviews the provided information on the information field—the monitor screen,
analyzing images of scenes, for example, pictures of territories, economic tables, abstract
data, etc. Based on the obtained results of the analysis, the operator forms or chooses from
a set of alternatives the appropriate decision, for which he mostly bears some responsibility.
Such, let’s call them primary solutions, can be both the final and the basis for further
functions of this search engine. However, among the factors that in one way or another can
negatively affect the quality of the work of this interface, one of the first places is stress in the
form of a collection of micro stresses.

Due to the certain complexity of the provided images and their large number and variety,
the functional state of a person becomes nervously tense, close to stressing, and in most cases
this state is micro-stress. Individually, micro-stresses may be imperceptible to a person, but
in the aggregate, their effect can be quite noticeable.

One such source of micro-stress in the field of information search can be a sudden change
in the information flow, due to the lack of immediately required additional in-formation or
significant masking of the searched object.
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The purpose of this experimental study is to develop a
methodology for organizing experiments on the selection of
applicants for operator positions in information search and similar
systems for processing images of scenes of real work situations.

The paper contribution is given as follows:

e The model of the
implementation of reaction to the detected object is proposed.

human-machine interface as
This model is presented as dynamic systems, that al-lows the
simulation of the next state of the operator personnel.

e A novel method for the analysis the influence of the flow
of micro stressors on operator activity is developed. The
sequence of images at discrete moments of time is generated.
The operator is exposed on the monitor screen to a sequence
of test images with objects of attention of a given class and
which operator must implement the corresponding solution.
The moments of their exposure and the decisions made by
the operator are recorded, and their values are included in
the research protocol. Next, hierarchical clustering is used for
stress resistance clustering.

The effect on the reaction of a human operator to a deficit or an
excess of provided information when making responsible decisions
is studied in McEwen and Akil (2020). The model of the operator’s
stay and exit from stress is considered in Sahin et al. (2019), and the
occurrence of neuropsychological overstrain is also explained here.
The theoretical foundations of the psycho-diagnostic of stress and
methods related to the psychological diagnostic procedure, ethics
and stages of the psychological and diagnostic examination are
given in Barak and Tsodyks (2023). Various aspects of the influence
on the formation of the reliability of operator activity, including the
working environment, the functional state of the operator and the
intensity of work, are given in Brown and Anderson (2019).

The article Paul and Dykstra (2017) discusses the features
of computer training of operators of continuous technological
processes in comparison with other subject areas. The possibility
of automating the measurement of the properties of the operator’s
attention using Schulte’s tables is confirmed in Kryvenchuk
et al. (2019). In Lee (2016) statistical methods of testing results
analysis are considered, and the simplest and necessary procedures
for statistical processing of knowledge testing results and test
quality assessment methods are also presented. The research
conducted in Bookstaber et al. (2014) summarized the structure
of the stress test and analyzed the methods of generating
shock scenarios.

The purpose of the article Battiston and Martinez-Jaramillo
(2018) is to study the organizational aspects of stress testing and
to determine the place and functions of the supervisory body in
the process of stress testing. The methods of quantitative and
integral assessment of personnel stress in the process of knowledge
verification during attestation are analyzed in Iannello et al. (2017)
and DeMenno (2022).

In Allen and Kessel (2002), three strategies for the development
of detection systems are proposed, which are based on the principle
of balance for purposeful improvement and design of detection
systems. As shown in Chapelle (2009), the automation of the
process of knowledge control, and the development of computer
testing systems is an urgent task.
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In work Chou (2000), an analysis of new information
and computer training technologies for the development and
use of existing interactive educational and training complexes
of small arms was carried out. The article McGlohen and
Chang (2008) discusses the problems of implementing testing
using information and communication technologies. A systematic
analysis of organizational problems of the development and
application of computer testing technologies in higher education
to control students’ knowledge was carried out.

The article Zhu et al. (2019) presents an example of realistic
image recognition using both manual and automated testing with
a decision table. The article Ramanathan et al. (2016) discusses the
principles of personnel selection and the most common traditional
and non-traditional methods. The material for familiarization and
assimilation of the personnel evaluation system to confirm his
competence and responsibility is given in Raskin and Kircher
(2014). The main theoretical principles and practical aspects of the
application of psychophysiological testing to determine the level of
professional suitability of polygraph operators are substantiated.

The conceptual contribution of the most valuable reviewed
articles is given in Table 1.

The literature review analysis shows the lack of experimental
studies related to person’s stressful conditions during working
time. In general, the research was carried out after the recipient
had completed the work. By comparing the work process and
psychophysiological indicators, researchers conclude the existence
of a person’s stressful state and analyze the results of the impact
of existing irritants. For gaps filling, the model of human-machine
interface will be developed in the paper.

2. Materials and methods

2.1. The model of the human-machine
interface

One of the identified large numbers of various tasks of operator
activity in computerized workplaces is the task of searching for
objects of a given class on the images provided on the monitor
and making appropriate decisions when receiving them. With
this person and the computer function as a single system in
the existing working environment. From the point of view of
the general mathematical theory of the system, its descriptive
model can be presented as follows. Let P(t) is some technological
process that is managed by a human operator over time [0, Tj |
where To={t;:t;-ty...tyi € T}, and T - real time. The essence
of its management is reduced to the functions of solving specific
problems by the operator, for example, by identifying some object
on the presented image of the scene and making the appropriate
decision. An example of such processes is the search for objects of a
given class on the image of the controlled territory, in the sequence
of images of scenes, elimination of deviations in the parameters of
the controlled process, search for the necessary data in document
databases, editing of texts, etc., presented by their appearance on
the monitor.

Change information about the process P(f) happens on
the monitor screen in moments t €Ty. The operator by
focusing attention and visual analysis of the given set of
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https://doi.org/10.3389/fdata.2023.1239017
https://www.frontiersin.org/journals/big-data
https://www.frontiersin.org

Shakhovska et al.

TABLE 1 References review.

References The main contribution

Paul and Dykstra (2017) Cyber operations stress approaches

comparison

10.3389/fdata.2023.1239017

Value

The work describes the impact of stress on a cyber security worker. Studying
the impact of frustration, mistakes on the work of an employee who uses a

computer simulator or just a computer helps to understand various states,
causes and consequences.

Zhu et al. (2019) A method for testing intelligent

Applications.

Testing smart applications provides insight into how to manually and
automatically recognize certain elements. Which approaches are used by
machine or human and how can automatic and manual approaches be
combined.

Barak and Tsodyks (2023) Mathematical models of learning in

neurobiology

The article describes mathematical models and how they are used in
neurobiology. Also, methods of applying data analysis to study the behavior
of simulator operators.

Sahin et al. (2019) Mathematical model of human
behavior for simulating evacuation of

buildings during emergencies

The author talks about modeling the behavior of people in evacuation
situations. Evacuation gives stress to a person. Therefore, the simulation of
such situations is related to the simulation of the microstress situation
during the operator’s work.

images X= {x;:x;-x>...xy i € N}, using his skills, experience and
knowledge tries to identify the desired object in these images.
As a result of the search and detection of such an object, the
operator then chooses, considering the possible consequences of
the decision made, makes an appropriate decision from a set of
decisions Y= {y;:y1-y2...yn j € M}. Images of situations on the
monitor contain all information about the state of what is observed
with the help of the monitor and obviously the corresponding
technical means of the controlled process P(t).

In the process of its activity, the operator can be in different
functional states C=C(c;), in psychophysiological states from
normal to nervous overstrain. These states can be caused both by
the influence of the external environment and by the provided
information. In other words, in the absence of influence from the
work environment, the functional state of the operator is a function
of the provided image of the situation that occurred in the process
P(t), namely the function C=C(c;). It is this function that reflects
the personality of the operator in the model and was used to study
the activity of the operator in a state of micro stress.

The basis of this process is the concept of a system, that is a
chain: “process — monitor — operator — computer —
decision”, which makes up the system together. In set-theoretic
terms at this level, the system can be simple and quite naturally
defined as a product S C X x Y.

In the sense of model development plan the sets X and Y
differ from each other in their position on the time axis, they are
subject to the moments of time of their implementation. Elements
x € X depends on time X= {x:x,-z x(t), tie T, i:LW}, but
decision elements Y= {y:yj=y (t;), tje T, j=1,M} always delay
by t;, which corresponds to the total duration of search, detection,
analysis, selection and decision-making until the moment of its
implementation by the relevant team, i.e., ti=ti+At;.

The average time of this delay can be used as an estimate of the
efficiency of a particular operator during his shift. Over time, the
efficiency and accuracy of the operator deteriorates. Each operator
has its own optimal change and maximum possible change.

Since the human-machine interface is a dynamic system (Sahin
etal., 2019), it makes sense to consider the behavior of the operator
depending on the input information. In this general plan, we are
talking about his reaction to the detected object, more precisely,

Frontiersin Big Data

the efficiency of detecting the object and making a decision. To
establish the relationship between the input and output of the
system, which refers to different moments of time, the general
mathematical theory of systems introduces the concept of the
system’s response to an input stimulus (Paul and Dykstra, 2017).
In other words, for each operating situation, for each image on the
screen for an operator in a normal functional state, there are two
such displays:

- making a decision
o={p:CixX;—Y; &t e T}
- transition to another state
7= {q;tt, :CixX,y—Cy &t,te T& t'>t} .

These reflections can be explained as follows. Being at the
moment of time ¢ € T in the state of Cy, the operator perceives the
image of the x;€ X and detects the desired object on it, analyzes the
situation, and makes a decision of y;€ Y, spending the necessary
time normally, without changing his functional state (there is no
neuropsychic tension).

If the provided image turns out to be such that it is not possible
to immediately find the desired object, and the time limit for the
search is limited, the operator can switch from a normal state to
a nervous state, continuing the search for the object. If we assume
that at the moment t € T the operator has not detected the object
and feels that the exposure time is running out, he is aware of the
complexity of the situation, and at this moment he can get a shock.
This shock can be interpreted as stress or micro stress. The double
time index means the time interval ¢ > during which the operator
passed from a normal to a neuropsychical state.

In general, the model of the human-machine interface as such
an information and search system can be represented by a tuple
S=(X,Y,C,p,p,T ).

The use of the mathematical apparatus of set theory provides
an opportunity to optimize the organization of research, since sets
are presented quantitatively, the mappings of which are considered
functionally and all of them are considered in time. In addition,
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based on such a model, it is possible to create a sufficient number of
images that simulate the scenes of almost any real operator activity.

2.2. Method for the analysis the influence
of the flow of micro stressors on operator
activity

The localization of the object of attention on the test images
is random, and the ratio of its size to the size of the test image
practically amounts to several orders of magnitude (by area). In
turn, individual fragments of the image, namely the locations
of objects, can be both homogeneous, one-colored, smooth, and
contain various other objects. These other objects are related to the
background and can be larger or smaller than the object of attention
and have an irregular shape. They significantly impair the visibility
of the object of attention and are actually obstacles to the search.
In the presence of such obstacles, the search process becomes more
complicated, requires increased concentration of attention, creates
for the operator a certain visual discomfort at first, which turns into
additional neuropsychological stress or stress.

The sequence of such images at discrete moments of time
reflects the situation observed by the operator, who should make
the appropriate decision in case of detection an attention object.
On a homogeneous background, the attention of object detection is
reduced to a simple reaction of object recognition, however, in the
presence of obstacles, noise, the time of such a reaction-searching
for an object, will increase depending on their intensity. This, in
turn, gives reason to say about the images that some of them have
greater and others less difficulty in detecting the object.

On the other hand, individual characteristics, such as groups
of operators, will show that the detection time of the object of
attention on the same image will be different. Obviously, the more
complex the image, the longer the average time to detect an object
in this image. So, in this case, the category “complexity” is a
subjective characteristic, but in general it has a certain dimension,
namely the duration of the search time from the moment of
providing the image to the moment of its discovery. The value
of the indicator of the complexity of a particular image is the
average value of the duration of the search, determined by the
data obtained by different operators and in different experiments.
The only requirement for this determination of the value of this
indicator is the homogeneity of the group of “expert recipients”
in terms of their training levels, skills, etc. In other words, the
complexity of such images is determined by the time of searching
and detecting the object of attention of a given class. The objectivity
of such an assessment will be higher the more homogeneous (in
terms of training) the group of “expert recipients” is.

2.3. Selection of test images

Let a group of operators be the subject of research, and the
purpose of the research is to determine individual stress resistance.
The preparation and conducting of the experiment were carried out
as follows.
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2.3.1. Creating a basic sequence of test images

At this stage, they create test images and form them into a
sequence. The images in this sequence simulate the background of
the working scene, on which the researcher manually or with the
help of random numbers determines the coordinates of the places
where the objects will be located. The placement of the object on
some images should be quite easy to detect, and on others it should
be difficult, i.e., hidden, but so that it can be found. An important
point here is that all the details of the object were not closed, the
object should look whole. After placing the objects, the received
test images now have this status, they are formed into a sequence
of scenes, mostly randomly. This sequence is shown to each of the
group of recipients, fixing the time of processing each of the images
by each recipient. At this stage, the duration of the experiment is
determined, the number of test images in a sequence, from which
the exposure time of the images is determined.

The duration of such an experiment can be determined
depending on the contingent of recipients, for example, for
professional operators, it is the duration of a shift or its part (the
second half), and for young people, it is the duration of one or
two academic hours. Depending on the complexity of the images
of the scenes, exposure of the test image is up to 1-2min. In the
experiments conducted by the authors, the sequence included 180
test images with exposure of each of them for 30 s (Figure 1).

2.3.2. Determination of search complexity of test
images

The sequence formed in this way is included in the process of
professional selection or training of a group of recipients. The task
is set and explained to them in advance, and if possible, an imitation
of a real workplace and environment is carried out. After the “start”
command, test images appear on the monitor screen, the operator,
having detected the specified object, presses the corresponding key.
When the test image appears, the stopwatch starts, and when the
key is pressed, the operator stops it. As a result, the computer
records the processing time of this image by the operator and resets
the stopwatch.

All applicants work with the same sequence. As a result, for each
test image, a sample of time values spent on them by each operator
(recipient) will be obtained. The average value of the time spent by
them on processing a particular test is actually a time indicator of
their search complexity. Since these time indicators are quantitative
values, for them it is possible to enter the corresponding scale of
search complexity for test images of only this sequence and this
group of recipients. Thus, each image will be characterized by its
indicator. Figure 1 shows a diagram of times for searching for an
object of attention on some subset of test images.

2.3.3. The sequence of stressful events

If we assume that the operator has been processing images of
rather low complexity for some time, object detection is easy, and
he has adapted (used to) this mode of presenting test images. If an
image of high complexity suddenly appears and it was not possible
to immediately detect the object, he will be forced to activate and
concentrate his attention on the search, which in the mode of time
shortage, for example, limiting the exposure to 20 s, will cause him
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FIGURE 1
Search time for objects in the basic sequence.

(although maybe not) a micro-stress situation. In this regard, it is of
interest to form such a sequence, which will consist of test images of
low complexity and several images of high complexity are included
in it (Figure 2).

Therefore, after the search complexity of the base sequence
images is determined, the images with the lowest search complexity
are selected, for example, the test images with the smallest search
time of <2 s and the longest search time of >18 s. Next, a new basic
sequence is made from the images that have minimal complexity
(they can be repeated, but not one after the other). This new
sequence includes, following the principle of rare events, test
images whose search complexity exceeds 18s. Obviously, all the
images in this sequence must be randomly arranged. The view of a
fragment of such a sequence is shown in Figure 2. The value of the
duration of such micro stress can be represented by the appropriate
mathematical model of general stress.

2.4. Options for presenting test images

In general, the organization of experimental research can be
presented as follows. Let the human operator be exposed on
the monitor screen to a sequence of test images with objects of
attention of a given class and which the operator must identify and
implement the corresponding solution. The moments of time of
their exposure and the decisions made by the operator are fixed,
and their values are included in the research protocol.

The main point here is the method of exposure of the
test images. So, for the organization of experimental studies,
the following three options can be specified for the method of
providing test images to the operator on the monitor. Each of them
includes two streams of rectangular pulses, synchronized in time
along the pulse front. In the first version in Figure 3, the upper
sequence corresponds to a regular stream of test images, marked by
light rectangular pulses of the same duration and amplitude. Here
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the exposure of the tests is carried out at the same time intervals.
The images of the situations are presented in a regular sequence
(Figure 3).

The flow of test images in Figure 3 is a part of the experimental
study. The lower sequence of dark impulses corresponds to the
duration of the search for the object of attention, its detection as the
object being searched for, and decision making. In other words, this
sequence reflects the results of the human operator. Each slice of the
pulse of this flow corresponds to a reaction-result as the moment of
decision-making by the operator. If the operator did not find the
desired object in the image, then the dark pulse will be absent in
the bottom sequence. In such a graphic presentation, the upper and
lower pulses are synchronized along the edge, at the moment of the
appearance of the test image, the stopwatch is turned on, which is
automatically turned off at the moment of the operator’s decision.

In the second version, shown in Figure 4, the exposure of the
test images is irregular and has different durations, but the pulse
fronts of the upper and lower sequences are also synchronized.
In the general case, when using an irregular flow, the duration of
the pause between the upper pulses can be different. In addition, a
variant is possible when the duration of the pulses of the upper and
lower sequences are the same, and the duration of the pauses can be
different. This means that after the operator makes a decision, the
test image disappears, and the next one appears at the next moment.

In the third option, shown in Figure 5, the exposure of the
image continues until the decision is made, after which the next
image is displayed on the screen. The last option greatly reduces the
duration of research with a limited image base since the duration
of the exposure is equal to the duration of the search. In a certain
sense, this option has a positive value, especially for laboratory
research since it allows you to process more test images during the
same experimental period.

The considered options for providing test images and fixing
decisions are not equivalent from a psychological point of view.
The fact is that with regular exposure, when the operator has very
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quickly identified the object and made a decision, he has some
time left before the exposure of this image is completed. This
causes a certain relaxation, and at the moment of the appearance
of a new image, the operator sharply mobilizes attention and goes
into a tense state. Such an irregular change in concentration and
relaxation is a negative element in operator activity. On the other
hand, when the next image is presented immediately after making
a decision, constant nervous tension is created for the operator
due to the need to maintain concentration all the time, which is
also negative. Therefore, the choice of one or another mode of
providing test images on the monitor screen is not trivial, especially
for long-term experiments. Display of experimental research with
the help of impulse flows provides a mathematical formulation of
experiments and presentation of results by mathematical models
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of time series, in particular exposure of test images and object
detection and decision-making.

3. Results

Nine recipients which are student operators took part in the
experimental research. The experiment was conducted in two
stages: in the first stage, the search complexity of the given set of test
images was determined, and in the second stage, a new sequence
was built. The initial volume of the sequence was 180 images of the
tests, which were exposed on the monitor screen with a maximum
duration of 30s according to this rule. If the operator detected a
given object on the test image in <30s, the given test image was
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immediately replaced by the next one. In the event that the object
was not detected on a given test image within 30s, then it was
replaced by the next one from this sequence.

In the sense of stress resistance, an assumption is made-if the
detection time exceeds 2/3 of the exposure time or if the operator
did not detect the object during the exposure time of the test
image, then it can be assumed that it was in a state of micro
stress. Although such categorization may be wrong, in this case, the
authors consider it permissible.

The value of the time from the moment of the appearance
of the test image to the moment of decision-making was used as
an assessment of the search activity of the operator. In addition,
to understand the stress state, the exposure time of test images
is divided into two parts: the first 1-20s and the second 20-30s.
The search time was recorded in milliseconds. The procedure for
providing images corresponded to the third variant of the impulse
flow model, that is, as soon as the operator made a decision about
the detected object, the next one from the given sequence was
immediately exposed. The volume of the provided sequence was
180 test images. The individual results of the experiments are given
in the Table 2. This table presents only correct response.

Frontiersin Big Data

The following parameters are used: a-the number of detected
objects within the stress time; b-the number of missed objects;
x—average stress time. Parameters: min, g1, mode, g3, max are
parameters of the stress time interval boxplot diagram, namely
extremes, quartiles, mode.

Using the parameters of the descriptive statistics of the results
of the experiments for each of the recipients in Figure 6 shows
constructed boxplot diagrams for the studied group of recipients,
as a result of which the general structure of the distribution of
individual data is determined.

As the resulting charts show, with the exception of recipient 3
and almost 9, within the interquartile range are symmetric, with
recipients 1, 4, 5, and 8, and recipients 2, 6, and 7 having left-
and right-sided asymmetries, respectively. This means that more of
the rectangle has more variance. It can be assumed that intuitively
feeling the completion of the exposure of the test image increases
excitement and a certain, mostly significant, nervous tension.
The authors assume the following regarding the asymmetry of
distributions. For a left-sided distribution, the upper part of the
rectangle is larger and corresponds to values greater than the mode
value. Their spread between the mode and the third quartile is
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TABLE 2 The individual results of the experiments.

10.3389/fdata.2023.1239017

Parameter Operator s
)

b 17 10 14 13 11 9 7 13 77
x 24.8 24.1 232 239 24.2 245 24.0 24.4 24.8
Min 209 20.3 20.2 20.5 20.2 20.2 20.6 20.9 20.1
q1 232 21.6 20.6 224 232 21.9 21.6 21.8 23.8
Mode 245 243 226 23.0 242 252 247 235 25.0
93 262 26.1 247 25.6 259 26.4 26.0 27.8 26.5
Max 29.1 29.3 29.6 29.8 27.7 29.4 26.9 28.4 28.3

TABLE 3 Results of the cluster analysis of the group of
recipient-operators.

Combining objects Association Distance
number between objects

Dendrogram parameters

2+6 10 0.494
547 11 0.746
1+38 12 0.883

10 +4 13 1.000
12+11 14 1.158
13+3 15 1.384
14+9 16 1.822
5+16 17 1.974

larger, and therefore it can be assumed that these recipients are
characterized by a delayed reaction. For right-sided asymmetry, on
the contrary, the lower part of the rectangle corresponds to the
values of the search time, which are smaller than the values of the
mode, they are characterized by haste of the reaction.

The obtained boxplot diagrams are individual statistical
displays of the characteristics of the operators within the stress time
interval. These individual characteristics, according to the given
table, show the quality of search activity of operators, namely the
number of missed and detected objects in the stressful time zone.

When constructing the boxplot diagram, the calculation of
emissions was not carried out, since the interval of values here
is limited by the condition of 20-30s. From Figure 6, it can be
pointed out that if we place individual boxplots relative to fashion
in ascending order, we will get their rating (Figure 6).

During the laboratory study of the formed group of
operators, the task of dividing them into subgroups based on
close individual indicators arises. Given the small number of
classification features and the number of recipients, hierarchical
agglomerative cluster analysis was used to determine subgroups.
The following individual values of the recipients were taken
as signs: the number of detected objects within the stressful
time; the number of missed objects; mean stress time, as
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well as the minimum and maximum time value in the stress
time interval, the first and third quartile values, and the
mode value. Therefore, the parameters of the boxplot diagram
of the stress time interval are taken as the values of the
classification features.

4. Discussion

For the clustering procedure, the values of the classification
features were reduced to the interval [0, 1] and a flexible strategy
was chosen, and the Fuclidean metric was used to construct
the proximity matrix. The features are normalized for each
parameter. The result of the cluster analysis, in the form of
dendrogram parameters, is shown in the Table 3 in Figure 7 on
the left, which shows the results of combining objects and the
distances by which the combination was performed, and the
cluster analysis dendrogram itself is shown in this figure on
the right.

Visual analysis of the dendrogram gives the following result.

1. At level 1.5, you can visually distinguish three clusters that
include such recipients:

- cluster 1: it includes recipients 2, 6, 4, 3;
- cluster 2: it includes recipients 5, 7, 1, 8;
- cluster 3: it only includes recipient 9.

Moreover, the first and second clusters are similar to each
other in terms of the homogeneity of recipients, as evidenced by
the distance of associations between objects in them, which lies
within 0.6-1.4.

2. Recipients vary greatly in their individual characteristics.

For example, the smallest distance between operators 2 and 6,
which is equal to 0.5 on the scale of the dendrogram and is 25%
percent of the total scale. Pairs 5 and 7 and 1 and 8 differ even
more from each other and from pair 2 and 6. Recipients 4 and 3
are very different from pair 2 and 6 even though they all belong to
the same cluster.
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FIGURE 7
Results of the cluster analysis of the group of recipient-operators.

3. Cluster 3 is located separately and as far as possible from
the first two, which is quite clear from the analysis of its
performance indicators.

4. The distance between these clusters is almost the same and
is in the range of 1.822 - 1.974, it can be argued that the
subgroups are significantly different from each other.

5. If the division into clusters is carried out at the level of 0.9 -
0.95, it is possible to distinguish three clusters of two operators
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and three clusters of one operator, although even in these pairs
the operators differ quite noticeably.

In this way, the division of the group of operators into
professionally homogeneous groups using a computer simulator,
the development of image-tests, scenarios provide a sufficiently
objective assessment of the results of professional selection,
conducting relevant training. In addition, personnel attestation can
be carried out in the same way using control materials.

The mentioned before method allows us to find the individual
parameters of the recipients such as:

e the recipients in stressful situation;

e mean stress time;

e the minimum and maximum time value in the stress
time interval.

Therefore, these parameters are further used to classify
recipients according to the level of stress resistance. The developed
method can be used for detecting the attention level.

5. Conclusions

Conducting experimental research, especially for the purpose
of studying human properties, is a very complex procedure
that requires significant preparation and organization, including
task development and problem setting. This requires in-depth
knowledge of this real operator activity, minimizing the difference
between the real operator activity and its reproduction on the
simulator. In addition, an important point is the completeness of
the received information (data) and their detailed interpretation.
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The obtained experimental data gave grounds to objectively
assess the qualifications of the recipients, both in the individual
plan-the parameters of the boxplot diagram, and in the
professional-the parameters of the dendrogram of the
hierarchical agglomerative analysis. The latest results of the
division of the group of recipients showed the closeness of their
characteristics and the possibility of their professional selection for
operator specialties.

The given mathematical model of operator activity in
information search systems formally describes the operator’s work,
in particular by the function of transition to another functional
state, since the operator is with the same image that led to his
stress. The conducted experimental study with nine recipient-
operators, according to the scenario in the form of a sequence
of test images provided on the monitor screen, provided the
With the

help of mathematical processing methods: descriptive statistics,

result in the form of reactions to micro-stresses.

determination of quartiles, construction of boxplot diagrams and
hierarchical agglomerative cluster analysis, an objective grouping of
this group of recipients was obtained. In this study, each operator
is represented by an individual boxplot diagram, and the group
of operators is divided into subgroups according to individual
test indicators. This made it possible to carry out an objective
professional selection for the formation of camera personnel.

The limitation of current work is the ability to deal with micro-
stresses but not with panic attacks. This limitation is related to
the used dataset and should be investigated separately. In addition,
after-effect of micro-stressor should be investigated separately.
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Objective: There have been continuous discussions over the ethics of using Al
in healthcare. We sought to identify the ethical issues and viewpoints of Turkish
emergency care doctors about the use of Al during epidemic triage.

Materials and methods: Ten emergency specialists were initially enlisted for
this project, and their responses to open-ended questions about the ethical
issues surrounding Al in the emergency room provided valuable information. A
15-question survey was created based on their input and was refined through
a pilot test with 15 emergency specialty doctors. Following that, the updated
survey was sent to emergency specialists via email, social media, and private
email distribution.

Results: 167 emergency medicine specialists participated in the study, with an
average age of 38.22 years and 6.79 years of professional experience. The majority
agreed that Al could benefit patients (54.50%) and healthcare professionals (70.06%)
in emergency department triage during pandemics. Regarding responsibility,
63.47% believed in shared responsibility between emergency medicine specialists
and Al manufacturers/programmers for complications. Additionally, 79.04% of
participants agreed that the responsibility for complications in Al applications
varies depending on the nature of the complication. Concerns about privacy
were expressed by 20.36% regarding deep learning-based applications, while
61.68% believed that anonymity protected privacy. Additionally, 70.66% of
participants believed that Al systems would be as sensitive as humans in terms of
non-discrimination.

Conclusion: The potential advantages of deploying Al programs in emergency
department triage during pandemics for patients and healthcare providers were
acknowledged by emergency medicine doctors in Turkey. Nevertheless, they
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expressed notable ethical concerns related to the responsibility and accountability
aspects of utilizing Al systems in this context.

KEYWORDS

specialist, Al, triage, emergency, pandemic, ethics, survey, national

Introduction

Recent attention has been drawn to artificial intelligence (AI) due
to its potential to enable the creation of computer systems that can
replicate human intelligence and decision-making processes (1). Al
has already permeated every aspect of our lives, even if we are not
consciously aware of it (2). Recently Al techniques have sent vast
waves across healthcare, even fueling an active discussion of whether
AT doctors will eventually replace human physicians in the future (3).

Utilizing sophisticated algorithms, AI can ‘comprehend’ intricate
patterns within extensive healthcare data and employ these acquired
insights to enhance clinical practices. Furthermore, it can be endowed
with the capability to learn and self-correct, thus refining its precision
through feedback loops. An Al system aids healthcare practitioners
by furnishing them with the most current medical insights from
scholarly journals, textbooks, and clinical experiences, thereby
ensuring optimal patient care. Additionally, AI systems are pivotal in
mitigating the diagnostic and therapeutic errors intrinsic to human
clinical practice (3-5). Furthermore, these AI systems extract
invaluable information from extensive patient populations, facilitating
real-time inferences for health risk alerts and predictions regarding
health outcomes (6).

Emergency medicine, like many other medical specialties, has
identified a variety of potential Al applications. Diagnosis is one of the
most essential applications of Al in emergency care. In order to identify
potential diagnoses, Al algorithms can examine patient data, such as
symptoms, medical history, and test results, efficiently and swiftly.

ATs role in healthcare extends significantly to include advanced
patient triage capabilities. By leveraging Al algorithms to analyze patient
data comprehensively, healthcare systems can effectively prioritize
individuals based on the severity of their condition, ensuring that those
in critical need receive immediate attention and the appropriate care
interventions. This not only optimizes resource allocation but also
enhances patient outcomes by minimizing delays in treatment.

In emergency medicine, AT’s influence in triage is particularly
transformative. Beyond diagnosis, AI contributes to the triage process
by rapidly assessing the acuity of each case. Through the analysis of
various clinical indicators, such as vital signs, medical history, and
presenting symptoms, Al systems can swiftly categorize patients,
enabling healthcare providers to allocate resources efficiently.

By integrating Al-driven triage systems into emergency
departments, healthcare facilities can improve the speed and accuracy
of decision-making. AT’s ability to analyze vast datasets and adapt to
real-time information empowers clinicians to make well-informed
decisions, ultimately leading to more precise and timely care delivery.
As a result, patients with critical conditions receive immediate
attention, while those with less urgent needs are appropriately
managed, resulting in enhanced overall healthcare efficiency and
patient satisfaction.

Frontiers in Public Health

The world recently endured a severe COVID-19 pandemic, during
which applications of AI were also observed in the health sector.
According to reports, methods exist for the analysis of radiological
and laboratory results, diagnosis, patient triage in the emergency
room, and the development of patient-specific treatments during
a pandemic.

As with any pervasive invention, the application of Al in health
has sparked ethical concerns, and these debates are ongoing in many
fields (7). A few of these concerns include data privacy and security
concerns, algorithmic bias, a lack of transparency, autonomy, and
accountability, the dehumanization of healthcare, and economic
repercussions. For Al to have the potential to improve healthcare
outcomes, it must be used ethically and responsibly.

In this survey study, using the opinions of emergency medicine
specialists practicing in Turkey, we sought to determine the ethical
concerns and perspective of implementing Al in emergency
department triage management during an epidemic.

Materials and methods
Study design

This survey-based study investigated the ethical perspectives of
emergency specialist physicians regarding the use of artificial
intelligence (AI) in the emergency department. This research was
approved by the Samsun University Clinical Research Ethics
Committee (SUKAEK) (Approval No. 2022-12-12, 23/11/2022) and
conducted in accordance with the ethical principles outlined in the
Declaration of Helsinki. All participants gave their informed consent.
Participants’ confidentiality and anonymity were maintained
throughout the duration of the study. Special attention was paid to
ensuring that participants did not feel compelled to participate or
provide specific responses.

Participant recruitment

Initially, ten emergency specialists were recruited to participate in
the study. The research team devised and asked participants open-
ended questions to gain insight into their experiences and perspectives
regarding the ethical considerations of Al use in the ED.

Survey development
Based on the responses to the open-ended questions, the research

team developed a survey for gathering more specific information from
the participants. The survey consisted of 15 questions and was
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designed to assess the emergency specialists’ ethical perspectives on
the use of Al in the ED.

Survey pilot testing

Pilot testing was conducted with 15 emergency specialist
doctors. These participants were asked to provide feedback on any
difficulties they had understanding the questions, issues with the
appropriateness of certain questions, and grammar and spelling
errors. Some changes were made to the survey to improve its clarity,
readability, and

comprehensiveness in response to the

received feedback.

Data collection

The revised survey was distributed to the emergency specialist
doctors via email and social media tools between 05/12/2022-
15/04/2023. All participants gave their informed consent. Responses
were collected anonymously.

Survey content

In the first section of the survey, participants were asked to
provide descriptive information such as age, gender, and emergency
medicine experience duration. On a 3-point Likert scale, participants
were subsequently asked their opinions on a total of 13 questions
pertaining to four major ethical topics. Before requesting opinions on
each ethical topic, a thorough explanation of the ethical rule was
provided. The most important ethical issues were as follows:

Beneficence (A): In this section, participants were asked about the
beneficence of Al for triage purposes during the pandemic. The
question encompassed two aspects: the usefulness of Al for patients
and the usefulness of Al for physicians.

Responsibility and accountability (B): In this section, four questions
were posed to gauge the participants’ perspectives on responsibility
and accountability in the case of complications or adverse events
resulting from the use of Al for triage purposes during the pandemic.

Rights to privacy and confidentiality (C): In this section, 5
questions on personal data protection and the right to privacy were
posed to participants separately for artificial intelligence and
deep learning.

Non-Discrimination (D): In this section, two questions were posed
to ascertain the participants’ perspectives on nondiscrimination.

On a 3-point Likert scale, participants assessed a total of 20
evaluations. Through a final open-ended question, participants were
also given the opportunity to express any ethical concerns not
addressed in the questionnaire. The example English translation of the
questionnaire is provided in Table 1.

To collect data for the study, a survey was developed using Google
Forms and distributed via multiple social media platforms, including
WhatsApp, Twitter, and Facebook. In addition, the survey was sent
individually via email to groups of emergency medicine specialists. To
ensure a reliable sample size, a minimum of 154 participants were
required with an 80% level of confidence and a 5% margin of error,
given the total population of about 2,500 specialists. The objective was
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TABLE 1 Artificial intelligence (Al) triage survey statements.

Agree Neutral Disagree

A. Use of artificial intelligence for triage purposes in emergency services during
COVID-19 and similar pandemics (accurate diagnosis timing, fewer complications,

etc.)

AL It will be beneficial for the patient

A2. It will be beneficial for the

emergency medicine physician.

B. In the event of misdiagnosis, incorrect treatment or lack of treatment, death,
disability, or similar outcomes resulting from the use of artificial intelligence for

triage purposes in emergency services during COVID-19 and similar pandemics.

B1. The responsibility should only

be on the practitioner

B2. The responsibility should not only
be on the practitioner, artificial
intelligence and manufacturers can

also be held accountable

B3. The responsibility should only
be on the artificial intelligence

manufacturers or programmers.

B4. The responsibility for
complications occurring in
applications varies depending on their

nature

C. The artificial intelligence program processing and retaining patients’ data in its

memory for the purpose of providing ‘better guidance’

C1. It is a privacy violation in all

circumstances

C2. Retaining patient data in ‘Deep
Learning’ based applications poses an

ethical concern.

C3. Retaining patient data in ‘Artificial
Intelligence’ based systems raises

ethical concerns

C4. As long as patient data is kept
under anonymous records, it does not

pose a problem

C5. The ethical dimension of storing
patient data in artificial intelligence,
deep learning, and similar systems
during extraordinary periods like the
COVID-19 pandemic can

be overlooked.

D. In terms of not engaging in discrimination, Artificial intelligence systems;

D1. It will be as sensitive as humans, at

the very least

D2. Artificial intelligence systems,
when used for triage purposes, will

pose a problem in terms of ‘non-

discrimination

E. If you believe there are additional ethical issues that may arise regarding the use
of artificial intelligence for triage purposes in emergency services during COVID-19

and similar pandemics, please provide your input
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to collect responses from at least 170 participants to account for the
possibility of data loss.

Statistical analysis

SPSS 16 was used for data analysis. Descriptive data were given as
mean and standard deviation, and survey responses were given as
frequency and percentage. T-test was used in the analysis of descriptive
data. Categorical data were presented as counts and percentages and
compared using Chi-square test or Fisher’s exact test as appropriate,
with post-hoc Bonferroni adjustments to determine where the
difference between groups originated. Statistical significance was
accepted as p<0.05.

Results

Our survey was completed by 171 individuals within the specified
time frame. Although it was clear at the outset of the survey through
our social media posts that the target of the survey was emergency
medicine specialists, it was discovered that 4 participants were
emergency medicine residents, and as a result, only 167 participants
were taken into consideration for evaluation.

An overview of the survey results is shown in the Figure 1.

Participants were composed of 44 females to 123 males with an
average age of 38.22+6.79years, and an average duration of
professional experience of 6.79 +5.25 years (Table 2).

The responses to questions Al and A2 were analyzed when
evaluating the utility of using artificial intelligence for triage
purposes in emergency services during COVID-19 and similar
pandemics (such as accurate diagnosis time, fewer complications,
etc.). 54.50% of participants believed it would be beneficial for
patients, and 70.06% believed it would be beneficial for
healthcare professionals.

In section B, participants were asked to assess the use of artificial
intelligence in pandemics from the standpoint of responsibility and
accountability. Only 12.57% of participants believed that all
responsibility lies with emergency medicine specialists, while
23.95% said that only artificial intelligence manufacturers and
programmers should bear responsibility. The highest rate of
agreement was found for the statement “The responsibility for

10.3389/fpubh.2023.1285390

complications occurring in applications varies depending on their
nature” (79.04%). The majority, 63.47%, stated that both parties
should be responsible. A demonstration of the answers given by the
participants according to their agreement regarding responsibility is
presented in Figure 2.

In section C, situations pertaining to the right to privacy and
confidentiality were evaluated. 20.36% of participants stated that deep
learning-based applications violate privacy, while 23.95% stated that
Al-based applications violate privacy. 14.37% of respondents believed
that these applications constitute a violation of privacy under all
circumstances. Conversely, 61.68% of participants believed that there
is no violation of privacy so long as the data is recorded anonymously.
In addition, nearly half of the respondents (47.31%) agreed that the
ethical aspect of storing patient data in artificial intelligence and
similar systems could be disregarded during extraordinary events such
as the COVID-19 pandemic.

In section D, opinions on the non-discrimination principle were
evaluated. 70.66% of participants believe that Al-based systems would
be as sensitive to non-discrimination as humans. However, only
13.37% of respondents agreed that artificial intelligence-based triage
would violate the non-discrimination principle.

In section E, respondents were questioned about their perspectives
on additional ethical issues not covered by the survey. Seven
participants were concerned about how cultural differences might
affect patient attitudes toward Al-based applications and their
potential repercussions. In addition, one participant expressed
concern about the elevated risk of incorrect positive/negative

TABLE 2 The analysis of the participants’ descriptive characteristics.

Variable

Age (Years) 38.32+6.20
Gender (n, %)

Female 44 (26.4%)
Male 123 (77.6%)

Duration of experience as an emergency medicine specialist:

<5y experience 66 (39.5%)

5-10 y experience 68 (40.7%)

>10y experience 33 (19.8%)

mAgree
mNeutral

Disagree

|

|}

0% 10% 20% 30% 40% 50%

FIGURE 1
Demonstration of questionnaire results.
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70%
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diagnoses as a result of the difficulties vulnerable groups face in
comprehending and expressing themselves.

With the exception of two questions (p <0.005), the majority of
the items’ responses did not demonstrate any discernible differences
based on age, gender, or years of professional experience (Table 3).
There was a significant gender difference in responses to the statement
that the practitioner should bear sole responsibility for negative
outcomes resulting from the use of artificial intelligence in triage
(question B1). The proportion of women who disagreed with this
statement was higher than that of men (86.3% vs. 53.6%, p <0.001)
(Table 4).

Another significant statistical finding was associated with question
C2 of the survey, which addressed the ethical aspect of patient data
storage in deep learning-based applications, specifically patient
privacy. There was a higher rate of disagreement with this statement
among emergency medicine specialists with over 10years of
experience compared to other experience duration groups (p=0.040)
(Table 4).

Responsible for negative outcomes

mPractioner
mAl Manufacturer

Both
63%

FIGURE 2

Elicitation of participants’ perceptions regarding accountability for
adverse outcomes arising from the utilization of artificial intelligence
(Al). Percentages have been rounded to the nearest number.

10.3389/fpubh.2023.1285390

Discussion

According to our findings, the majority of emergency medicine
specialists in Turkey believe that using Al-based systems for triage in
emergency rooms during COVID-19 and other pandemics will benefit
both patients and emergency physicians. In addition, participants
believe that both the artificial intelligence and the emergency medicine
professional should be held accountable for any problems caused by
this application, with approximately 80% agreeing that, the
responsibility for complications in AI applications varies depending
on their nature. A smaller proportion of participants agreed that Al’'s
collection of personal information violates users’ privacy, and nearly
half said that this issue might be overlooked in extreme circumstances
such as a pandemic. In terms of “non-discrimination,” most
participants believed that artificial intelligence would be just as
sensitive to this as humans, if not more so.

Triage is a critical process used in emergency medicine to
effectively prioritize and manage the severity and urgency of patients’
healthcare needs. Triage is critical in quickly assessing and categorizing
individuals based on the severity of their conditions and their chances
of survival, especially during medical emergencies or disasters when
a large influx of patients requires immediate medical attention.
Medical resources can be allocated appropriately by efficiently triaging
patients, ensuring that those in critical condition receive prompt care
while optimizing the overall allocation of healthcare resources (1).

Triage becomes even more critical in the context of a pandemic,
such as COVID-19, because the number of patients seeking medical
care may exceed the available resources (2). During a pandemic, the
triage process is critical for distinguishing between patients infected
with the virus who require immediate medical attention and those
who have mild symptoms that can be managed at home. This method
ensures that resources, such as hospital beds, medical equipment, and
healthcare personnel, are used as efficiently as possible (3).

Furthermore, during a pandemic, healthcare facilities may need
to change their triage protocols in order to reduce the risk of infection
transmission (4). Patients suspected or confirmed to have COVID-19,
for example, may be triaged separately from other patients, and

TABLE 3 Assessing the relationship between participants’ demographic characteristics and their answers to questions and statistical results (p values).

Al A2 Bl B2 B3 B4 C1 (ov] C3 C4 C5 D1 D2
Age (Years) 0.192 0.130 0.173 0.718 0.765 0.397 0.555 0.344 0.635 0.574 0.633 0.150 0.818
Gender 0.924 0.159 <0.001 0.417 0.595 0.491 0.221 0.743 0.938 0.787 0.534 0.264 0.626
Duration of 0.606 0.822 0.683 0.469 0.510 0.876 0.134 0.040 0.278 0.167 0.951 0.451 0.775
experience
TABLE 4 Assessment of descriptive items regarding questions/statements (only statistically significant items are presented in this table).
Question no Descriptives Agree Neutral Disagree P
n (%) n (%) n (%)

Bl Female 1(2.3%) 5 (11.3%) 38 (86.3%)* <0.001

Male 20 (16.2%) 37 (30%) 66 (53.6%)
C2 <5y experience 17 (25.7%) 19 (28.8%) 30 (45.5%) 0.040

5-10 y experience 14 (20.6%) 27 (39.7%) 27 (39.7%)

>10y experience 3(9%) 7 (21.2%) 23 (69.6%)*

No, number; Q, question; Values are presented as number (%). *Indicates the group leading to statistically significant difference.
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healthcare personnel may be required to wear personal protective
equipment (PPE) to reduce their risk of exposure (6). These
precautions are intended to protect both patients and healthcare
workers while also slowing the spread of the virus.

Various technologies, such as telephone systems, digital scoring
systems, deep learning, and Al-based systems, have been used for
triage during pandemics (7-12). During the COVID-19 pandemic, Al
programs have been recommended and implemented to improve
patient, healthcare worker, and community safety. These Al systems
consider descriptive data like age, gender, BMI, medical history,
medications, contact history, and risk factors of patients who present
to the emergency department. The Al systems generate an output by
analyzing the patients current complaints, physical findings,
laboratory tests, and radiological images. The analysis process employs
technologies such as algorithms, machine learning, and artificial
neural networks to determine probable diagnoses, urgency levels, and
the severity of the patients’ conditions (13, 14). Subsequently, based
on the outputs, patients can be directed to appropriate medical care
units, hospitals, or facilities based on their level of urgency.
Furthermore, these Al systems can aid in decision-making processes
such as categorizing patients for home treatment, emergency
department follow-up, or admission to a regular ward or intensive care
unit (15-18).

The terms “deep learning” and “artificial intelligence” are
frequently used interchangeably, but they are not the same (19). AI
systems strive to imitate human learning models and demonstrate
human-like intelligence. Deep learning, on the other hand, is
concerned with discovering patterns and relationships in large
datasets and making inferences. As a result, deep learning is only one
technique in the larger field of AL Deep learning, natural language
processing, robotics, and other domains are all part of AI. While Al is
used in a variety of fields, deep learning is used specifically for
discovering and utilizing patterns and relationships in large datasets
(20). Despite briefly mentioning the distinction between Al and deep
learning in our survey, we generally preferred to use the term “AI”
rather than separate the two terms. Although the use of Al in medicine
appears to be promising and beneficial, it is not without ethical
concerns. These include, among other things, biases, a lack of
transparency, privacy, accountability and responsibility, equity,
depersonalization, and autonomy (21, 22). Although this survey could
have been designed in a much more comprehensive manner,
we focused on the topics of beneficence responsibility and
accountability, rights to privacy and confidentiality, and
non-discrimination in our study. However, as the scope of survey
studies grows and the time required to complete them grows, so does
the participation rate. Furthermore, this is the first study to assess
emergency medicine specialists’ perspectives on Al applications, and
it should be viewed as a pilot ethical study focusing on a specific issue
rather than a comprehensive ethical study.

Some expert opinions and survey studies have called into question
the beneficence and ethical aspects of Al use in various medical fields
(23, 24). However, there is currently no article that discusses the
ethical implications of AI in the field of Emergency Medicine.
Nonetheless, it is worth noting that studies on the ethical implications
of AI use in many other areas of medicine have been published.
Cobianchi et al. examined the ethical dimension of Al usage in
surgical sciences in their study (using a modified Delphi process) and
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concluded that “the main ethical issues that arise from applying Al to
surgery, relate to human agency, accountability for errors, technical
robustness, privacy and data governance, transparency, diversity,
non-discrimination, and fairness” (22). There are numerous recent
studies discussing the ethical dimensions of Al usage in many areas of
medicine, including imaging, differential diagnosis, prediction
models, and decision-making, and they generally raise similar ethical
concerns (25-30).

Unlike previous studies, our research is not a consensus paper
reporting expert opinions or a Delphi consensus paper to address
experts’ ethical concerns. Instead, we asked emergency medicine
specialists who are currently or may be using Al for triage purposes
during COVID-19 and similar pandemics about the ethical
implications of its use. We chose to address the topics of beneficence,
responsibility and accountability, privacy and confidentiality rights,
and non-discrimination in our study, which focused on a single
medical condition and a single purpose. We believe that, as a pilot
study in the early stages of the Al era, our research will shed light on
future applications. Aside from these, numerous ethical issues
concerning various Al usage domains can be discussed (26).

Privacy rights and non-discrimination are prominent ethical
debates in literature regarding Al. In medical ethics, the right to
privacy includes not only bodily privacy but also that regarding health
and personal life. As a result, individuals who are adequately informed
have the right to decide how much of their information is shared (31).
Within predetermined frameworks, a violation of an individuals
privacy rights may be deemed acceptable only when the benefits to the
society or third parties outweigh the breach (32). While anonymizing
individuals’ data before incorporating it into the system can alleviate
some privacy concerns, the lack of transparency in how artificial
intelligence processes data creates uncertainty about the extent to
which individuals can exercise control over their own data (33). In our
study, approximately 23% of participants saw retaining and subjecting
data to repeated analysis within AT systems as an ethical issue, and a
similar percentage saw deep learning-based systems as an ethical
issue. Furthermore, 60% of participants believed that as long as the
data was collected anonymously, it would not violate their privacy.

In our study, more than 70% of participants believed that Al
would be as sensitive to non-discrimination as humans, while only
13% saw Al usage as an ethical concern regarding discrimination.
While there is widespread agreement in the literature that AT would
be more fair than humans, there are also reservations about the extent
to which AI can be fair. When data generated through discriminatory
thinking is fed into the system, it has the potential to perpetuate
discrimination. Furthermore, the opaque decision-making
mechanism of Al which is based on established algorithms, makes
identifying instances of discrimination caused by Al difficult (34, 35).

Our study has some limitations. Firstly, because it is a content-
specific study conducted exclusively within the emergency medicine
profession, the generalizability of our findings to a broader spectrum
of healthcare practitioners may be limited. Specifically, the age
distribution of the participating physicians is relatively young, which
could potentially introduce bias into our results. While including
older emergency physicians could offer a different perspective, it is
worth noting that although emergency medicine is not a new specialty
in Turkey, the recent surge in the number of graduates in the field may
have contributed to the predominance of younger specialists in our
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study. This demographic trend, to some extent, reflects the current
composition of emergency medicine professionals in the country and
is a constraint beyond our control. Additionally, our survey
concentrated on four specific ethical concerns chosen by the
investigators, offering an in-depth exploration of these issues.
However, conducting a more extensive survey, such as using the
Delphi technique, might have provided a broader ethical perspective.
Yet, the practical challenges of recruiting a larger participant pool
could have arisen.

Conclusion

According to our findings, emergency medicine specialists in
Turkey thought that using Al programs for triage in emergency
departments during pandemics could be beneficial, safe, and
complication-reducing for patients and healthcare providers.
Participants, however, expressed serious ethical concerns about the
responsibility and accountability associated with using these systems
for the stated purpose. Surprisingly, the majority of participants
believed that ethical concerns about data storage and reuse could
be overlooked. The perspectives of both the engineers and developers
who create Al systems and the potential users, who are healthcare
professionals, should be gathered more thoroughly. To develop
guidelines, these perspectives should be combined with those of
bioethics leaders.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Samsun
University Clinical Research Ethics Committee (SUKAEK) (Approval
No. 2022-12-12, 23/11/2022). The studies were conducted in
accordance with the local legislation and institutional requirements.
The participants provided their written informed consent to
participate in this study.

References

1. Hinson JS, Martinez DA, Cabral S, George K, Whalen M, Hansoti B, et al. Triage
performance in emergency medicine: a systematic review. Ann Emerg Med. (2019)
74:140-52. doi: 10.1016/j.annemergmed.2018.09.022

2. Flaatten H, Van Heerden V, Jung C, Beil M, Leaver S, Rhodes A, et al. The good, the
bad and the ugly: pandemic priority decisions and triage. ] Med Ethics. (2020) 47:€75.
doi: 10.1136/medethics-2020-106489

3. Jiang E, Jiang Y, Zhi H, Dong Y, Li H, Ma S, et al. Artificial intelligence in healthcare:
past, present and future. Stroke Vasc Neurol. (2017) 2:230-43. doi: 10.1136/svn-2017-000101

4. Patel VL, Shortliffe EH, Stefanelli M, Szolovits P, Berthold MR, Bellazzi R, et al. The
coming of age of artificial intelligence in medicine. Artif Intell Med. (2009) 46:5-17. doi:
10.1016/j.artmed.2008.07.017

5. Alkahlout BH, Ahmad S. Optimizing patient care in the emergency department:
insights from automated alert systems and triage strategies. Glob Emerg Crit Care. (2023)
2:71-6. doi: 10.4274/globecc.galenos.2023.25744

6. Neill DB. Using artificial intelligence to improve hospital inpatient care. IEEE Intell
Syst. (2013) 28:92-5. doi: 10.1109/MIS.2013.51

Frontiers in Public Health

10.3389/fpubh.2023.1285390

Author contributions

Data
Methodology, Writing - original draft, Writing - review &

EA: Conceptualization, curation, Investigation,
editing. AD: Conceptualization, Data curation, Investigation,
Methodology, Writing — original draft. YY: Conceptualization,
Formal analysis, Methodology, Supervision, Validation, Writing
draft, editing. YT:

Conceptualization, Formal analysis, Investigation, Methodology,

- original Writing - review &
Resources, Supervision, Validation, Writing - original draft,
Writing - review & editing. MD: Conceptualization, Data
curation, Formal analysis, Investigation, Methodology, Writing
- original draft. DT: Conceptualization, Formal analysis, Project
administration, Software, Visualization, Writing - original draft.
Data

Investigation, Methodology, Software, Supervision, Validation,

ST: Conceptualization, curation, Formal analysis,

Writing - original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. Open Access
funding provided by the Qatar National Library.

Conflict of interest

YY was employed by Department of Emergency Medicine,
Hamad Medical Corporation.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

7. Eppes CS, Garcia PM, Grobman WA. Telephone triage of influenza-like illness
during pandemic 2009 HIN1 in an obstetric population. Am J Obstet Gynecol. (2012)
207:3-8. doi: 10.1016/j.2j0g.2012.02.023

8. Payne R, Darton TC, Greig JM. Systematic telephone triage of possible “swine”
influenza leads to potentially serious misdiagnosis of infectious diseases. J Infect. (2009)
59:371-2. doi: 10.1016/}.jinf.2009.09.005

9. Lai L, Wittbold KA, Dadabhoy FZ, Sato R, Landman AB, Schwamm LH, et al.
Digital triage: novel strategies for population health management in response to the
COVID-19 pandemic. Healthc (Amst). (2020) 8:100493. doi: 10.1016/j.hjdsi.2020.100493

10. Liang W, Yao J, Chen A, Lv Q, Zanin M, Liu J, et al. Early triage of critically ill
COVID-19 patients using deep learning. Nat Commun. (2020) 11:3543. doi: 10.1038/
541467-020-17280-8

11. Chou EH, Wang CH, Hsieh YL, Namazi B, Wolfshohl J, Bhakta T, et al. Clinical
features of emergency department patients from early COVID-19 pandemic that predict
SARS-CoV-2 infection: machine-learning approach. West J Emerg Med. (2021)
22:244-51. doi: 10.5811/westjem.2020.12.49370

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1285390
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1016/j.annemergmed.2018.09.022
https://doi.org/10.1136/medethics-2020-106489
https://doi.org/10.1136/svn-2017-000101
https://doi.org/10.1016/j.artmed.2008.07.017
https://doi.org/10.4274/globecc.galenos.2023.25744
https://doi.org/10.1109/MIS.2013.51
https://doi.org/10.1016/j.ajog.2012.02.023
https://doi.org/10.1016/j.jinf.2009.09.005
https://doi.org/10.1016/j.hjdsi.2020.100493
https://doi.org/10.1038/s41467-020-17280-8
https://doi.org/10.1038/s41467-020-17280-8
https://doi.org/10.5811/westjem.2020.12.49370

Ahun et al.

12. Soltan AAS, Kouchaki S, Zhu T, Kiyasseh D, Taylor T, Hussain ZB, et al. Rapid
triage for COVID-19 using routine clinical data for patients attending hospital:
development and prospective validation of an artificial intelligence screening test.
Lancet Digital Health. (2021) 3:¢78-87. doi: 10.1016/52589-7500(20)30274-0

13. Nazir T, Mushhood Ur Rehman M, Asghar MR, Kalia JS. Artificial intelligence
assisted acute patient journey. Front Artif Intell. (2022) 5:962165. doi: 10.3389/
{rai.2022.962165

14. Arnaud E, Elbattah M, Ammirati C, Dequen G, Ghazali DA. Use of artificial
intelligence to manage patient flow in emergency department during the COVID-19
pandemic: a prospective, single-center study. Int ] Environ Res Public Health. (2022)
19:9667. doi: 10.3390/ijerph19159667

15. Becker J, Decker JA, Rommele C, Kahn M, Messmann H, Wehler M, et al. Artificial
intelligence-based detection of pneumonia in chest radiographs. Diagnostics (Basel).
(2022) 12:1465. doi: 10.3390/diagnostics12061465

16.Song W, Zhang L, Liu L, Sainlaire M, Karvar M, Kang MJ, et al. Predicting
hospitalization of COVID-19 positive patients using clinician-guided machine
learning methods. ] Am Med Inform Assoc. (2022) 29:1661-7. doi: 10.1093/jamia/
ocac083

17. Soltan AAS, Yang J, Pattanshetty R, Novak A, Yang Y, Rohanian O, et al. Real-world
evaluation of rapid and laboratory-free COVID-19 triage for emergency care: external
validation and pilot deployment of artificial intelligence driven screening. Lancet Digit
Health. (2022) 4:¢266-78. doi: 10.1016/52589-7500(21)00272-7

18. Kapoor A, Kapoor A, Mahajan G. Use of artificial intelligence to triage patients
with flu-like symptoms using imaging in non-COVID-19 hospitals during COVID-19
pandemic: an ongoing 8-month experience. Indian ] Radiol Imaging. (2021) 31:901-9.
doi: 10.1055/s-0041-1741103

19. Hamet P, Tremblay J. Artificial intelligence in medicine. Metabolism. (2017)
69:536-40. doi: 10.1016/j.metabol.2017.01.011
20. Alsuliman T, Humaidan D, Sliman L. Machine learning and artificial intelligence

in the service of medicine: necessity or potentiality? Curr Res Transl Med. (2020)
68:245-51. doi: 10.1016/j.retram.2020.01.002

21. Naik N, Hameed BMZ, Shetty DK, Swain D, Shah M, Paul R, et al. Legal and
ethical consideration in artificial intelligence in healthcare: who takes responsibility?
Front Surg. (2022) 9:862322. doi: 10.3389/fsurg.2022.862322

22. Cobianchi L, Verde JM, Loftus TJ, Piccolo D, Dal Mas E, Mascagni P, et al. Artificial
intelligence and surgery: ethical dilemmas and open issues. ] Am Coll Surg. (2022)
235:268-75. doi: 10.1097/XCS.0000000000000242

23. Koger Tulgar Y, Tulgar S, Giiven Kose S, Kose HC, Cevik Nasirlier G, Dogan M,
et al. Anesthesiologists’ perspective on the use of artificial intelligence in ultrasound-

Frontiers in Public Health

90

10.3389/fpubh.2023.1285390

guided regional Anaesthesia in terms of medical ethics and medical education: a survey
study. Eurasian ] Med. (2023). doi: 10.5152/eurasianjmed.2023.22254

24. Bostrom N, Yudkowsky E. (2023). The ethics of artificial intelligence. Available at:
http://faculty.smcm.edu/acjamieson/s13/artificialintelligence.pdf

25.Shen FX, Wolf SM, Gonzalez RG, Garwood M. Ethical issues posed by field
research using highly portable and cloud-enabled neuroimaging. Neuron. (2020)
105:771-5. doi: 10.1016/j.neuron.2020.01.041

26. Couture V, Roy MC, Dez E, Laperle S, Bélisle-Pipon JC. Ethical implications of artificial
intelligence in population health and the Public’s role in its governance: perspectives from a
citizen and expert panel. ] Med Internet Res. (2023) 25:e44357. doi: 10.2196/44357

27. Lorenzini G, Arbelaez Ossa L, Shaw DM, Elger BS. Artificial intelligence and the
doctor-patient relationship expanding the paradigm of shared decision making.
Bioethics. (2023) 37:424-9. doi: 10.1111/bioe.13158

28. Rolfes V, Bittner U, Gerhards H, Kriissel JS, Fehm T, Ranisch R, et al. Artificial
intelligence in reproductive medicine — an ethical perspective. Geburtshilfe Frauenheilkd.
(2023) 83:106-15. doi: 10.1055/a-1866-2792

29.Sharma M, Savage C, Nair M, Larsson I, Svedberg P, Nygren JM. Artificial
intelligence applications in health care practice: scoping review. ] Med Internet Res.
(2022) 24:¢40238. doi: 10.2196/40238

30. Anshari M, Hamdan M, Ahmad N, Ali E, Haidi H. COVID-19, artificial
intelligence, ethical challenges and policy implications. AT Soc. (2022) 38:707-20. doi:
10.1007/s00146-022-01471-6

31. Humayun A, Fatima N, Naqqash S, Hussain S, Rasheed A, Imtiaz H, et al. Patients’
perception and actual practice of informed consent, privacy and confidentiality in
general medical outpatient departments of two tertiary care hospitals of Lahore. BMC
Med Ethics. (2008) 9:14. doi: 10.1186/1472-6939-9-14

32. Childress JE, Beauchamp TL. Common morality principles in biomedical ethics:
responses to critics. Camb Q Healthc Ethics. (2022) 31:164-76. doi: 10.1017/
S0963180121000566

33. Morley J, Machado CCV, Burr C, Cowls J, Joshi I, Taddeo M, et al. The ethics of AI
in health care: a mapping review. Soc Sci Med. (2020) 260:113172. doi: 10.1016/j.
socscimed.2020.113172

34. Zuiderveen Borgesius FJ. Strengthening legal protection against discrimination by
algorithms and artificial intelligence. Int J] Human Rights. (2020) 24:1572-93. doi:
10.1080/13642987.2020.1743976

35. Cossette-Lefebvre H, Maclure J. AT’s fairness problem: understanding wrongful
discrimination in the context of automated decision-making. AI Ethics. (2022). doi:
10.1007/s43681-022-00233-w

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1285390
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1016/S2589-7500(20)30274-0
https://doi.org/10.3389/frai.2022.962165
https://doi.org/10.3389/frai.2022.962165
https://doi.org/10.3390/ijerph19159667
https://doi.org/10.3390/diagnostics12061465
https://doi.org/10.1093/jamia/ocac083
https://doi.org/10.1093/jamia/ocac083
https://doi.org/10.1016/S2589-7500(21)00272-7
https://doi.org/10.1055/s-0041-1741103
https://doi.org/10.1016/j.metabol.2017.01.011
https://doi.org/10.1016/j.retram.2020.01.002
https://doi.org/10.3389/fsurg.2022.862322
https://doi.org/10.1097/XCS.0000000000000242
https://doi.org/10.5152/eurasianjmed.2023.22254
http://faculty.smcm.edu/acjamieson/s13/artificialintelligence.pdf
https://doi.org/10.1016/j.neuron.2020.01.041
https://doi.org/10.2196/44357
https://doi.org/10.1111/bioe.13158
https://doi.org/10.1055/a-1866-2792
https://doi.org/10.2196/40238
https://doi.org/10.1007/s00146-022-01471-6
https://doi.org/10.1186/1472-6939-9-14
https://doi.org/10.1017/S0963180121000566
https://doi.org/10.1017/S0963180121000566
https://doi.org/10.1016/j.socscimed.2020.113172
https://doi.org/10.1016/j.socscimed.2020.113172
https://doi.org/10.1080/13642987.2020.1743976
https://doi.org/10.1007/s43681-022-00233-w

& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Tetyana Chumachenko,
Kharkiv National Medical University, Ukraine

REVIEWED BY
David Morgan,

Portland State University, United States
Chengyi Xia,

Tiangong University, China

Junxiang Chen,

Indiana University, United States

*CORRESPONDENCE
Lauren Towler
l.towler@soton.ac.uk

These authors share first authorship
These authors share senior authorship

RECEIVED 27 July 2023
ACCEPTED 16 October 2023
PUBLISHED 31 October 2023

CITATION

Towler L, Bondaronek P, Papakonstantinou T,
Amlét R, Chadborn T, Ainsworth B and

Yardley L (2023) Applying machine-learning to
rapidly analyze large qualitative text datasets to
inform the COVID-19 pandemic response:
comparing human and machine-assisted topic
analysis techniques.

Front. Public Health 11:1268223.

doi: 10.3389/fpubh.2023.1268223

COPYRIGHT

© 2023 Towler, Bondaronek,
Papakonstantinou, Amlét, Chadborn, Ainsworth
and Yardley. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Public Health

Frontiers in Public Health

TYPE Original Research
PUBLISHED 31 October 2023
pol 10.3389/fpubh.2023.1268223
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comparing human and
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Kingdom, ®Behavioural Science and Insights Unit, UK Health Security Agency, London, United Kingdom,
’Department of Psychology, University of Bath, Bath, United Kingdom, ®National Institute for Health
Research Biomedical Research Centre, Faculty of Medicine, University of Southampton, Southampton,
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Introduction: Machine-assisted topic analysis (MATA) uses artificial intelligence
methods to help qualitative researchers analyze large datasets. This is useful
for researchers to rapidly update healthcare interventions during changing
healthcare contexts, such as a pandemic. We examined the potential to support
healthcare interventions by comparing MATA with "human-only” thematic
analysis techniques on the same dataset (1,472 user responses from a COVID-19
behavioral intervention).

Methods: In MATA, an unsupervised topic-modeling approach identified latent
topics in the text, from which researchers identified broad themes. In human-
only codebook analysis, researchers developed an initial codebook based on
previous research that was applied to the dataset by the team, who met regularly
to discuss and refine the codes. Formal triangulation using a “convergence coding
matrix” compared findings between methods, categorizing them as "agreement”,
“‘complementary”, “dissonant”, or “silent”.

Results: Human analysis took much longer than MATA (1475 vs. 40h). Both
methods identified key themes about what users found helpful and unhelpful.
Formal triangulation showed both sets of findings were highly similar. The formal
triangulation showed high similarity between the findings. All MATA codes were
classified as in agreement or complementary to the human themes. When findings
differed slightly, this was due to human researcher interpretations or nuance from
human-only analysis.

Discussion: Results produced by MATA were similar to human-only thematic
analysis, with substantial time savings. For simple analyses that do not require
an in-depth or subtle understanding of the data, MATA is a useful tool that can

o1 frontiersin.org


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpubh.2023.1268223﻿&domain=pdf&date_stamp=2023-10-31
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1268223/full
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1268223/full
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1268223/full
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1268223/full
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1268223/full
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1268223/full
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1268223/full
mailto:l.towler@soton.ac.uk
https://doi.org/10.3389/fpubh.2023.1268223
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://doi.org/10.3389/fpubh.2023.1268223

Towler et al.

10.3389/fpubh.2023.1268223

support qualitative researchers to interpret and analyze large datasets quickly.
This approach can support intervention development and implementation, such
as enabling rapid optimization during public health emergencies.

KEYWORDS

public health, interventions, qualitative analysis, machine learning techniques,

triangulation

1. Introduction

Qualitative research plays a vital role in public health, intervention
development and implementation research by enabling researchers to
develop an informed understanding of the attitudes, perceptions and
contextual factors relevant to planning and delivering effective and
acceptable health interventions (1, 2). However, most qualitative
approaches (such as interviews, focus groups and observation studies)
are resource intensive and time-consuming, requiring months or years
to collect and analyze rich, in-depth data. Consequently, most
qualitative approaches have traditionally been based on studies of
relatively small, purposively selected samples (3). Whilst this kind of
in-depth approach has enormous benefits in terms of generating
nuanced insights for the purpose of theory-building, it is less suitable
for some potential applications of qualitative methods. In particular,
less resource intensive methods are needed in order to analyze the
wealth of qualitative data that can be generated by automated online
data collection (for example, of free text responses to population
surveys). Whilst computational and automated approaches are
commonly used in the field of epidemic modeling to monitor disease
spread and adoption of preventative behaviors by members of the
public [e.g., (4)], these methods do not provide sufficient insight into
perceptions of preventative behaviors and individual decision-making
processes that qualitative approaches offer.

Recent advances in technology have facilitated the automatic
processing of text-based qualitative datasets, via natural language
processing (NLP), a subfield of artificial intelligence. NLP algorithms
can quickly produce “triaged” natural text outputs, that have the
potential to substantially reduce the amount of text to be examined by
research teams whilst remaining meaningful (5). NLP has been
applied in several areas of healthcare research: extracting information
from electronic healthcare records (6, 7), coding interview transcripts
about male health needs (8), or early detection of depression in social
networks (9). A direct comparison of an NLP approach which used
lexicon-based clustering in WordNet with human-only qualitative
analysis analyzed answers from 84 participants to short open-ended
text message survey questions (10). They found that NLP generated
similar findings although was not of as high quality, and could be used
to in combination with human qualitative analysis to provide
more detail.

Indeed, the importance of the input of experienced qualitative
researchers to NLP-assisted qualitative data analysis must not

Abbreviations: Al, Artificial intelligence; IPA, Interpretative phenomenological
analysis; MATA, Machine-assisted topic analysis; NLP, Natural language processing;

PBA, Person based approach; STM, Structural topic model; TA, Thematic analysis.
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be overlooked. Findings by Guetterman et al. (10) highlight how
experienced qualitative researchers bring knowledge of contextual,
theoretical, and sociocultural factors that cannot be replicated by
NLP-only approaches. Whilst previous studies show how NLP
methods can be used to support deductive approaches where an a
priori coding framework is in place (11), there is often a need to
conduct “bottom-up” inductive and exploratory analyses where ideas
are formed from the data itself, particularly when developing new
public health interventions or adapting existing interventions to new
situations or populations. Inductive qualitative analysis allows
researchers to explore relevant issues and topics as guided by members
of the relevant population, and generate new ideas in a data-driven
way (12, 13). In this project, we therefore aimed to explore the use of
a different specific NLP approach which integrates human and
exploratory NLP analysis— which we have termed “Machine-Assisted
Topic Analysis” (MATA) - to allow expert qualitative researchers to
look at large, real-world datasets in a timely manner.

MATA assists qualitative researchers by summarizing major
patterns in the text according to generative models of word counts -
known as topic models (14). Topic models are able to automatically
infer latent topics from text. This means the model assumes that the
documents consist of a combination of underlying topics and can
be represented as such. Topic models allow for machine-assisted
reading of text datasets through creating and extracting the main
themes that underlie a corpus and mapping them onto the individual
documents. They are particularly useful as tools to analyze large
volumes of free-text responses to questions in a data-driven way, in
order to summarize the main families of responses. The approach used
in this study is based on an application of the Structural Topic Model
(14, 15) in particular. The STM is a general framework for topic
modeling that is differentiated from other topic modeling
methodologies by its ability to enable researchers to include additional
variables at the document level, such as the date a document was
created or the demographics of the person who created it, as covariates
in a topic model. This way the relationships of these variables to
specific topics can be estimated and examined or used to run subgroup
analyses. Those variables are further used to explain variance in topic
prevalence, so affect the frequency with which a topic is discussed. As
a result, their inclusion improves inference and qualitative
interpretability and also affects the topical content (14). Structural
topic models are able to identify patterns, and qualitative researchers
can then use the output to extract meaning, interpret and summarize
the topics.

Within the context of COVID-19, several NLP researchers have
identified NLP as a potentially effective tool for rapid analysis of large-
scale text-based datasets in order to meet the rapidly shifting public
health needs during a pandemic (11, 16, 17). For example, NLP
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approaches could allow the rapid analysis of views and experiences of
public health interventions (such as infection tracking tools, or public
health messaging services) via survey response, allowing teams to
improve interventions in real-time as issues arise — which can be vital
given the rapidly changing context of a worldwide pandemic (3, 18).
However, previous comparisons between exploratory NLP methods
and human-only qualitative analyses have mostly been conducted on
relatively small sample sizes (8, 10). Therefore, there is a need to assess
how NLP methods can inductively analyze large datasets for studies
with exploratory aims. One such study using a large dataset
demonstrated that supervised machine learning approaches could
effectively complement human hand-coding (19). The current study
builds on Nelson’s work by attempting to demonstrate how NLP
methods can be applied to ‘real world’ participant data in a rapid-
response situation, providing further evidence for the validity and
utility of the method.

Germ Defence is a digital behavior change intervention that aims
to improve infection control behaviors during the COVID-19
pandemic (20). In order to remain as effective as possible, Germ
Defence was iteratively updated throughout the pandemic, as health
guidelines and contextual factors (e.g., virus prevalence, vaccine
uptake) changed (18). During the intervention, some website users
provided feedback about the content and design, and we used this data
to perform separate qualitative analyses using MATA and human-only
analysis. We aimed to explore similarities and differences between
findings of the two methods, and to compare the person-hours
required to conduct each form of analysis, in order to assess the
potential value and trustworthiness of MATA for large-scale public
health intervention evaluation and optimization.

2. Methods
2.1. Participants

Inclusion criteria were users of the Germ Defence website who
were over the age of 18 and able to give informed consent. Between
18th November 2020 until 3rd January 2021, a total of 2,175 people
consented to the survey, 1,472 of which responded to at least one
open-ended question. During this time, a second national lockdown
was in place in the UK, which was replaced by the reintroduction of
the tiered system on 2nd December 2020. Data collection ended prior
to the third national lockdown on 6th January 2021. Table 1 shows the
demographic characteristics of the sample.

2.2. Measures

To gather demographic data, closed questions were asked
pertaining to age, sex, ethnicity, education, household size, whether
the user or someone else in the household is at increased risk of severe
illness if they caught COVID, and whether there could be a current
COVID case within the household (experiencing symptoms or
contact with confirmed case). Feedback was collected as free-text
responses to two questions: “What was helpful about the information
on the Germ Defence website?” and “What did you not find helpful
about the information on the Germ Defence website?” Responses to
these questions provide a rich dataset of recommendations that can
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TABLE 1 Demographic characteristics of the sample (N =1,472).

Demographics N %
Who do you live with

Alone 304 20.7
With children under 16 176 12.0
With family all over 16 889 60.4
With people not related to me 73 5.0
Blank 30 2.0
Increased risk of severe illness (self or household member)

Yes 861 58.5
No 535 36.3
Blank 76 5.2
Possibility of current COVID-19 infection (self or household member)

Yes 69 4.7
No 1,335 90.7
Blank 68 4.6
Age

18-25 10 0.7
26-40 76 52
41-60 524 35.6
61-70 471 32.0
70+ 324 22.0
Blank 67 4.5
Sex

Female 972 66.0
Male 423 28.7
Other or prefer to self-describe 4 0.3
Prefer not to say 3 0.2
Blank 70 4.8
Ethnicity

White 1,331 90.4
Black African 2 0.1
Black Caribbean 5 0.3
Black (other) 2 0.1
Indian 9 0.6
Pakistani 4 0.3
Bangladeshi 1 0.1
Chinese/Southeast Asian 6 0.4
Asian (other) 6 0.4
Other 28 1.9
Prefer not to say 8 0.5
Blank 70 4.8
Education

Before finishing school 33 2.2
After finishing school 643 43.7
After finishing university 353 24.0
After postgraduate studies 280 19.0
Blank 163 11.1

Participants who selected “Other” categories for ethnicity were able to give an additional open-text
response. Most who selected this category were from mixed backgrounds, but some specified
themselves as, for example, White Armenian, Turkish/Cypriot, or Nepalese etc.
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TABLE 2 Human-only analysis procedure and person-hours.

10.3389/fpubh.2023.1268223

Procedure Hours (total
person-hours)
Preparation Each of the 7 coders were assigned ~210 participants, whose responses were transferred to the NVivo software package. LT 25
set up the initial coding template based on a codebook developed and validated during previous analyses of Germ Defence
data (24), previous survey data gathered from website users, and some initial data familiarization.
Six VRAs were trained by LT in qualitative coding and using NVivo. This involved giving the VRAs an overview of the
qualitative process and its aims, the coding process and the meaning of inductive and deductive coding, and previous
qualitative analyses from the Germ Defence project.
Coding Analyzed using a codebook TA approach, template analysis (23). The data were coded deductively onto the thematic 95 (13.6h per coder)
codebook, though some inductive codes were integrated into the codebook upon discussion with the team.
Validity checks The first 50 survey respondents allocated to each trainee coder (23.81% of average total respondents per coder) were cross- 14
checked, and any discrepancies were discussed in subgroups until agreement was reached, under supervision of LT.
Interpretation LT interpreted the findings and created themes from the coding and discussed with the team. LT presented the results to 13.5
the wider team, and made any adjustments based on discussion with the coders and wider team.
Total person hours 147.5

be used to improve the website and guidance provided. The goal of
this data collection and analysis was to investigate perceptions of the
Germ Defence website, with particular attention to the acceptability
of the intervention and the advice it provides.

2.3. Procedure

After they had completed at least one of the two main sections of
the intervention (handwashing or reducing illness), visitors to the
Germ Defence website received a pop-up asking if they might
be interested in taking a survey to help improve the website. The
invitation was presented as seeking information on users’ views on
protecting themselves from Coronavirus, and their thoughts on the
Germ Defence website. Users could then follow a link to the study
information sheet, consent form, and the online questionnaire hosted
on Qualtrics. Ethical approval was granted by the University of
Southampton Psychology Ethics Committee (ID: 56445).

2.4. Data analysis

We analyzed the data in two ways; human-only qualitative analysis
and MATA.

2.4.1. Human-only qualitative analysis

The human-only analysis was conducted using a codebook
thematic analysis (TA) approach using template analysis techniques
(21-23) whereby the coding template was applied to the data
deductively by several coders, and the unit of analysis was free-text
participant response. The coding team was made up of an experienced
qualitative researcher and lecturer at the University of Southampton
(LT), and a group of 6 voluntary research assistants (VRAs) made up
of both undergraduate and postgraduate Psychology students at the
Universities of Southampton and Bath.

The initial codebook had been developed through the researchers’
(LT) contextual knowledge, involvement in collating feedback for the
person-based approach (PBA) development of the Germ Defence
intervention, and derived from smaller-scale survey data and formal
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TA of qualitative interviews with website users (24). Inductive coding
was also implemented by the coders where relevant data did not
currently fit with existing codes. Any proposed additional inductive
codes identified during coding were discussed with the group as soon
as possible, so that each coder could keep it in mind for their own
coding. However, as the process went on, many of these inductive
codes were deemed too thin to remain as standalone codes (for
example, “environmental concerns over waste, e.g., disposable masks”
or “it’s too cold to ventilate”), and so they were merged together or
with existing codes. As a result, some of the deductive codes evolved
into broader, higher-level codes throughout the process than their
original form. This process was done by discussion and interpretation
of the code meaning by the team. Any disagreements between the
team members throughout this process was resolved by discussion
until agreement was reached.

LT then interpreted the shared meaning of the codes within the
final framework and created the themes, which were discussed with
the team. See Table 2 for further information on how the codebook
was developed, and the procedures used in the human analysis. In
the MATA, template analysis techniques were also used to analyze
the topics generated by the STM, with each topic being the unit
of analysis.

2.4.2. Machine-assisted topic analysis
Structured data, such as date, age, sex, education level and
ethnicity, were also collected and included in the models as covariates.

2.4.2.1. Preparation

We pre-processed the data using R (version 3.5.2), and cleaned the
free text responses using base R functions, the quanteda [version 2.0.1;
(25)] and STM [version 1.3.3; (14)] packages. We deleted observations
with missing values and duplicate data. The free-text responses were
converted into token units using the quanteda package, after
punctuation, symbols and numbers were removed. In this instance the
tokens were individual words. Data pre-processing was completed by
deleting stop words and stemming the tokens. Stemming is the process
of reducing words to their root. This acts as a normalization of text
data and helps reduce the size of the dictionary which speeds
up processing.
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TABLE 3 Machine-assisted topic analysis approach and person-hours.
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Procedure Hours

Preparation Data cleaning and conversion of data to STM format 8

Coding The structural topic model is run. The model infers the topics from the corpus of text and maps them back to individual response 0
extracts, which are now automatically grouped into their assigned topics and represented as a distribution of them.

Validity checks Diagnostic analysis and evaluation is conducted of models with 5-40 topics 4
Two coders interpret and apply narrative labels (codes) to the topics (stage 1). This procedure is conducted independently and blindly 28 (9h per

Interpretation by the two coders to ensure accuracy and validity. The coders then create broader themes in collaboration through the process of coder)
thematic analysis to generate the final template (stage 2)

Total person hours 40

2.4.2.2. Coding and validity checks

As a topic modeling method, we implemented the Structural
Topic Model (15). Prior to running the models we ran diagnostics
to identify the optimal number of topics, according to both the
relevant metrics and the aims of the analysis, focusing on the
trade-off between semantic coherence and exclusivity [see (15) for
a discussion on this method of evaluation]. We tested models with
5-40 topics and differing covariates in terms of semantic coherence
score (see (26)), residuals and interpretability by human coders (see
Supplementary material 1), separately for each question. Upon
visually examining the plots in Supplementary material 2,
we identified a Structural Topic Model with 25 topics to be optimal
for addressing question A, “What was helpful about the information
on the Germ Defence website?” whereas 15 topics were deemed to
be optimal for addressing question B, “What did you not find
helpful about the information on the Germ Defence website?” In
both cases date, age, gender, ethnicity, and level of education were
included as covariates. The model automated the equivalent of
the coding stage of the analysis by assigning a number of labels to
each document, by way of mapping them to topics. The code
used for data preparation and modeling is publicly available in
the figshare repository: https://figshare.com/articles/dataset/
Germ_Defence_-_Machine_Assisted_Topic_Analysis/19514305.
2.4.2.3 Interpretation: qualitative analysis of
machine-generated data by trained, supervised coders

The outputs examined consisted of two main elements; the 10
most representative quotes for each topic and two lists of weighted
words that constitute the topic. Different types of word weightings
were generated with each topic where the following two types
were analyzed in subsequent qualitative analysis: (1) Highest Prob
(words within each topic with the highest probability) and (2)
FREX (words that are both frequent and exclusive, identifying
words that distinguish topics). Examples of outputs generated are
presented in Supplementary material 3.

In order to analyze the model’s output systematically we analyzed
it in two stages. In Stage 1, two researchers interpreted the output and
agreed upon narrative labels for the topics (henceforth, MATA codes).
In the first part of Stage 1 the analysis was blinded. In the second part
the two researchers resolved any disagreements in the interpretation
through discussion and agreed in the final topic labels. In Stage 2, the
researchers analyzed the topics generated by the text analysis and
created broader themes. Table 3 provides a breakdown of the steps of
the MATA process, along with the person-hours that were spent on
each step.
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2.4.3. Triangulation

We conducted a formal triangulation in order to compare the
results from both approaches. Specifically, we performed a
methodological and investigator triangulation, as the results from two
different analytical approaches performed by two different analysts
were compared (27). Two research teams independently analyzed the
Germ Defence data using the two methods described in the previous
sections (MATA and human-only TA). A “convergence coding
matrix” (28, 29) was created, and two researchers from these separate
teams (LT and PB) independently triangulated the findings from both
analyses. The codes were then compared with each other and
categorized as either; agreement, complementarity, dissonance, or
silence (28, 29). Agreement represented conceptual convergence
between the analyses, and complementarity referred to a shared
meaning or essence between the findings, but some unique nuances
were present. Dissonance represented disagreement between the
coding, and silence referred to a finding which was present in only one
of the analyses. As such, codes were not considered dissonant with
each other when they only represented difference of opinion within
the sample, and not between the coding from the two methodologies.
For example, the code ‘clear and simplée’ from the human analysis was
not considered dissonant with ‘wordy and repetitive’ from the MATA
because alternative codes were present which agreed, such as
‘information was clear, concise, and easy to understand. The two
analysts then compared and discussed their decisions and reached
consensus on the findings.

3. Results
3.1. Person hours

The human qualitative analysis required significantly higher
person hours to complete than the MATA (147.5 vs. 40). The only
stage which less time in the human analysis than the MATA was the
final interpretation stage, likely due to the familiarity with the data
gained by coding the data “by hand” and the pre-existing coding
template. In the MATA approach, the inference of the topics and the
classification component of the analysis was conducted by the
machine learning model. In this case, the final interpretation phase
consisted of the two stages of generating narrative descriptions of
the produced topics and following the process of thematic analysis.
This was the first time the human coders came into contact with the
data and thus this step was the most time-consuming one in
the MATA.
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3.2. Primary data analysis

The MATA results were centered on what users found helpful
and unhelpful about the Germ Defence website. The themes
representing what users found helpful were: 1. Clear and easy to
understand, 2. Provision of new information and reminders, 3.
Confirming and Reinforcing. The themes representing what users
found unhelpful were: 1. Repetitive, simplistic, wordy, patronizing, 2.
Lack of tailoring, 3. Various issues relating to usability, content and
specific features. For the human analysis, we found 3 main themes:
(1) layout and language style, (2) confidence in how to perform the
behaviors, and (3) reducing all or nothing thinking. These themes, and
how they relate to each other, are presented in section 3.3
Triangulation. As the current study is concerned with the results of
the triangulation between the two methods, further information on
the results of the separate primary analyses can be found
in Supplementary materials 4, 5.

3.2.1. Machine-assisted topic analysis process:
inclusion of topics

3.2.1.1. What was helpful about the information on the
germ defence website?

Of 25 topics analyzed qualitatively, 22 topics were included in the
analysis as they provided substantial insights as expressed by the users’
feedback’. See Supplementary material 5 for a ranking of the machine-
generated topics in terms of prevalence in the corpus for question A.

3.2.1.2. What did you not find helpful about the
information on the germ defence website?

Of 15 topics analyzed qualitatively, 13 topics were included in the
analysis as they provided substantial insights as expressed by the users’
feedback®. See Supplementary material 5 for a ranking of the machine-
generated topics in terms of prevalence in the corpus for question B.

The MATA codes from both corpora were grouped into major
themes representing what users found helpful/unhelpful with the
Germ Defence intervention (Figures 1, 2).

3.3. Triangulation

The codes generated from each form of analysis were categorized
as either in agreement, or complementary to each other. We found no
instances of dissonance or silence within the coding from the two
methods. Table 4 presents the full results of the triangulation.

1 The rationale for exclusion of 3 topics from the analysis was:

Topic 4 was deemed incoherent

Topic 11 was described as “Nothing was helpful/Learned nothing new” and
hence did not provide a substantial answer to the qualitative question

Topic 23 included mixed issues that were already represented in other themes.
2 The rationale for exclusion of 2 topics from the analysis was:

Topic 13 was deemed incoherent

Topic 15 was described as "Nothing was unhelpful/nothing to dislike” and

hence did not provide a substantial answer to the qualitative question.
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3.3.1. Instances of agreement

There was a high level of agreement between the findings of the
human and MATA analyses, particularly for the themes: layout and
language style and confidence in how to perform the behaviors. All of
the codes which made up the layout and language style theme from
the human analysis were classified as in agreement with the related
codes identified in the MATA. Both methods agreed that Germ
Defence users found the website clear to use and easy to understand,
but there were a few areas requiring improvement. For example, some
users felt that the website did not appear “slick” or sophisticated
enough, and that the simple language appeared patronizing to some.
Some examples of codes classified as in agreement were: “clear and
simple” versus “information was clear, concise and easy to understand’,
and too “simplistic/patronizing” versus “did not provide any new
information beyond what is already known and is patronizing”.

We also found many instances of agreement between the methods
for two of the three codes which made up the theme confidence in how
to perform the behaviors from the human-only analysis. Both methods
agreed that many of the participants felt that the website provided
important reminders and reinforcement of the recommended
behaviors. For example, for those who were already highly adherent
to the behaviors, the website provided assurance that they were doing
the right thing and encouragement to continue. For those who
experienced difficulty performing the behaviors, the website provided
practical guidance and “real-world” examples of how the infection
control behaviors could be integrated into users’ daily routines. An
example of codes classified as in agreement is “clear practical advice
and troubleshooting is helpful” from the human-only analysis versus
“helpful information users had not thought of before; the case studies
were helpful” from the MATA.

Finally, two of the four codes contained within the reducing all or
nothing thinking theme agreed with codes generated from the
MATA. The majority of the agreement here came from finding that
some of the behaviors may be more difficult to integrate, particularly
for families with young children. Some participants felt that Germ
Defence could appear too proscriptive, and placed emphasis on the
need to balance the behaviors according to what was deemed practical
and necessary for the family to perform to reduce risk. For example,
the ‘some behaviors are very challenging in certain situations’ code
from the human-only analysis was classified as in agreement with
‘guidance and questions lack consideration for practicalities within
families, especially families with young children’ from the MATA.

3.3.2. Instances of complementarity

The remaining relationships between the findings of the two
methods were judged as complementary and there were no instances
of dissonance or silence. Only the theme reducing all or nothing
thinking contained more codes deemed as complementary than in
agreement. Both methods found that users placed emphasis on the
need to act according to risk level, and that some of the suggested
behaviors could be unrealistic in certain households and/or situations.
However, the human analysis placed greater emphasis on the potential
mental load of integrating the behaviors, and participants’
interpretations of the viral load messages. The viral load messages
encouraged some participants by helping them to understand that
even small changes (such as implementing some of the behaviors
wherever possible and practical, or that they might tailor their
behaviors according to risk) can be effective for reducing their risk of
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A18 - Helpful information
that reinforced existing
precautionary practices and
shaped attitude towards
them, and encouraged
further actions to take.

Confirming and
Reinforcing

A17 - Information was
helpful and clear while
clarifying and confirming
what users had
understood from health
professionals/NHS

A19 - Reinforced existing knowledge
/common sense and prompted re-
evaluation of behaviours that users

have become lax with; highlighted
increased risk and importance of

reducing large viral exposure

A25 - Reinforced
existing knowledge
and behaviour

A15 - Confirmed
what users
already knew

A6 - Helpful
information users
hadn't thought of
before; the case

studies were helpful

A8 - Information on how the
virus lives and spreads, along
with explanation of the link
between amount of viral
exposure and severity of illness

A10 - Helpful information that
prompted users to reflect on their
current behaviours; scenarios
prompted users to provide
answers/respond and make plans
going forward

'A12 - Helpful new information
and advice for in-home
mitigation measures; confirmed
existing behaviours/measures
were right

'A13 - Good reminders and ideas on
various mitigation measures, that
also confirms existing practices; the
option to share the website link
with others can be really helpful

transmission

FIGURE 1

major themes (generated by human).

A2 - Reinforced existing
knowledge and practices;
helpful extra information and
guidance on what more can be
done (e.g. at home) that users
hadn’t thought of before

Provision of new
information and reminder

A20 - Useful, clear and
evidence-based information
with practical ideas about
keeping safe indoors and
reducing fomite/surface

What was helpful about the information on the Germ Defence website? Summary of the topics (generated by the model, described by human) and the

Al - Information was
clear, concise and
easy to understand

Clear and easy to
understand

'A3 - It was written in
simple language
making it easy to
understand and
accessible

AS - Useful
information that is
simple, clear and
easy to understand

A22 - Information
was clear, simple,
and easy to read and
understand

A14 - Good
reminders about
hand hygiene,
disinfection of
surfaces

A21 - Made users
think about current
precautionary
practices and to be
more careful

A7 - Highlighted the
importance of
handwashing and
reminded users to keep
up with handwashing
practices

A9 - Good reminders
and advice on
precautions (e.g,
social distancing)

A16 - Good reminders
on risks and various
mitigation measures

A24 - Provided clarity on
length of time the virus lives
on surfaces and in air, and
highlighted relevant
mitigation measures

catching COVID and/or illness severity. In contrast, believing that
they must perform all behaviors perfectly to avoid virus transmission
left some participants feeling defeated. The MATA codes did not
wholly reflect these interpretations, and so “understanding that small
changes matter is motivating” from the human-only analysis was
classed as complementary to codes such as: “information on how the
virus lives and spreads, along with explanation of the link between
amount of viral exposure and severity of illness” from the MATA.

4. Discussion

We aimed to explore the potential value of machine learning
analysis techniques to analyze large-scale datasets by conducting a
comparison between MATA and traditional thematic codebook
analysis using a template approach conducted by humans.
We triangulated the results of both forms of analysis in order to
highlight the similarities and differences between the two methods,
and we compared them by the person-hours needed to complete
the analyses.

In regard to the primary data, both analyses found that online
public health interventions should be clear and concise. For our
participants, a slick and professional appearance conveys
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trustworthiness, and many felt that a website should
be uncomplicated and accessible. However, others felt that it seemed
overly simplistic and patronizing, indicating a need for striking
balance when designing interventions targeted to a wide audience.
Rather than simply stating the recommended behaviors, our
participants highlighted the importance of practical information
and real-life examples which aim to help website users envision how
the behaviors can be implemented in their own homes. Having the
efficacy of the behaviors confirmed by those perceived to be experts
empowered participants to act, and reinforced participants’
confidence in their ability to protect themselves and those around
them. Finally, our participants indicated that public health
interventions should recognize that some of the recommended
behaviors can be very challenging in certain situations, and
attempting to adhere to all behaviors at all times may not be feasible
for many households. Many participants indicated that they would
act according to their risk level, and felt that information which
appeared overly restrictive and inflexible can leave participants
feeling defeated and demotivated. On the other hand, messages
which emphasized the concept of viral load helped many
participants to understand that making even small changes were
worthwhile for reducing viral exposure, and understanding risk
reduction as cumulative - rather than absolute — was motivating.
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B3 - Wordy and
repetitive of what is
already well known,

Repetitive, while slightly

simplistic, patronizing
wordy,

patronising

B - Visual design slightly
under-developed/not user-

friendly; information was
repetitive or too simplistic.

B11 - Did not
provide any new
information beyond
what is already
known and is
patronizing

B10 - Helpful but
repetitive
information

B14 - Rather superficial, lacking
explanation and detail for several
mitigation measures (e.g., use of masks
and disinfectants, hand hygiene); having
the option to choose between scenarios
was confusing and may not be necessary.

B7 - Advice to wear a
mask at home or
socially distance within
ahome are
unreasonable

B2 - Website not
user-friendly (e.g.,
challenges with
navigation)

Various issues
relating to usability,
content and specific
features

B8 - Website not user-friendly as it was difficult to
navigate the various options and the web layout
made users question credibility of the website;
Some information was misleading/confusing (e.g.,
germs versus virus) while some suggestions are not

B12 - Guidance and
questions lack
consideration for
practicalities within
families, especially families
with young children

Lack of
tailoring

B1 - Some guidance is not
practical or sensible based on
personal circumstances (i.e., risk
and living situation) and latest
scientific evidence, and requires
harder factual explanation.

B9 - Unpleasant user
experience on the website;
Information requires more
detail and lack consideration for
certain demographics/living
situations

B6 - Website not user-friendly as it was
difficult to navigate and did not display well
on smartphones; some guidance is not
realistic/practical (e.g., social distancing at
home) as it does not consider its mental
health impacts and individual circumstances,
while some guidance (e.g., on reducing
fomite transmission) is not sensible based on
latest scientific evidence.

B4 -
Guidance/questions
present too many
options but does not
consider certain living
situations (e.g., living
alone)

practi

FIGURE 2

human) and the major themes (generated by human).

(e.g., social ing within
the home) or require more detailed explanations.

What did you not find helpful about the information on the Germ Defence website? Summary of the topics (generated by the model, described by

As a result of the triangulation between the two methodologies,
we found that the results were very similar, with all codes developed
from the MATA classified as in agreement or complementary to the
codes developed from the human-only analysis. Where the findings
were classified as complementary, this was typically due to slightly
differing interpretations or nuance which are likely to be due to the
human input to the analyses. For example, the investigator leading the
human-only analysis (LT) had analyzed previous Germ Defence data,
whereas the MATA team had not. It is therefore likely that LT made
interpretations based on knowledge gained from previous analyses of
Germ Defence data. This particularly seems to be the case for the
codes within the reducing all or nothing thinking theme, which were
more prominent and developed in the human-only analysis by the
Germ Defence team. These concepts were salient to the Germ Defence
developers because Germ Defence sought to overcome fatalism about
infection transmission. Therefore, some of these differences were
likely due to investigator difference, and not methodological
difference. That said, the codes from the human-analysis were
generally more interpretive than the MATA codes. This is different
from the findings from another study which compared human
analysis with a different NLP approach. Guetterman et al. (10) found
that whilst human-only analysis was of higher quality than NLP-only
analysis, a combined approach added further conceptual detail and
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further conclusions than human-only analysis. We did not find this to
be the case in the current study, rather, we found that human-only
methods yielded similar results to a human-assisted NLP approach.
One potential consideration is that punctuation is removed for the
MATA as only words, rather than phrases or sentences, are used as
tokens. Due to the purpose of punctuation being to convey and clarify
meaning, emphasis, and tone within text, the human coders may have
been able to understand nuances within the responses during the early
stages of analysis that could have been missed or misattributed by the
Al However, the role that humans play in understanding and
interpreting the output of the MATA means that any potential missed
meaning should be minimal. Similarly, the topics produced by STM
can sometimes be incoherent, or involve multiple seemingly unrelated
themes. This would be a major issue if the goal of this method was to
conduct an exhaustive and in-depth qualitative analysis of the corpus.
However, since the goal of this analysis, and the use case for MATA in
general, was to rapidly extract headline insights, this limitation can
be mostly overlooked. Nevertheless, researchers should be mindful of
these potential issues when they come to interpret the output of the AL
Due to these considerations, MATA could potentially be seen
as a less interpretive method than human-only analysis that is
suitable for more descriptive studies of large datasets. Indeed, the
concept of information power recommends larger samples for
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TABLE 4 Results of the triangulation between the human-only analysis and the MATA.

Human-only themes Human-only codes

Triangulation with MATA codes

Agreement

Complementary

Layout and language style Clear and simple Al, A3, A5, A22
Not enough information B9, B11, B14
Not streamlined or sophisticated B5, B2, B6, B8
Too repetitive B3, B5, B10

Too simplistic/patronizing

B3, B5, B11, B14

Confidence in how to perform

A2, A6, A9, A10, A12, A13,

Clear practical advice and troubleshooting is helpful A20, A24, A7, A21, Al4, B12, B9
the behaviors
Al8
Al2, A13, Al6, A20, A7,
Feeling informed and reinforced by reliable sources is empowering Al5
Al4, A25,A19, A17
Inconsistencies undermine confidence A20, A17
Reducing all or nothing
Trying to perform all the behaviors is exhausting B12,B6
thinking
Understanding that small changes matter is motivating A8, A21, A19
We should act according to risk Bl Ale, A19
Some behaviors are very challenging in certain situations B12, B1, B4, B6, B8 B9

studies with broader, atheoretical, more exploratory aims (30). In
order to complete the human-only analysis of a sample of this size,
a codebook was created based on previous Germ Defence research,
and six research assistants needed to be trained in qualitative
analysis. It would not have been feasible to conduct a purely
inductive thematic analysis using a large number of coders due to
differences in how individuals would interpret and label the data.
Other methods of coding large-scale data, such as crowdsourcing
though Amazon Mechanical Turk, have been shown to be successful
when coding deductively into pre-determined categories (31-33).
However, in the absence of these categories, such as in more
inductive approaches or studies with more exploratory aims, there
have previously been few options available to researchers other than
to perform human analyses on limited sample sizes. Approaches
such as MATA could be a valuable tool for enabling large-scale
sampling for these types of studies.

In the rapidly evolving landscape of artificial intelligence, the
emergence and application of Large Language Models (LLM:s) like
Chat-GPT in qualitative data analysis needs to be considered as a
viable alternative approach. Mellon et al. (34) demonstrated how
LLMs can accurately replicate human coding of large-scale data when
classifying the most important perceived issues in the
United Kingdom, such as health and education. However, whilst
LLMs offer scalability and efficiency, it is possible that they could
inadvertently introduce biases or miss nuanced interpretations if
applied uncritically (35), and researchers must ensure they manually
validate the output to verify accuracy and quality. Furthermore,
Mellon et al. (34) highlight that it is currently unknown whether LLMs
can code the sentiment of open-text data, or whether they are capable
of coding the data as well as producing a coding scheme in the way
that STM does. It is possible that current and future iterations of
Chat-GPT could have these capabilities, but further research is

required. The current study demonstrates how a MATA approach can
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integrate qualitative researcher oversight to ensure sentiment
is captured.

Therefore, MATA offers researchers a less resource intensive and
time-consuming approach to conducting broader exploratory studies
within large, nationally representative samples, whilst still ensuring
human oversight in the process to accurately capture meaning and
sentiment. It could be used to augment approaches which tend to
adopt more descriptive aims such as codebook TA, coding reliability
TA, and content analysis. For analyses such as reflexive TA or
interpretative phenomenological analysis (IPA) where researchers
wish to engage with the data on a richly interpretive level, and the
researchers’ knowledge of the subject matter is considered an
important analytic lens, we would not currently consider MATA an
appropriate approach based on the current findings.

4.1. Strengths and limitations

The decision to triangulate human qualitative analysis of Germ
Defence data with machine learning analysis was made post hoc, and
as such, both teams worked and made analytical decisions
independently from each other. Whilst this could be seen as a
limitation of the current study, we believe that the high level of
agreement and complementarity between the two analyses
demonstrate the trustworthiness of using machine learning
techniques to analyze large-scale datasets. Despite the independence
of the two teams, the MATA was still able to generate findings very
similar to the human analysis. As discussed above, machine learning
techniques may be best suited to more descriptive qualitative
analyses, and so it is likely that the results were consistent due to the
descriptive aims of the human analysis and the similarity between
the results would likely not have been as great if compared with a
more interpretive analysis.
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The sample of participants in the current study was largely
homogenous. The majority of participants were white, midlife or
older, and at higher risk of severe illness from COVID-19. We are
therefore unable to draw conclusions from the current study as to the
utility of MATA and NLP methodology for the analysis of more
diverse, nationally representative samples. Further research is needed
to assess how NLP techniques handle more diverse datasets.

4.2. Conclusion

For studies with more descriptive aims, MATA is a trustworthy
and potentially valuable tool to assist researchers analyse large-scale
open text data. Previously, qualitative approaches have been limited to
small sample sizes by its time-consuming nature. By triangulating the
results from a traditional human-only thematic analysis with those
from MATA, we have shown that both methods generate comparable
findings, whilst MATA has the benefit of being less resource and time
intensive. MATA could therefore be used to automate the early
familiarization and coding process of more descriptive and less
interpretive methods such as codebook analysis or content analysis,
especially when the goal is to rapidly extract key topics or concepts
from the data for use in a public health emergency. This study
contributes to an emerging body of literature into the potential utility
of machine learning techniques for use in large-scale qualitative
research (5, 8-11).
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Background: To effectively combat the rising incidence of syphilis, the Brazilian
Ministry of Health (MoH) created a National Rapid Response to Syphilis with
actions aimed at bolstering epidemiological surveillance of acquired, congenital
syphilis, and syphilis during pregnancy complemented with communication
activities to raise population awareness and to increase uptake of testing that
targeted mass media outlets from November 2018 to March 2019 throughout
Brazil, and mainly areas with high rates of syphilis. This study analyzes the volume
and quality of online news content on syphilis in Brazil between 2015 and 2019
and examines its effect on testing.

Methods: The collection and processing of online news were automated by means
of a proprietary digital health ecosystem established for the study. We applied text
data mining techniques to online news to extract patterns from categories of text.
The presence and combination of such categories in collected texts determined
the quality of news that were analyzed to classify them as high-, medium-and
low-quality news. We examined the correlation between the quality of news and
the volume of syphilis testing using Spearman’s Rank Correlation Coefficient.

Results: 1,049 web pages were collected using a Google Search API, of which
630 were categorized as earned media. We observed a steady increase in the
number of news on syphilis in 2015 (n = 18), 2016 (n = 26), and 2017 (n = 42), with
a substantial rise in the number of news in 2018 (n=107) and 2019 (n=437),
although the relative proportion of high-quality news remained consistently high
(77.6 and 70.5% respectively) and in line with similar years. We found a correlation
between news quality and syphilis testing performed in primary health care
with an increase of 82.32, 78.13, and 73.20%, respectively, in the three types of
treponemal tests used to confirm an infection.
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Conclusion: Effective communication strategies that lead to dissemination of
high quality of information are important to increase uptake of public health

policy actions.

KEYWORDS

communication, mass media, data mining, text extraction, public health, notifiable

disease, syphilis

1. Introduction

Syphilis is a major public health problem in Brazil, an upper-
middle income country with a unified health system and universal
health coverage (1). Figure 1 shows the evolution of syphilis rates from
2010 to 2019. During this period, the incidence rate of congenital
syphilis reached, in 2018, 9.0 cases per 1,000 live births, decreasing to
8.2 cases per 1,000 live births in 2019. The detection rate of syphilis in
pregnant women reached 21.5 cases per 1,000 live births in 2018, and
in 2019 it decreased to 20.8 per 1,000 live births. Acquired syphilis,
listed as a notifiable disease in 2010, reached 76.2 cases per 100,000
population in 2018, but reduced to 72.8 cases per 100,000 population
in 2019 (2).

In 2016, the Brazilian Ministry of Health (MoH) declared
syphilis, a sexually transmitted infection, a public health emergency
in Brazil and created a national initiative, “Applied Research for
Intelligent Integration to Strengthen Healthcare Networks for a Rapid
Response to Syphilis” — also known as the “Syphilis No!” Project
(SNP) - to combat syphilis. The Laboratory for Technological
Innovation in Health (LAIS) partnered with the MoH and Federal
University of Rio Grande do Norte (UFRN) to implement the Syphilis
No! Project.

The Syphilis No! Project comprised academic and medical research,
as well as educational and health communication activities consisting of
corporate and digital communication, advertising, and public relations.
Panel 1 describes the core components of the Syphilis No! Project.

Panel 1 - Syphilis No! Project

The Syphilis No! Project also developed a digital health ecosystem,
namely Hermes, with analytics underpinned by computational tools
and machine learning that integrated data from multiple sources to
monitor project implementation and campaign progress by measuring
education and communication activities and through epidemiological
surveillance on the number of tests and number of syphilis cases
(Panel 2 in Methods section).

In 2018, the 2018-2019 National Campaign to Combat Syphilis
(the Syphilis No! Campaign) was launched with the theme “test, treat,
and cure” and the motto “remember to take care” Aired between
November and December 2018, the campaign was the first to involve
national mass media outlets as part of an integrated response with local
actions in priority areas, that had high rates of syphilis (3-5). In January
to March 2019, the SNP implemented syphilis-related actions through
digital social networks. A key theme of the communication campaign
developed by the “Syphilis No” project was “Test, Treat and Cure”

During the “Syphilis No!” Campaign, the media played a vital role
in enhancing understanding of the disease through messages in several
channels. The organizers produced and disseminated a large amount
of material throughout Brazil. The campaign broadcasted videos about
syphilis via television; radio and streaming platforms delivered
pre-recorded audio messages (spots and testimonials); sponsored
videos on Youtube channels and pre-recorded audio messages were
delivered as ads on Spotify; ads were printed in newspapers and
consumer magazines; posters were displayed in shop windows, bus
stops, billboards, and other forms of media were implanted in publicly

The Syphilis No! Project is a national rapid response strategy to syphilis of the National Health System of Brazil (SUS). The Project is primary health care-oriented and aims to promote collaborative actions

between surveillance and care in the territory under an interfederative perspective of technical cooperation in health. Syphilis No! operationalization:

1. Line 1 - Actions of universal scope:

Purchase and distribution of crystalline and benzathine penicillin;

Purchase and distribution of rapid syphilis tests;

Strengthening of laboratory structure for diagnosis;

Instrumentation of situation rooms in all Brazilian districts and in the Federal District;

Implementation of national prevention campaigns;

Development of education and communication tools to be made available to all municipalities;

Development of studies and research aimed at coping with syphilis.

N

represented 68.95% of congenital syphilis burden of disease in Brazil) (3).

Dissemination of strategic information to municipal and district managers to support decision-making;

Line 2 - Actions developed mainly by Research and Intervention Supporters on priority areas selected by epidemiological criteria (capitals and strategic municipalities, a total of 100, that in 2015

Interfederative technical cooperation for implementation of committees (municipal/regional) to investigate mother-to-child transmission of syphilis;
Cooperation to evaluate actions to confront Syphilis in the municipal and district plans, health programs and management reports of the priority districts and municipalities;
Interfederative technical cooperation for implementation of syphilis epidemiological surveillance rooms at the municipal level;

Interfederative technical cooperation to strengthen the health care network and different spaces of care provision for implementation of syphilis care lines (syphilis in pregnant women and sexual

partners, children exposed to maternal syphilis, and acquired syphilis), also with intervention in key populations (sex workers, gay persons and men who have sex with men, transgender people);
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Interfederative technical cooperation to strengthen intersectoral actions in the territory, prioritizing social control (induction of agendas involving health, education and social assistance);

Interfederative technical cooperation to monitor the development of project actions in the situation rooms.
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accessible urban spaces; Messages were posted on social networking
sites (Facebook, Instagram, and Twitter) by influencers.

The media, especially the press, play a pivotal role in selecting and
creating messages to represent facts (6, 7), promoting public health,
influencing public opinion, and generating awareness about health
issues. Both in content and form, news stories paint a picture of the
‘real world; whose framing, through narrative conventions, can
be refined through topics of discussion to social conversations (8). The
press and news media report on matters of interest to the public
sphere not necessarily to tell people ‘how to think, but ‘what to think
about’ (9).

This paper relies on the premise that a nationwide public
communication campaign will likely rely on news coverage (10).
Campaigns aim to exert direct influence on those identified as target
population by delivering evidence-based health information and
addressing disinformation and misinformation. However, experience
with political campaigning has shown that capturing the media’s
attention is the immediate outcome, and “[i]mplicit in this campaign
perspective is the idea of the public agenda because control of media
setting implies significant influence over the public’s agenda” (9).

The prominence of a topic in the media’s agenda creates ‘salience’
(9, 11, 12). In other words, a topic is highlighted in a given period
compared to others based on one or more attributes, according to the
framing by the media (9, 11, 12) through a gatekeeping process, which
selects the facts that become news and are disseminated by media
outlets (9, 13).

In addition, in a systematic literature review performed by our
research group, we observed a gap in assessing the impact of public
health campaigns, regarding the use of online data (i.e., online news)
and others user-generated Internet content (14). Thus, this study
analyzes online news on syphilis in Brazil by mapping key elements of
the news posted online between 2015 and 2019 and measuring their
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quality. The study covers two time periods: (1) 2015 to 2017, related
to communication actions prior to the Syphilis No! Project, and (2)
2018 to 2019, related to the news coverage of communication actions
carried out during the Syphilis No! Project.

In this study, we hypothesized that the quantity and quality of
news about syphilis disseminated in the form of earned media are
significant indicators for measuring the impact of communication
actions developed by the Syphilis No! Project throughout 2018 and
2019. Earned media can influence the public agenda and people’s
decision-making (9, 11, 12) due to the breadth of timely and sound
information provided to the general public. Indicators related to
earned media coverage could be used to measure the success of a
public health campaign (15, 16), to examine the effect of
communication actions (17, 18) and to improve public policy and
public health interventions.

2. Materials and methods

We conducted a field investigation before characterizing and
qualifying news through Hermes. The idea was to outline quality
indicators of information about syphilis in the media agenda. This
step identifies a type of attribute (9, 11, 12) about the framing of
reported news. We determined the indicators, then extracted and
performed a content analysis of the web pages selected. The
workflow performed in this section 1is presented in
Appendix Figure Al.

We used the Google search when identifying the relevant web
pages, using the keywords: ‘syphilis; ‘syphilis campaign, ‘AIDS; ‘AIDS
campaign, and ‘sexually transmitted diseases! We narrowed the
search to documents written in Brazilian Portuguese. From the search

results, two researchers, specialists in public health communication,
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TABLE 1 Quantitative distribution of exploratory categories found in the training data from the search results performed by researchers.

Exploratory categories

. Number of text fragments in
Generic term

the news
Definitions of syphilis Disease definition 90
Epidemiological data on syphilis Epidemiological indicators 96
How to prevent syphilis Prevention 73
How or where to get a syphilis rapid test/diagnosis Rapid test/diagnosis 76
Consequences of syphilis in key populations and the risk of lethality from tertiary syphilis Consequences 75
Public communication campaigns Campaign 65
Effective treatment for syphilis Treatment 68

manually accessed the most relevant web pages and selected 153 texts,
that were characterized as news (19), based on elements that
constitute a news piece, namely, the headline, the lead (the paragraph
that summarizes the “who, when, where, what, why, and how”), and
the body, which further elaborates on the elements mentioned in
the lead.

In order to map out relevant features in the news identified,
we used thematic analysis and axial coding to identify emerging
themes and sub themes (20). Through indexicality, that is, the process
of analyzing text fragments that constituted the news that were
analyzed, we categorized, by induction, news about syphilis into the
following exploratory categories (or quality indicators): definitions of
syphilis; epidemiological data on syphilis; how to prevent syphilis;
how or where to get a syphilis rapid test/diagnosis; consequences of
syphilis in key populations (such as pregnant and infants) and risk of
lethality due to tertiary syphilis; effective treatments to cure syphilis;
and public communication campaigns (details provided in the
Appendix Topic A2).

This analysis resulted in seven generic news categories: Disease
Definition; Epidemiological Indicators; Prevention; Rapid Test/
Diagnosis; Consequences; Campaign, and Treatment. Table 1 provides
an overview of the exploratory categories and their quantitative
distribution of text fragments across the body of the 153 news
analyzed. These text fragments will be defined as ‘training data’ and
after homogenization and standardization, they will serve to verify if
the most important words of each category are contained in the
online news.

In addition, we designed an online survey on the identified
exploratory categories and recruited seven specialists in
communication and public health to analyze the importance of their
presence in news items as a way of qualifying texts about health
problems. The evaluators had experience in the following areas:
federal health management; state health management; primary care
professional or municipal management; management in the Health
Council; university research; communication and health; and
journalism. Each question individually evaluated the importance of
the categories through a balanced Likert Scale as follows: not
important; slightly important; moderately important; very important;
and extremely important.

Figure 2 highlights the varying levels of importance assigned to
different categories related to the news items. Categories such as
prevention, treatment, and consequences are consistently rated as
highly important, while others, such as disease definition and rapid
test/diagnosis, also hold significant relevance. This assessment
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supports our findings regarding the importance of qualifying health
news using the defined criteria.

Once the exploratory categories and training data were defined,
we proceeded to the second step of the workflow, which consisted of
identifying the volume and quality of online news about syphilis
through Hermes.

Based on a multidimensional analysis framework, such an
ecosystem monitors the reach of public health actions related to
campaign activities, education, communication, and epidemiological
surveillance (4). It used computational tools and machine learning to
monitor progress with Syphilis No! project and assist managers and
decision-makers in evaluating the effects of public health policy
interventions and communication campaigns. Panel 2 describes the
elements, the computational tools and machine learning approaches
used for analysis in the Hermes ecosystem with more details provided
in the Appendix.

Panel 2: Hermes - A Digital Ecosystem to Assess Public Health Policies

A software ecosystem refers to a collection of software products that have some given degree of
symbiotic relationships (21), used by a set of actors on top of a common technological platform
(22). A software ecosystem must be seen from multiple perspectives, such as technology,
communication, and epidemiological surveillance.

Hermes focuses on bringing knowledge to stakeholders through the heterogeneous data
collection, processing, integration, and visualization of this information through a single
platform, using computational tools, machine learning techniques, and statistical analysis that
enable public health policy evaluation.

Features:

Actor-Centered

It recognizes the different actors, e.g., stakeholders, decision-makers, communication campaign
analysts, and financial and public managers.

Data-Driven

Enables collecting heterogeneous data and processing it through computational techniques using
machine learning. Facilitates data interpretation, transforming it into feasible information for
assessment. Strengthens decision-making based on prediction and understanding of a problem.
Heterogeneous Data Sources and Data integration

Hermes collects and integrates several data sources, such as Google Search, Google Trends,
epidemiological surveillance databases of the Ministry of Health, databases of Massive Open
Online Courses (MOOCs) collected from SUS’ Virtual Learning Environment (AVASUS); social
networks (Instagram, Twitter, Facebook, and YouTube); in addition to allowing manual entry or
upload of files comprising data from Public Health Campaigns. It ensures consistency, quality,
and completeness for correlation and causality checking.

Automated Processes

It automates processes based on machine learning algorithms, natural language processing, and
statistical analysis: (i) text mining and feature extraction; (i) sentiment analysis; (iii) clustering;
(iv) time series decomposition; (v) interrupted time-series segmented regression analysis; and

(vi) coefficient correlation analysis between variables of interest.
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Result of the analysis on the importance of quality criteria to qualify news items

B Extremely important [l Very important

Disease Definition

Prevention

Consequences

Treatment

Category

Campaign

Rapid Test/Diagnosis

Epidemiological Indicators

FIGURE 2

Findings of the analysis on the significance of quality criteria for evaluating texts related to health issue.

[ Reasonably important

B Slightly important [ Not important

TABLE 2 Web pages categorized after main text content extraction.

Type Rationale Number
Page not found / Content not available Page no longer exists, or content is exclusive to members. 42
Search results Page content results from a search within the website. 69
Non-text content Page does not include text content (e.g., podcasts, images, videos, PDF, or PPT files). 123
Scientific research The main content is part of a scientific research summary, such as an article, poster, thesis, or dissertation. 185
News The main content has characteristic features of a news report. 630

In this study, from January 2015 to December 2019, Hermes
collected online content that was Google indexed and included the
term ‘syphilis’ in Brazilian Portuguese web pages. It performed this
task by using a Google Search API that allows retrieving, in JSON
format, a set of websites indexed by keyword searched for (23).
The fields returned by the automatized search results included: the
date when the news was indexed, URL, title, and a snippet of the
news. 1,049 web pages were found in this period using
these parameters.

Hermes has a content extraction module that uses the Newspaper
Python library (24) and extracted the following fields from each
collected URL: title, publication date, keywords, running text,
and abstract.

At this point, it was necessary to identify if these 1,049 web pages
were, in fact, news. Thus, we defined a typology that made it possible
to identify which web pages featured online news. A manual
identification was carried out and 630 web pages were defined as
news (Table 2).

To substantiate and build the automated extraction of features
found in the online news through Hermes, we used the text mining
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technique, otherwise known as Text Data Mining, which calculates
the weight of a keyword (score) in a vector model (matrix) (25).

We checked unigrams (individual terms), bigrams (two
consecutive terms), and trigrams (sequences of three terms) through
a comparative analysis to ascertain which keywords combination
could be the most suitable for extracting characteristic features
included in news. We chose to use bigrams since they provide a richer
contextual representation than unigrams, as they capture the
proximity relationship between adjacent words and have a smaller
dimensionality than the trigrams. It allowed a more refined analysis of
news texts specific characteristics and contexts. For example, a bigram
like “syphilis campaign” can convey more accurate and meaningful
information than the isolated terms “syphilis” or “campaign” The
choice of bigrams is directly aligned with the study’s objectives, which
aimed to identify specific characteristics (exploratory categories) of
news items. By capturing meaningful relationships between adjacent
words, bigrams allowed for extracting more accurate and relevant
characteristics, providing valuable insights into news content.

The following procedures were executed in order to homogenize
and standardize the bigrams: (i) changing the capitalization of words
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TABLE 3 Main bigrams found for each exploratory category in the training sample.

Category Bigrams

Disease definition syphilis

Bacteria cure; sexually transmitted; transmitted caused; curable treatment; simple treatment; manifest infection; sexually disease; called

Epidemiological indicators

Year age; health increase; new cases; cases type; congenital period; types syphilis; syphilis parents; thousand people; last bulletin

Prevention Condom distribution; better condom; through use; prevention use; doctors reinforce; need condoms; reinforce need; use condoms
Rapid test / Diagnosis Serologic test; rapid test; syphilis result; test detected; easily detected; rapid used; used diagnosis; result minutes

Consequences Case not; baby development; cause complications; lead death; genital sores; genital rashes; cause abortion

Campaign Syphilis campaign; no syphilis; municipal campaign; activities integrate; campaign ending; campaign intended

Treatment With penicillin; penicillin treatment; based antibiotics; base treatment; antibiotic treatment; treated syphilis

to lowercase, (ii) deleting special characters, (iii) removing all
punctuation, (iv) removing extra spaces, (v) removing accents and
numbers, and (vi) deleting “stop words” (words that had no meaning,
such as adverbs and prepositions). Finally, the sentences were
converted into bigrams, which comprise a dictionary of words
representing each group (the training sample and the online news
about syphilis). Table 3 provides examples of the main bigrams found
for each exploratory category in the training sample.

This process yielded a matrix, with each row corresponding to a
news item and each column to the bigrams. The cells refer to the score
of bigram’s relevance in the news, and they were estimated through
Term Frequency - Inverse Document Frequency (TF-IDF) (26). This
technique statistically determines the importance of a word in a
document corpus relative to other texts within the same database. The
weight of a word for such a document is contingent on the number of
times it appears in it, but is offset by the frequencies of the words in
the other documents within the same database (27). So, words that are
common in every document, such as this, what, and if, rank low even
though they may appear many times, since they do not mean much to
that document in particular.

The TF-IDF used to fit these data is straightforward.

TF - IDF(t,d,D) = TF(t,d)" IDF(t,d,D)

Where the Term-Frequency (TF) measures up to how many times
(freq) the word t exists in the document d. This frequency is calculated
as follows:

TF(t,d)=freq(t,d)

For example, in this collection of documents: “this is the first
document.,” “this document is the second document.” and “Is this the
first document?,” the TF of the word document is 1 for the first
document, 2 for the second document and 1 again for the
third document.

The IDF is used to measure the t score from the frequency in d
and in the collection of documents. The IDF is defined by the log
between the total of documents (N) and the frequency of documents
d where the term t occurs (dft). This frequency is calculated as follows:

IDF (1,d,D) =log [dlftj
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Using the same example, the IDF of the t document is log(3/3),
log(1), thus the IDF of the t document is 0. Therefore, the final score
of t is the weight resulted by frequency the ¢ in the d (TF) and the
inverse document frequency (IDF).

Subsequently, all scores of bigrams found within news
characteristic features were summed, then a final score was defined.
Finally, considering the results, the Hermes ecosystem, in an
automated process, determined the acceptance threshold for category
identification for each of the seven categories identified, based on the
category’s average score.

The acceptance threshold is responsible for guaranteeing that one
news holds the minimum score for the presence of features to
be identified. Thus, we verified whether or not the score applied is
greater than or equal to the acceptance threshold. If so, the category
identified characterized such a news. This procedure was used for all
630 news extracted and for all seven categories we defined, in which
a news can include none, one, or more exploratory categories.

Quality parameters of news were determined based on the
presence and combination of categories in them, as follows: low
quality (0-2 categories), medium quality (3-4), high quality (5
or more).

Using Spearman’s Rank Correlation Coeflicient (28), we examined
the association between the number of news over the period January
2015 to December 2019, grouped by their respective quality levels
(low, medium, and high), and the number of serology tests for syphilis
diagnosis performed in primary health care in Brazil. The data on
number of tests were obtained through the Outpatient Information
System (Sistema de Informagdo Ambulatorial, SIA) of the Unified
Health System (Sistema Unico de Satde, SUS), available on the MoH
webpage.'

SIA/SUS allows for the retrieval of test results based on monthly
and yearly quantities, as follows: (i) Treponemal test for syphilis
detection, (ii) Fluorescent Treponemal Antibody-Absorption (FTA-
ABS) IgG test for syphilis diagnosis, (iii) Fluorescent Treponemal
Antibody-Absorption (FTA-ABS) IgM test for syphilis diagnosis, (iv)
Nontreponemal test for syphilis detection, (v) Nontreponemal test for
detecting syphilis in pregnant women, (vi) Rapid Syphilis Test, (vii)
Rapid syphilis test for detecting the infection in pregnant women or
fathers/partners. The collected data for testing includes the period
from 2015 to 2019.

1 https://datasus.saude.gov.br/acesso-a-informacao/producaoc-ambulatorial-

sia-sus/ (accessed on 25 November 2020).
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TABLE 4 Distribution of exploratory categories found in analyzed news on syphilis per year, from 2015 to 2019.

Exploratory category 2015 2016 2017 2018 2019
Number of online news item about syphilis per year 18 (2.86%) 26 (4.15%) 42 (6.67%) 107 (16.98%) 437 (69.37%)
Campaign 11 16 32 78 308
Consequences 15 21 41 91 352
Disease definition 11 14 26 67 241
Epidemiological indicators 13 11 29 55 243
Prevention 15 21 35 86 360
Rapid test/Diagnosis 13 25 39 92 382
Treatment 16 22 34 88 348
None of the categories 1 1 0 11 22
Total number of news 630
Features
120
100
Disease Definition
Epidemiological Indices 30
Prevention
Rapid Test/Diagnosis -
Consequences
Campaign
Treatment |_. 40
ERRREREERERBERERARERA®
Quarterly
0
FIGURE 3
Heat map of categories by quarter from 2015 to 2019.

We also repeated the analysis using Pearson’s and Kendall’s
coeflicients, but Spearman’s Rank Correlation Coefficient method
(also referred to as Spearman’s rho) revealed better results. Perhaps
because (i) data are generally not distributed across the two variables,
(ii) there is a monotonic relationship among data, and (iii) both
variables are ordinal (29).

3. Results

A total of 1,049 web pages were gathered through the utilization
of the Google Search API. Among these, 630 pages were classified as
earned media. An upward trend in the quantity of syphilis-related
news item was observed over the years, with 18 articles in 2015, 26 in
2016, and 42 in 2017. However, a signiﬁcant surge in news coverage
occurred in 2018 (107 articles) and 2019 (437 articles). Despite this
increase, the proportion of high-quality news remained consistently
high, with 77.6 and 70.5% respectively, aligning with previous years.
Our findings indicated a correlation between news quality and the
performance of syphilis testing in primary healthcare settings,
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demonstrating an increase of 82.32, 78.13, and 73.20%, respectively,
across the three types of treponemal tests used to confirm an infection.

Table 4 provides the total number of news mapped by year, along
with exploratory categories found. The number of news increased
gradually from 18 in 2015 to 26 in 2016 and 42 in 2017, then rose
substantially to 107 in 2018. In 2019 the number of news increased to
437 - a figure higher than the sum of the number of news in the four
preceding years.

Figure 3 shows the mapping of categories by quarter from 2015 to
2019. Each cell represents the number of news with respective
categories. In 2015 the highest number of news was in Q2 (April-

» « »

June), citing the terms “prevention,” “consequences,” and “treatment.”
The periods of highest intensity in 2015 is related to the festive seasons
in Brazil (June festivals) and the month of October, when the Ministry
of Health dedicates to discussing Sexually Transmitted Infections
(STIs) and disseminates data from the epidemiological bulletin in
Brazil. In 2016 and 2017 the highest number of news was in Q4
(October-December), citing the terms “campaign,” “consequences,’
“test/diagnosis,” and “treatment,” coinciding with the National Day to

Combat Syphilis and Congenital Syphilis in October. In the rest of the
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TABLE 5 Number of news each year categorized by quality.

10.3389/fpubh.2023.1248121

Quality 2015 2016 2017 2018 2019

level % of total % of total % of total % of total % of total
High 13 72.2% 19 73.1% 33 78.6% 83 77.6% 308 70.5%
Medium 2 - 2 - 6 - 10 - 71 -

Low 3 - 5 - 3 - 14 - 58 -
Total 18 - 26 - ) - 107 - 437 -

TABLE 6 Correlation between the number of tests and the number of news according to their quality.

Types of syphilis tests

News quality

Medium
Treponemal test for syphilis detection 73.20% 67.15% 62.78%
Nontreponemal test for syphilis detection 69.15% 62.04% 58.66%
FTA-ABS IgG test for syphilis diagnosis 78.13% 62.12% 64.58%
FTA-ABS IgM test for syphilis diagnosis 82.32% 68.84% 68.31%
Nontreponemal test for detecting syphilis in pregnant women 64.92% 58.76% 50.85%
Rapid syphilis test 58.98% 46.31% 42.64%
Rapid syphilis test for detecting the infection in pregnant women or fathers/partners 65.33% 56.27% 52.07%

year these categories were hardly ever or never mentioned in the news.
As of 2016 Q4, the patterns begin to gain greater intensity due to the
Ministry of Health’s declaration regarding the syphilis epidemic in
Brazil. In this way, the theme gained more space in the Brazilian media
agenda than in previous years.

In 2017, the news focused on the impact of the declaration of the
syphilis epidemic in Brazil made at the end of 2016. However, the
campaigns were still focused on congenital syphilis, produced with
low investment, and disseminated mainly on social networks. As of
2018, SNP actions were intensifying, holding seminars with state and
municipal entities in all regions of Brazil on the strategy to combat
syphilis. Then the national campaign was launched, maintaining
greater journalistic coverage in the period.

The “Syphilis No!” Project was part of this strategy to change
course in the fight against syphilis in Brazil, involving more resources
for publicity campaigns, including intelligence actions that mobilized
states and municipalities. Qualified actors selected in each territory
acted in this project, which made up a support network for research
and project actions, as detailed in Panel 1.

In 2018 and 2019, while there was a preponderance of news in Q4
of each year, and in particular October, there were news throughout

» « »

the year. The majority of news mentioned “campaign,” “consequences,
“rapid test/diagnosis,” “treatment;” and “prevention”

Table 5 shows the number of news categorized by quality. While
the volume of news increased substantially in 2018 and 2019, the
relative proportion of high-quality news remained consistently high
(77.6 and 70.5% respectively) and in line with similar years.

There was a correlation between the quality of news about syphilis
and the number of serology tests performed in primary health care for
diagnosing syphilis as shown in Table 6. The rapid tests for syphilis in
pregnant women or fathers/partners showed a 65.33% correlation
with high-quality news, while rapid tests in the general population had
a 58.98% correlation. Nontreponemal tests for syphilis showed a
69.15% correlation with the high-quality news and treponemal tests
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(confirmatory tests for syphilis) showed 82.32, 78.13, and 73.20% over
the same period.

4. Discussion

Implementing effective communication strategies to facilitate
the widespread circulation of accurate and reliable information is
crucial in order to enhance the dissemination of public health
interventions. Our findings demonstrate a significant surge in news
coverage through earned media as well as increased testing,
indicating a positive correlation between the two. This highlights the
potential of continuous and comprehensive national mass media
outlets as an instrument for promoting public policies addressing
health crises.

The number of news on syphilis rose rapidly following the
implementation of the communication strategy as part of the Syphilis
No! Project. While there was a cumulative total of 86 news on syphilis
in 2015 to 2017, the number of news rose to 107 in 2018 (154.8%
increase compared to 2017) and 308 in 2019 (308.4% increase
compared to 2018).

In 2010, syphilis became a notifiable disease in Brazil and was
declared a public health emergency in 2016. However, these major
public health policies did not lead to a change in the number of news
or an increase in testing and diagnosis (2, 30).

While in May 2015, the MoH conducted a campaign on mother-
to-child transmission (MTCT) for Mother’s Day and in 2016 and 2017
ran communication campaigns on the National Day to fight Against
Syphilis and Congenital Syphilis, these were one-off events (31) and
had no meaningful effect on news and testing.

The launch of the communication actions of the Syphilis No!
Project in February 2018 coinciding with the Brazilian Carnival was
a turning point. A campaign on social networks with local and state
initiatives, followed. In March 2018, the SNP launched intervention
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agendas across the country through the Ministry of Health, with an
emphasis in 100 priority municipalities (3, 4, 32). In November 2018,
the national campaign “Remember to take care of yourself” (2018-
2019) was launched. The communication campaign meant that
actions were not have meant that communication was no longer
limited to one-off annual events, such as the National Day to fight
Against Syphilis and Congenital Syphilis, but were spread throughout
the year (31) involving a myriad of products and communication
actions, including in ‘paid and owned media’ that helped to increase
news in earned media.

Carrying out media campaigns in support of the adoption and
dissemination of public health interventions is a necessary condition
to generate in society a regime of attention and visibility for a
problem such as syphilis. The media can generate a legitimation
process and make the problem visible on a national scale. However,
to raise awareness and change habits in the population, developing
a set of articulated actions in the territories is necessary.

Notably, public policies to combat syphilis had no significant
effect between 2010 and 2016, clearly observed by the increase in cases
and the low amount of news on the subject in recent years (2015-
2017). However, as of 2018, it is possible to observe the influence of
communication efforts through the support of the theme in
media coverage.

It is important to emphasize that the SNP intervention actions go
beyond the communication area since actions developed mainly by
Research and Intervention Supporters in priority cities with a high
rate of cases of congenital syphilis helped to: strengthen the health
care network and the different care spaces for the implementation of
syphilis care lines; implement syphilis epidemiological surveillance
rooms at the municipal level; evaluate actions to combat syphilis at
municipal and district levels. The Research and Intervention
Supporters whose actions helped improve coordination of
communication efforts and the messaging among state and local
health offices and the local press, acting as an “opinion leader;” to
establish a “two-step flow of communication” (33) to ensure high-
quality news. The communication actions led by SNP produced
greater “resonance,” with local and national press (17).

In addition, actions of a universal scope were also carried out
throughout the territory, such as: the purchase and distribution of
crystalline and benzathine penicillin; the purchase and distribution of
rapid syphilis tests; reinforcement of the laboratory structure for
diagnosis; and the instrumentation of situation rooms in all Brazilian
districts and the Federal District.

The SNP included various actions that enhanced the impact of the
communication campaign and ensured that the topic remained
prominent on the agenda-setting it apart from previous years.

McCombs (9) argues that the agenda-setting process depends not
only on the time period of media exposure a topic has but also on the
potential correspondence to the audience’s need for orientation on the
topic. The results reveal a substantial increase in news in earned media
and in testing, with a correlation between the two, suggesting that a
sustained communication campaign could be a powerful tool for
promoting public policies to tackle health crises.

The Ministry of Health recorded the highest number of syphilis
tests performed per 1,000 population in 2018 (2,1 million) and 2019
(2,5 million), compared to 1,4 million in 2017. While in 2010-2018, the
number of cases of acquired syphilis, syphilis during pregnancy, and
congenital syphilis increased substantially, but fell in 2019 (4, 32, 34).
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Digital information and communications technologies in health
and the application of computational methods based on artificial
intelligence can be used to develop predictive analytics to inform real-
time response to effectively manage public health outbreaks and crises.
The Hermes digital ecosystem developed for the project, played a
critical role in monitoring campaign progress, regularly capturing data
registering, and processing of information related to communication
actions, health system interventions (testing) and epidemiological
parameters (number of cases of acquired syphilis, syphilis in pregnant
women and congenital syphilis). The use of computational methods
that enabled analysis of data of heterogeneous nature to examine the
public health response and its results in real time throughout the
country to provide a powerful tool in planning and monitoring of the
public health campaign for syphilis and can be transferred to other
public health challenges.

Nowadays, for an individual to perceive a subject as relevant, such
subject needs to be highlighted in the media with a particular
frequency, being highlighted in their agenda. Thus, if a subject gains
greater exposure in the media for some time, it becomes seen as
important by the public. For example, until 2017, syphilis was not
highlighted in the Brazilian media. Therefore, it was considered a
neglected disease.

As of 2018, a set of systematic and strategic communication
actions has been developed, supported by technological, financial
and intellectual resources. The actions guided the priority target
audiences, health managers, and professionals nationwide. These
actions intensively positioned syphilis in the Brazilian media
agenda from 2018 onwards, drawing public attention. The lack of
qualified information, as it is a neglected disease, generated a
feeling of uncertainty in public, who started to seek more
information and seek health units and learn about the forms of
diagnosis and treatment. Notably, an effective and ongoing
communication campaign can promote public policies and provide
efficient responses to health crises.

There are potential limitations of our study. The first one relates to
the completeness of the news collection used as a dataset, an external
threat mitigated by choosing one of the largest existing content
indexers, namely Google Search. However, it would be a mistake to
assume that Hermes can retrieve every existing online news through
the Google Search API. In addition, Hermes used filters for: (i)
language, which narrows the search to documents written in Brazilian
Portuguese, and (ii) geolocation, which limits the search results to
documents originated from Brazil. That may constitute a barrier
insofar as the geolocation parameter checks the domain (URL) and
the geographical location of the Web server’s IP address. Future works
may add other search engines, such as Bing and Yahoo, to expand the
search result for news items on the Internet. The second limitation
relates to the search results related to the 42 missing pages Google
indexed. If they had been incorporated into the analysis, they would
likely increase the number of resulting news. However, when analyzing
the date of news of missing web pages, we observed they had the same
proportionality of 2015 (n=1), 2016 (n=3),2017 (n=1), 2018 (n=15),
and 2019 (n=22) results.

Notwithstanding limitation, the study reveals the effective
application of a digital health system that incorporates all the elements
of a complex public health campaign that included a communication
campaign, education, health system interventions, training, expanded
access to testing and treatment.
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The ability to explore online news through machine learning has
aroused the interest of parallel study groups, bringing new insights for
stakeholders to analyze public health campaigns from different
perspectives, such as sentiment analysis techniques (35) and similarity
analysis (36).

5. Conclusion

This study from Brazil, an upper-middle income country, led by a
multidisciplinary group of researchers involving public health
specialists, clinicians, experts in computational science, data scientists,
educationalists, communication experts and marketing experts reveals
the successful implementation of public health actions with a
communication campaign that led to major increases in online news
related to syphilis and the shift in the media landscape and the public
health response after the Syphilis No! Project interventions.

The Hermes ecosystem was able to effectively capture the number
and frequency of news stories before and after the Syphilis No! Project,
effectively classify news according to informational categories and
identify high-, medium-, and low-quality news, and to examine the
relationship between the communication campaign and public health
results to orient more effective and targeted health policies and
interventions to manage the syphilis epidemic in Brazil.

The study reveals the utility of integrated digital health
information systems in guiding public health policies and actions to
ensure effective responses to public health challenges across all
country income categories.
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Application of health
self-management intervention
program for metabolic syndrome
patients in the bereaved
population following the
Wenchuan earthquake

Ma Lihua®?, Jiang Xiaolian'*, Wang Song* and Jiang Ning*

!West China School of Nursing/West China Hospital, Sichuan University, Chengdu, China, 2The First
Hospital of Lanzhou University, Gansu, China

Background: The destructive Wenchuan earthquake has led to approximately
800,000 people being bereaved. In the previous cross-sectional study,
we explored the long-term incidence of Metabolic Syndrome (MS) and studied its
influencing factors among the bereaved population 12 years after the Wenchuan
earthquake. Chronic disease self-management has become a recognized public
health service. Studies have shown that demographic and genetic factors, stress,
geographical environment, society, culture, dietary habits, lifestyle, and other
aspects influence MS. Due to the Wenchuan earthquake being a serious stress
event, the implementation of targeted interventions should be discussed further.

Objectives: To verify the effect of applying a self-management intervention
program for patients with MS among the bereaved population following the
Wenchuan earthquake.

Design: A randomized controlled trial (RCT) design was adopted.

Participants: A total of 132 bereaved patients with MS following the Wenchuan
earthquake constituted the sample.

Methods: The study was based on the Cognitive—Phenomenological-Transaction,
Chronic Disease Self-Management Program, and Patient Empowerment
Conceptual Model, which combined with the latest evidence-based guidelines,
were used to systematically evaluate cross-sectional results of this study that
were used to construct a stress management-based health self-management
intervention program and MS health self-management manual for bereaved
patients with MS following the Wenchuan earthquake. In addition, we revised
and completed a health self-management intervention program and health
self-management manual for patients with MS by using the expert consultation
method. General data were collected prior to intervention (T0). We collected the
patients’ MS disease-related physiological indicators before intervention (TO),
after intervention (T1), and 2 months after intervention (T2). EipData3.1 software
was used to input data in duplex and duplicate, and SPSS22.0 software was used
for statistical analysis.

Results: The variance analysis showed that the total score of healthy self-
management behavior and the score of diet management, exercise management,
drug management, and emotional management have intergroup effects, time
effects, and group—time interaction effects (p <0.05). When the differences
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between groups were further compared, we found that the total score and the
score of six dimensions (excluding disease self-monitoring management) were
higher than those of the control groups at T1 and T2, and the differences were
statistically significant (p <0.05).

Conclusion: The intervention program of healthy self-management for patients
with MS who come from bereaved families following the Wenchuan earthquake
can effectively improve patients’ health self-management behaviors.

KEYWORDS

metabolic syndrome, bereavement, self-management, intervention, RCT - randomized

controlled trial

1. Introduction

Earthquake is a natural disaster with great destructive power
(1). China is a developing country with frequent earthquakes, and
it is also one of the countries with the most casualties due to
earthquakes (2). Wenchuan earthquake in 2008 was not only the
most destructive earthquake in China after the Tangshan
earthquake in 1976, but also it is one of the most destructive
earthquakes in the world in the first decade of the new century
(3). In the earthquake, 69,227 people were killed, 374,643 people
were injured, and 17,923 people were missing, bringing direct
economic losses of 845.1 billion yuan to the Chinese people.
According to statistics, Wenchuan earthquake caused a total of
more than 80,000 people missing or died. According to the
calculation of about 10 relatives of each deceased, the earthquake
caused a total of about 800,000 people bereaved (4). Bereaved
people experience property loss, burial of themselves/others,
injury, disability, death of relatives, interruption of medical and
health services, changes in production activities and lifestyles, as
well as the pain of losing relatives and the destruction of family
structures and functions, and many other earthquake-related
disasters. If the population is in a state of continuous stress
response for a long time, it will often induce a series of
neuroendocrine reactions, mainly manifested as sympathetic
nerve excitation and increased secretion of hypothalamic-
pituitary-adrenal cortex (5), which makes corticotropin-releasing
hormone Elevated levels, the increase of these hormones is closely
related to body obesity and elevated blood sugar, blood pressure,
blood lipids, etc. adverse effects. At present, most of the research
on the health problems of the people after the earthquake in my
country is limited to physical trauma and mental and psychological
aspects. More than 80% of the researches focus on 3 months to
2 years after the earthquake drastically reduced (6).

Metabolic syndrome (MS) is a group of clinical syndromes mainly
manifested by metabolic disorders such as central obesity (visceral
obesity), insulin resistance, glucose metabolism, lipid metabolism and
hypertension (7). MS is one of the escalating public health problems
in most countries and regions in the world, with its prevalence ranging
from 13.1 to 43.6%, and showing an increasing trend year by year (8).
Studies have found that MS is not only a risk factor for cardiovascular
disease (CVD), diabetes and chronic kidney disease (9-11), but also
significantly increases prostate cancer, breast cancer, leukemia,
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pancreatic cancer, colorectal cancer, and liver cancer. And other
cancer patients, resulting in a 33% increase in overall cancer mortality
(12). MS is closely related to a variety of chronic diseases, causing each
other to form a vicious circle, which seriously damages peoplé’s health,
reduces the quality of life, and brings a heavy economic burden of
disease to families and society.

MS is a process of accumulation of chronic damage to body
functions, and is the result of decompensation of the body in response
to various negative factors. It is a preventable, controllable, reversible
and treatable disease. Relevant studies have found that cognitive
behavioral therapy, exercise, lifestyle management, self-management
education, and coping style guidance can alleviate patients’ anxiety,
depression and other negative emotions, master chronic disease
knowledge and improve self-efficacy, thereby improving patients’
blood sugar, blood lipid levels (13-15). A meta-analysis of 8
randomized controlled trials showed that lifestyle interventions can
effectively slow the progression of MS disease, improve waist
circumference (Waist Circumference, WC), blood pressure, fasting
plasma glucose (Fasting Plasma Glucose, FPG) and triglycerides
(Triglyceride, TG) (16).

The previous cross section explored the long-term incidence
of MS and studied its influencing factors among the bereaved
population 12 years after the Wenchuan earthquake. The research
based on influencing factors and constructed a intervention
program, which is a multi-ethnic culturally adaptable health self-
management. This research provides a reliable basis and
methodological reference for the systematic development of the
health management of bereaved population in China, as well as
established relevant guidelines and consensus especially for the
MS patients in multi-ethnic gathering areas after disasters. The
incidence of MS among the bereaved in the Wenchuan earthquake
was 18.5% in cross section. However, there is no relevant research
on the dynamic change of MS incidence in bereaved groups after
disasters, so the incidence of MS in bereaved groups in Wenchuan
earthquake cannot be compared with that in the same population
under the same environment. Some scholars adopted the
multistage and multilayer cluster sampling method in Sichuan and
took CDS as the diagnostic standard. Up to October 2007, a total
of 3,511 people were surveyed, and the prevalence of MS was
11.5% (male 14.3%, female 9.4%). The survey time was the closest
to the prevalence of MS in Sichuan before the Wenchuan
earthquake in 2008. It is suggested that the incidence rate in this

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1277389
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Lihua et al.

study is much higher than that in the same area before
the earthquake.

2. Methods
2.1. Design

A randomized controlled trial (RCT) design was adopted.

2.2. Research objects

2.2.1. Target groups

A cross-sectional study in Yingxiu Town and Beichuan County,
the severely stricken area of the Wenchuan earthquake, enrolled
confirmed MS patients who were bereaved by the earthquake.

2.2.2. Sampling standards

Inclusion criteria: ©® MS patients diagnosed in a cross-sectional
study; @ 18 years old and above; ® permanent population (residential
time more than 6months per year); @ ability to communicate
normally and have basic literacy skills (researchers are able to read
Chinese characters and understand their meaning accurately); and ®
provide informed consent and participate voluntarily.

Exclusion criteria: ® pregnant women; @ hearing impairment; ®
inability to communicate normally; @ having cognitive impairment
or mental illness.

2.3. Participants

In the first stage, 8 rural communities with similar economic
conditions were selected as the target communities for sampling to
facilitate the sampling. In order to avoid contamination, 6
communities in Yingxiu Town (It was 11 kilometers from the epicenter);
2 communities in Beichuan County (It is about 132km from the
epicenter, but suffered great losses) were the control communities.

In the second stage, paper strips with the names of the 6 village
committees in Yingxiu Town were placed into an opaque container,
and then they were taken twice in order. The two communities of the
intervention group selected. There were 118 MS patients in the
two villages.

In the third stage, the intervention group and the control group
were selected from the 4 research communities selected in the first and
second stages. The random sampling method was performed using
Stata/MP14.0 software to generate a random number generator
according to the ratio of experimental group: control group=1:1 for
randomized sample extraction.

Blind method: data collectors, data entry and statistical analysis
personnel were blinded.

2.4. Intervention content and methods
Patients in the control group received routine chronic disease

management in village clinics/township health centers. After baseline
data collection, patients who were interested in participating in the
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study after the last data collection were informed that they could get
a copy of the “Handbook” and corresponding health consultations for
free. On the basis of routine management in the control group,
patients in the intervention group received MS health self-
management education intervention, mainly including the following:

1) Group teaching: a total of 8 times, once a week, for 8
consecutive weeks. The specific content and arrangement
are shown in Table 1. The patients and family members
were required to participate together to preview the
relevant parts of the self-study manual before listening to
the class. Teaching method: group multimedia lectures,
10-15 people in each group, 3 ~5 people discussed and
shared after the lecture, and individual tutoring was
conducted and questions answered according to the needs
of the intervention subjects.

2) Log records: MS health self-management logbooks were
distributed to guide patients to record daily so that patients
could reflect on self-management, and it was also convenient
for researchers to find problems and provide timely feedback.

3) WeChat online help/telephone follow-up: WeChat online help
was used to solve the problems of the intervening subjects
online at any time during the course and within 4 weeks after
the end of the course. At the same time, the intervention
subjects received 4 weeks of telephone/face-to-face follow-up
once a week at the end of the course. The telephone/face-to-
face follow-up was carried out according to the follow-up
record sheet. The content mainly included assessing the
patient’s self-management practice at various stages, checking
the completion of expected management goals, giving patients
self-management support and encouragement, and helping

solve the difficulties and

patients practice process

problems encountered.

2.5. Intervention effect evaluation
indicators and evaluation tools

2.5.1. Evaluation time

In this study, the intervention evaluation time was set at baseline
(Ty), at the end of the intervention (8 weeks of teaching plus 4 weeks
of follow-up, T),), and 2 months after the end of the intervention (T,)
to evaluate the effect of the intervention and to verify the metabolic
syndrome at different follow-up times.

2.5.2. Evaluation tools and methods

1. General information survey form.

@ Demographic data: gender, age, marital status, education level,
religious beliefs, family monthly income per capita, medical payment
method, occupation, etc.

® Earthquake traumatic experience: self-buried/injured/disability
in the earthquake, family property loss, witnessing the burial/injury/
death of others in earthquake, loss of specific relatives, number of
bereavements, and remarriage/rebirth.

® Disease-related information: family genetic history, etc.

2. Self-management Behavior Scale for Patients with MS.
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TABLE 1 Health self-management intervention program for patients with metabolic syndrome.

Subjects

1. Project start
2. Transfer of MS patients diagnosed

for the first time

Purpose

1. Understand the purpose and significance of
the project.

2. Establish a partnership with the target of
intervention.

3. Help patients with MS diagnosed for the first
time transfer to doctors in village clinics or

township health centers.

Contents

1. Distribute the “Manual on the Health Self-management of
MS Patients in the Wenchuan Earthquake Bereavement”
(hereinafter referred to as the “Manual”).

2. Have intervention objects introduce themselves and
become familiar with each other.

3. Introduce project.

4. Provide feedback of the baseline assessment results of
various metabolic indices of MS patients.

5. Help patients with MS diagnosed for the first time transfer
to doctors in village clinics or township health centers.

6. Establish a WeChat group to answer questions online and

provide instant help.

Methods

1. The researcher introduces himself.

2. Intervention objects introduce themselves and meet each other.

3. Project introduction, emphasizing the significance and importance of the project.
4. Distribute the “Manual” to explain the usage and requirements for pre-class
preparation and after-class review.

5. Feedback the baseline assessment results of various metabolic indices of MS
patients.

6. Help patients with MS diagnosed for the first time transfer to doctors in village
clinics or township health centers.

7. Establish a WeChat group, inform the purpose of the group, and let participants

know that if they have any questions, they can ask online at any time.

Lesson 1
Overview of MS disease-related
knowledge and health self-

1. Master MS disease related knowledge, MS
risk factors and prevention.

2. Recognize the importance of MS health

1. Feedback on qualitative interviews and baseline
assessment of patients’ knowledge of MS prevention and

treatment.

1. Feedback on the qualitative interview of MS prevention knowledge mastery and
baseline “MS Prevention Knowledge Scale” evaluation results.
2. PPT explains the first to third parts of the “Handbook” (the definition of metabolic

Stress/emotion management 1
(Daily life)

stress response of daily life stress.

2. Recognize the importance of stress
management.

3. Master the daily stress management strategy.
4. Master common pressure relaxation

techniques.

2. Feedback cross-sectional research on the psychological
influencing factors of MS, the influencing factors of
emotional management in qualitative interviews and the
misunderstandings, and the baseline assessment results of
emotional management in “Health Self-Management
Behavior of MS Patients.”

3. Study the content of daily life stress management in Part 4,
Section 5, “Stress/Emotion Management” of the “Handbook.”
4. Demonstrate common training techniques for stress
relaxation.

5. Evaluation and feedback on the effect of this lecture by the

intervention objects.

management self-management, six management strategies 2. Study the first part to the third part of the “Handbook.” syndrome, diagnostic criteria and hazards; MS risk factors; MS prevention and
(stress/emotion, diet, daily life, exercise/weight, = 3. Explain the importance of MS health self-management. treatment).
drug management and self-monitoring). 4. Formulate health self-management goals. 3. Explain the importance of health self-management for MS patients.
3. Develop self-management goals for MS 5. Evaluation and feedback on the effect of this lecture by the | 4. Jointly develop health self-management goals with the intervention targets.
health. intervention objects. 5. Evaluation and feedback on the effect of this lecture by the intervention objects.
Lesson 2 1. Understand the source, classification and 1. Review the essentials of MS disease knowledge. 1. Review the essentials of MS disease knowledge.

2. Provide feedback on cross-sectional research on the psychological influencing
factors of MS disease, qualitative interview emotional management influencing factors
and misunderstandings; and feedback on the baseline evaluation results of emotional
management in “Healthy Self-Management Behavior of MS Patients.”

3. PPT explains the “Manual” Part 4, Section 5 “Stress/Emotion Management” Daily
Life Stress/Emotion Management:

@ Correctly understand stress and stress response: the source of daily stress (life,
environment, society, etc.) and stress response (physiology, psychology, behavior);
acceptance of stress/emotion exists objectively

® Correctly manage stress and stress response: the importance of stress/emotion
management to health; adjustment of bad cognition; establish a positive and healthy
outlook on life and values; vent bad emotions; actively cope with stress

® Actively seek social support and use social resources: seek relatives, friends,
psychologists, etc. to express their pressure/emotions; use social resources to express
emotions and obtain information, financial support, etc.

@ Common relaxation skills training: breathing training, meditation exercises and
progressive muscle relaxation training

4. Audio/video demonstration of stress relaxation training (breathing training,
meditation exercises and progressive muscle relaxation training) methods.

5. Evaluation and feedback on the effect of this lecture by the intervention objects.
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TABLE 1 (Continued)

Subjects

Lesson 3
Stress/emotion management 2

(Bereavement crowd)

Purpose

1. Recognize the impact of earthquake stress on
the health of bereaved families.

2. Understand grief and grief reactions.

3. Master stress/emotion management strategies
(grief coping, family management and
posttraumatic growth strategies).

4. Develop stress self-management plans and

goals.

Contents

1. Review the essentials of daily stress/emotion management.
2. Study the content of stress/emotion management for
bereavement groups in Part 4, Section 5, “Stress/Emotion
Management” of the “Handbook.”

3. Develop stress management plans and goals.

4. Evaluation and feedback on the effect of this lecture by the

intervention objects.

Methods

1. Review the essentials of daily stress/emotion management.

2. PPT explains the “Manual” Part IV, Section 5 “Stress/Emotion Management”
Pressure/Emotion Management of Bereavement Groups:

@ Relevant knowledge: bereavement grief and grief reaction; the impact of earthquake
stress on the health of bereaved people.

@ Stress/emotion management strategy

[ISorrow coping strategies: accept facts, think positively (combining Qiang and
Tibetan religious beliefs); seek emotional companionship, etc.

[Family business management: reorganization/remarriage family business strategy;
family relationship improvement strategy; effective family support and utilization
strategy; list of tasks for intervention targets

[1Growth management: Cognitive reconstruction, optimistic face, accomplish things
that can bring a sense of accomplishment to oneself, learn to appreciate life, increase
interpersonal communication, increase new possibilities (interests, job opportunities,
etc. combined with local development) and enhance personal strength (strong,
independent, brave)

3. Group discussion: stress/emotion management challenges and problems.

4. Experience sharing: stress/emotion management experience.

5. Develop stress/emotion management plans and goals with the intervention target.

6. Intervention objects evaluate and feedback on the effect of this lecture.

Lesson 4
diet

manage

1. Master the purpose, methods and content of
diet management.

2. Develop a diet management plan.

1. Review the essentials of stress/emotion management.

2. Feedback qualitative research on some of the influencing
factors and misunderstandings of diet self-management, the
baseline assessment results of dietary management in
“Health Self-Management Behavior of MS Patients.”

3. Study “Diet Management” in Part 4, Section 1 of
“Handbook”

4. Formulate diet management plans and goals.

5. Evaluation and feedback on the effect of this lecture by the

intervention objects.

1. Review the essentials of stress/emotion management.

2. Feedback on the qualitative interviews on some of the influencing factors and
misunderstandings of diet management, and the baseline assessment results of diet
management in “Health Self-Management Behavior of MS Patients.”

3. PPT explains the contents of Section 1 of Part Four of the “Handbook” (Diet
Management Principles, Three Major Nutrients, Diabetes and Hypertension Dietary
Points, Tips for Dietary Cooking).

4. Group discussion: problems and solutions in self-management of diet.

5. Experience sharing: experience in self-management of diet.

6. Develop diet self-management plans and goals with the intervention targets.

7. Evaluation and feedback on the effect of this lecture by the intervention objects.
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TABLE 1 (Continued)

Subjects

Lesson 5
1. Daily life management

2. Exercise/weight management

Purpose

1. Master the purpose, methods, content and
precautions of daily life, exercise/weight
management.

2. Develop daily life and exercise management

plans.

Contents

1. Review the main points of diet management.

2. Provide feedback on cross-sectional research on the
impact of daily life (smoking, drinking, sleep quality) and
physical exercise on MS, qualitative research on the weak
links and misunderstandings of daily life management; the
baseline of daily life and exercise management in “Health
Self-Management Behavior of MS Patients” evaluation result.
3. Study “Manual” Part 4, Section 2 “Daily Life Management”
and Section 3 “Exercise/Weight Management.”

4. Develop self-management plans and goals for smoking,
drinking, sleep and exercise.

5. Evaluation and feedback on the effect of this lecture by the

intervention objects.

Methods

1. Review the main points of diet management.

2. Provide feedback on cross-sectional research on the impact of daily life (smoking,
drinking, sleep quality) and physical exercise on MS, share the results of qualitative
research results in patients with misunderstandings about drinking and physical
exercise.

3. PPT explains the contents of Section 2 and Section 3 of the fourth part of the
“Handbook: daily life management and sports management:

[ The hazards of smoking (including snuff), the relationship between smoking and
metabolic syndrome, the benefits of quitting, tips for quitting, how to deal with
difficulties in quitting

[ The harm of drinking, the relationship between drinking and metabolic syndrome,
the misunderstanding of drinking to lower blood sugar, the contraindications of
drinking and drugs, and the coping strategies of drinking; tips for improving sleep
quality

[ Importance and significance of exercise/weight management, calculation of normal
weight range, exercise intensity evaluation method, exercise method, exercise
precautions, prevention and coping strategies of exercise hypoglycaemia, exercise
misunderstanding

4. Group discussion: problems and solutions in daily life management and sports
management.

5. Experience sharing: daily life and exercise self-management experience.

6. Work with the intervention subjects to develop self-management plans and goals
for sports and daily life.

7. Intervention objects evaluate and feedback on the effect of this lecture.

Lesson 6

Drug management

1. Recognize the importance of drug
management for MS control.

2. Master the names, usage, effects and
precautions of commonly used antihypertensive
drugs, lipid-lowering drugs, and hypoglycaemic
drugs.

3. Master the method of insulin injection.

4. Develop a drug management plan.

1. Review the essentials of daily life management and
exercise management.

2. Provide feedback on the evaluation results of baseline
drug management of intervention subjects, weaknesses and
misunderstandings of qualitative research drug
management.

3. Study “Drug Management” in Part IV, Section 4 of the
“Handbook”

4. Formulate drug management plans and goals.

5. Evaluation and feedback on the effect of this lecture by the

intervention objects.

1. Review the essentials of daily life management and exercise/weight management of
MS patients.

2. Provide feedback on the results of baseline drug management and qualitative
research on weak links and misunderstandings in drug management.

3. PPT explains the “Drug Management” in Part IV, Section 4 of the “Handbook”:

[ Importance of drug management

[ The names, usage, effects and precautions of commonly used antihypertensive
drugs, lipid-lowering drugs, and hypoglycaemic drugs

[ Misunderstanding of drug management

[ Medication management strategy

[ Demonstrate insulin injection method

4. Group discussion: problems and solutions in drug management.

5. Experience sharing: drug management experience.

6. Jointly formulate drug management plans and goals with the intervention targets.

7. Evaluation and feedback on the effect of this lecture by the intervention objects.
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TABLE 1 (Continued)

Subjects Purpose Contents Methods
Lesson 7 1. Recognize the importance of metabolic 1. Review the main points of medication management. 1. Review the main points of medication management.
Self-monitoring (1) indicators and monitoring of complications. 2. Provide feedback on the self-monitoring baseline 2. Provide feedback on self-monitoring baseline assessment results, qualitative
(theory) 2. Understand the time, significance and control | assessment results and qualitative research on the research on the weaknesses and misunderstandings of self-monitoring.
objectives of blood glucose, blood pressure, weaknesses and misunderstandings of self-monitoring. 3. PPT explains the content of “Self-Monitoring” in Part 4, Section 6 of the
weight and waist measurement. 3. Study the self-monitoring in Section 6 of Part IV of the “Handbook™:
“Handbook” < [ Importance of monitoring of MS metabolic indicators
< [ MS control target value of each metabolic index
< [ Monitoring time point and significance of blood sugar, blood pressure, etc.
< [ The difference between blood glucose monitoring and HbAlc monitoring
< [ Blood glucose, blood pressure, waist circumference and weight monitoring
frequency and precautions
Importance, content and specific monitoring items of MS complications monitoring
Lesson 8 1. Master the measurement methods of each 1. Review the relevant knowledge of MS self-monitoring. 1. Review the essentials of MS self-monitoring knowledge.

Self-monitoring (2)

(Measurement methods)

component of MS.
2. Master the use of health management log

records.

2. Demonstrate the measurement method of each
component of MS.

3. Explain how to use the health self-management log record
sheet.

4. Develop self-monitoring plans and goals.

5. Evaluation and feedback on the effect of this lecture by the

intervention objects.

2. Demonstrate how to measure blood sugar, blood pressure, weight and waist
circumference.

3. Explain how to use the health self-management log record sheet.

4. Group discussion: self-monitoring problems and solutions.

5. Experience sharing: self-monitoring experience.

6. Jointly develop self-monitoring plans and goals with the intervention targets.

7. Evaluation and feedback on the effect of this lecture by the intervention objects.

Intervention follow-up 1 month

1. Check the management plan and the
completion of management objectives.

2. Support and encourage intervention targets
to implement management strategies.

3. Help the intervening object to solve the
difficulties and problems in the implementation

of self-management.

1. Check the implementation of the self-management plan
and the achievement of management objectives.

2. Help the intervening object to solve the difficulties and
problems encountered in the implementation of self-
management.

3. Encourage and support patients to implement

management strategies.

According to the follow-up record sheet, follow up once a week by phone or face-to-

face; combined with online communication and help of WeChat group.
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The scale is based on the chronic disease self-management theory
(17). Identification of metabolic syndrome using phenotypes
consisting of triglyceride levels with anthropometric indices in Korean
adults [J]. In 2019, Dr. Ni Zhihong from West China Hospital of
Sichuan University developed a “Metabolic Synthesis” based on the
compilation of the chronic disease education and research center of
Stanford University and other scholars (18). Self-management
Behavior Scale, which can comprehensively evaluate the MS self-
management behavior of community residents, including 7
dimensions (diet management, exercise/weight management, daily life
style management, medication management, emotional management,
self-monitoring), 36 items, using Likert 5-level scoring method, the
option scores are l=never, 2= occasionally, 3 =sometimes,
4=frequently, 5=always, the total score is 180 points, the more the
score is High indicates that the patient’s self-management behavior is
better. The Cronbach’s o coefficient of the scale is 0.868, and the test—

retest reliability is 0.957.

2.5.3. Pre-test

To determine the performance of the MS patients’ health self-
management research tool and the feasibility of the program, the
researchers used Stata. The MP14.0 software random number
generator randomly selected 30 MS patients and randomly
assigned them to the control group (n =15) and the self-
management intervention group (n =15). The control group
received chronic disease management in conventional village
clinics/township hospitals, and the self-management education
group received MS health self-management interventions and
conventional village clinic chronic disease management. Patient-
related data were collected before and after the intervention. The
results show that the overall feasibility of the research program is
good, the intervention process (8 weeks of teaching plus 4 weeks
of follow-up) and the process of data collection are culturally
adaptable and easy to communicate, and the questionnaire
expression is clear and easy to understand. In addition, after
collecting baseline data, 15 patients in the control group were
re-evaluated by the MS Patient Self-Management Behavior Scale
at 2week intervals. The test-retest reliability, Cronbach’s
coefficient and test-retest reliability of the scale met the
statistical requirements.

2.5.4. Data collection

1. Data collectors: 2 local medical undergraduates in fourth grade
were recruited and unified training was conducted (1 student
was responsible for patient physiological index measurement,
and the other student was responsible for filling the patient
questionnaire). Measurement methods and precautions were
explained to ensure the accuracy of data collection.

2. Data collection location: ® questionnaire data were collected
at home; @ basic disease data (anthropometric and
physiological data) were measured on an empty stomach in
each village clinic/township health center.

3. How to fill in the questionnaire: the respondents should have
filled in the questionnaire by themselves. To ensure the
accuracy and completeness of the information, when the
questionnaire was collected, it was checked on the spot for any
missing or questionable items. The respondents were asked to
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fill in and verify the questionnaire and then take it back
after verification.

4. Collection method of disease-related physiological indicators:
same as the current situation investigation part.

5. Data collection time: a formal intervention trial was conducted
from March to July 2021, and relevant data of patients at
baseline (T,), end of intervention (T,) and 2 months after the
end of intervention (T,) were collected.

2.5.5. Statistical analysis

Statistical description: Counting data are described by frequency
and composition ratio; normal distribution of measurement data is
described by mean +standard deviation, and skew distribution is
described by median and interquartile range.

Statistical inference: SPSS 22.0 software was used to perform
statistical analysis on the data. According to the level of ®=0.05, the p
value is a two-sided probability for statistical inference. ® Comparison
of enumeration data between groups: chi-square test or Fisher’s exact
probability method was used. @ Comparison of measurement data
between groups: comparison of means of normal distribution: if the
variances were uniform, the group ¢ test was performed, and if the
variances were not uniform, the ¢ test or Wilcoxon rank sum test was
performed. Wilcoxon rank sum test was performed for comparison of
nonnormal distribution means. ® Intragroup time effect and between-
group effect comparison of each index: repeated measurement data
analysis of variance or generalized mixed benefit model analysis
was performed.

2.6. Ethical issues

This study strictly follows the biomedical ethics code (No: 965).
The research plan was sent to the Ethics Committee of West China
Hospital of Sichuan University for approval.

3. Results
3.1. Baseline situation of study subjects

3.1.1. Information collection

A total of 330 MS patients who were bereaved in the Wenchuan
earthquake were established based on the diagnostic criteria of the
“Guidelines for the Prevention and Treatment of Type 2 Diabetes in
China (2017)” (19). All study subjects completed the T, baseline data
collection; T, collected a total of 127 valid data points, with a loss to
follow-up rate of 3.78%; T, collected a total of 124 valid data points,
with a loss to follow-up rate of 2.27%; the total loss to follow-up rate
was 6.06%.

3.1.2. General information of research objects
After normality testing, the ages of the control group and the
intervention group did not follow a normal distribution
(Kolmogorov-Smirnov test, p <0.05), and the 25th percentile,
median, and 75th percentile were used to describe the two age
distribution characteristics of the groups. In addition, the
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demographic data and the remaining variables of the earthquake
trauma experience between the two groups were count data,
which were described by frequency and composition ratio.
According to the data characteristics, the statistical method used
Pearson’s chi-square test or Fisher’s exact test. There was no
significant difference between the basic demographic data and
earthquake trauma experience data of the two groups of patients
(p >0.05) see Table 2.

The average age of the 132 survey subjects included in this
section was 51.85+ 12.19 years old; there were more women than
men, accounting for 56.1%. The education level was mainly
elementary school and below, accounting for 67.4%. The
proportion of married people (including remarried) was 63.6%
(12.9%). The occupation was mainly agriculture, accounting for
79.5%. The ethnic group was mainly Han nationality, accounting
for 66.7%. The living status was mainly not living alone,
accounting for 93.2%. The medical payment was mainly based on
the new rural cooperative medical system, with a proportion of
65.9%. The family monthly income per capita was mainly 1,000—
3,000 yuan/month/person, accounting for 64.4%. The specific
demographic data of the intervention group and the control
group are shown in Table 2.

In the earthquake trauma experience of the study subjects,
34.1% were buried themselves during the earthquake, 35.6% were
injured themselves, 3.8% were disabled, 38.6% experienced severe
or above property losses caused by the earthquake, and 85.3% were
injured during the earthquake. The survey respondents witnessed
others being buried, 84.1% witnessed others being injured, and
71.2% witnessed the death of others. The specific trauma experience
data of the intervention group and the control group are shown in
Table 3.

3.2. The impact of MS self-management on
patients’ health self-management behavior
and disease-related metabolic indicators

The total scores of health self-management behaviors and disease-
related metabolic indicators at T, T,, and T, of the two groups of
patients are shown in Tables 4 and 5. The total scores of patients’
health self-management behaviors at three time points and disease-
related metabolic indicators were analyzed for variance analysis and
sphere test (Mauchly method) of repeated measurement data. The
results of the sphere test showed p >0.05, indicating that the data met
the conditions of the sphere test. One-way analysis of variance
was performed.

The results of the analysis of variance of repeated measurement
data show the following:

1. intervention methods had statistically significant differences in
the scores of self-management behavior and diet management,
exercise management, emotional management, medication
management and other lifestyle management (p <0.05) (see
Table 4).

Different intervention methods had statistical significance in body

weight and WC (p<0.05), but no statistical significance in blood
pressure, FPG, and blood lipids (p > 0.05). The impact of community
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chronic disease management on the weight and WC of MS patients
bereaved in the Wenchuan earthquake had an inter-group effect.

2. Time effect: The differences in self-management behavior and
scores of various dimensions at different follow-up time points
were statistically significant (p<0.05), showing a significant
time effect (see Table 4). The differences in body weight, WC,
BMI, and SBP at different follow-up time points were
statistically significant (p<0.05), showing a significant time
effect (see Table 5).

3. Interaction effect between intervention and time: There was an
interaction effect between different intervention methods and
different follow-up times (p <0.05). Through the interactive
contour map (Figures 1 and 2), it can be seen that with the
passage of follow-up time, the two groups of patients’ self-
management behaviors and the trend of changes in the scores
of each dimension are different (see Table 4, Figure 1).

Through the interactive contour map (see Figure 2), it can be seen
that with the passage of follow-up time, the two groups of patients
have different trends in weight, WC, BMI, blood pressure, FPG, and
blood lipids.

4. Differences between groups:  tests were performed on the self-
management behavior and scores of each dimension of the two
groups of patients at each follow-up point. The results showed
that at TO, the difference in scores between the two groups was
not statistically significant (p>0.05). The scores of the other
dimensions at T1 and T2 were higher than those of the control
group, and the differences were statistically significant
(p<0.05), see Table 4.

T-test was performed on the weight, WC, BMI, blood pressure,
FPG and blood lipids of the two groups at each follow-up time point.
The results showed: ® At Ty, T,, and T, three time points, there was a
difference in BMI between the two groups. There was no statistical
significance (p>0.05); @At T, there was no significant difference in
body weight and WC between the two groups (p>0.05). @There was
no statistically significant difference in blood pressure and blood lipids
between the two groups at the three time points (p>0.05). @At T and
T, there was no statistically significant difference in FPG between the
two groups of patients (p>0.05); at T,, the difference in FPG between
the two groups was statistically significant (p <0.05) (see Table 5).

4. Discussion

The results of this study showed that the total score of self-
management behavior in the control group at T, did not change much
from the baseline, and the total score increased by an average of 1.18
points from the baseline, while the intervention group increased the
self-management behavior at T, and T, (Figures 1, 2).

The results of this study are basically consistent with the relevant
literature reports retrieved at home and abroad, and both indicate that
patients can effectively improve their health self-management
behaviors when they receive health self-management interventions.
Such as Wang Yasha (20), Vanessa et al. (21), Marks et al. (22), Shin
etal. (23) and Zhai Yingfen et al. (24).

The possible reasons for the expected results of this study are
summarized into the following aspects. ® The study is designed on the
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TABLE 2 Baseline characteristics of general data of research subjects (n =132).

Number (%)

Intervention group (n = 66)

Control group

(n=66)
Age (years old) 51.2 52.5
Z=1.100 0.271°

Median (P25,P75) (40.8, 64.2) (45.8,60.2)
Gender
Male 30 (45.5) 28 (42.4)

1.939 0.191*
Female 36 (54.5) 38 (57.6)
Education
Elementary school and below 42 (63.6) 47 (70.3)
junior high school 18 (27.3) 14 (21.1)

1.011 0.799*
High school / technical secondary 6(9.1) 5(7.7)
school and above
Marital status
Unmarried 3(4.5) 1(1.5)
Married 53(80.4) 53(80.4)

5.125 0.401%*
Divorced 2(3.0) 1(1.5)
Widowed 8(12.1) 11 (16.6)
Occupation
Non-farmers 17 (25.8) 10 (15.2)

2.281 0.195*
Farmer 49 (74.2) 56 (84.8)
Ethnic
Han 40 (60.6) 48 (72.7)
Qiang 22(33.3) 14 (21.2) 2.505 0.286%*
Tibetan 4(6.1) 4(6.1)
Residence status
Live alone 6(9.1) 3 (4.5)

1.073 0.492*
Not living alone 60 (90.9) 63 (95.5)
Medical expenses types
Rural residents’ medical 27 (40.9) 18 (27.3) 2.731 0.098*
insurance
Rural cooperative medical system 39 (59.1) 48 (72.7)
Household monthly income per capita
No fixed income 4(6.1) 13 (19.7) 6.277 0.099%*
< 1,000 6(9.1) 5(7.6)
1,001 ~ 3,000 44 (66.7) 41 (62.1)
3,001 ~ 5,000 12 (18.1) 7 (10.6)

Remark:*, Pearson Chi-square test ; **, Fisher’s Exact test.

basis of three theoretical frameworks combined with evidence-based
guidelines, previous cross-sectional studies and qualitative interview
results, and fully excavated MS self-management intervention
methods are highly targeted. @ The design of the intervention plan of
this study is based on the teaching of MS disease-related knowledge,
starting with the patient’s cause, earthquake trauma/stress
management, and sharing successful examples of communication
with patients and empowering them. At the same time, it combines
follow-up and strengthened interventions to health beliefs, produce a

Frontiers in Public Health

conscious and proactive attitude, and promote healthy behavior. ® The
researchers fully contacted and understanded the patients’ eating
habits and cultural customs from current situation investigations and
qualitative interviews. Solving the difficulties, needs and challenges
encountered in the implementation of patients’ self-management
behaviors is very important for improving patients’ health self-
management behaviors, which is consistent with the research reports
of Aktas and other scholars (25). @ During the teaching intervention
period, due to the impact of the epidemic, the hospital’s treatment

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1277389
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Lihua et al. 10.3389/fpubh.2023.1277389

TABLE 3 Study subject’s earthquake trauma experience (n =132).

Category Number (%)
Intervention group Control group
(n=66) (n=66)
1 was buried in the Yes 26 (39.4) 19 (28.8)
1.652 0.199*
earthquake No 40 (60.6) 47 (71.2)
Iwas injured in the Yes 28 (42.4) 19(28.8)
2.676 0.102%*
earthquake No 38 (57.6) 47 (71.2)
I was disabled during the Yes 3(45) 2(3.0)
0.208 0.648%*
earthquake No 63 (95.5) 64 (97.0)
Family members died or 1 person 24 (36.4) 30 (45.5)
whereabouts are unknown | 2 person 29 (43.9) 21(31.8) 2.090 0.352%*
in the earthquake 3 people and above 13 (19.7) 15 (22.7)
none 2(3.0) 4(6.1)
Mild 5(7.6) 12 (18.2)
Property loss Moderate 28 (42.4) 30 (45.5) 6.999 0.136%*
severe 20 (30.3) 10 (15.1)
Extremely severe 11 (16.7) 10 (15.1)
Witnessed others being Yes 35(53.0) 42 (63.6)
1.527 0.217*
buried by the earthquake No 31 (47.0) 24 (36.4)
Witnessing others injured Yes 52 (78.8) 59 (89.4)
2.775 0.096*
by the earthquake No 14 (21.2) 7 (10.6)
Witnessed the death of Yes 49 (74.2) 45 (68.2)
0.591 0.442%
others by the earthquake No 17 (25.8) 21(31.8)

Remark:*, Pearson Chi-square test ; **, Fisher’s Exact test.

TABLE 4 Comparison of the scores of healthy self-management behaviors between the two groups (y+s, n=132).

groups Finter-group I:time (p) Flnterac(ive (P)
(p)

Total score Control 85.05+4.06 85.61+3.91 86.23+3.74

intervention 84.14+5.07 90.20+£4.99 93.74+4.64

t —1.136 5.874 6.605 23912 121.617 80.945

P 0.258 <0.001 <0.001 (<0.001) (<0.001) (<0.001)
Diet managem-ent Control 31.74+3.06 32.39+291 32.35+2.89

intervention 31.27+3.02 33.83+£3.07 34.52+2.95

t —0.887 2.757 4.261 42.979 4418 20.912

P 0.376 0.007 <0.001 (<0.001) (0.039) (<0.001)

Control 7.30+£1.43 8.14+1.10 8.52+1.14

intervention 7.39+£1.33 7.61+1.18 7.73+1.00
Exercise managem-ent

t -0.377 2.652 4219 5213 2.652 4.219

P 0.707 0.009 <0.001 (0.026) (0.009) (<0.001)
Emotional managem- Control 13.24+1.71 13.14+1.41 13.12+1.53
ent intervention 13.02+1.84 13.74+1.94 1426 £1.26

t —0.734 2.052 4.637 4.155 15.109 27.944

P 0.464 0.042 <0.001 (0.046) (<0.001) (<0.001)

(Continued)
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TABLE 4 (Continued)

groups Einter'group Fiime (p) Finteractive (P)
(p)
Drug managem-ent Control 8.00+1.41 8.08+1.31 7.64+1.43
intervention 7.92+1.37 8.67+1.50 9.09+1.46
t —0.312 2.404 5.769 9.319 7.047 23.193
4 0.755 0.018 <0.001 (0.003) (0.002) (<0.001)
Disease self-monit- Control 9.67+1.63 9.68+1.64 9.85+1.38
oring intervention 9.65+1.65 9.88+1.61 10.39+1.35
t —0.053 0.480 2.286 0.669 15.738 5.535
4 0.958 0.632 0.024 (0.416) (<0.001) (0.006)
Other lifestyle Control 8.91+1.37 8.83+1.26 9.20+1.14
intervention 8.86+1.58 9.71+1.44 10.09+1.59
t —0.176 3.726 3.704 7.259 25.630 15.554
P 0.861 <0.001 <0.001 (0.009) (<0.001) (<0.001)
Communication with Control 6.09+1.21 5.88+1.17 6.35+0.86
physicians intervention 6.11%1.12 629+ 1.17 6.88+1.10
t 0.074 2.005 3.197 3.481 23.762 6.885
p 0.941 0.047 0.002 (0.067) (<0.001) (0.002)

Remarks: interaction, intervention x time.

TABLE 5 Comparison of metabolic indicators between the two groups (y+s, n=132).

groups Finter-group Fiime (P) Finteractive (P)
(p)

Weight Control 73.06£10.39 73.42+10.11 73.74+10.05

intervention 71.02+9.45 69.50+9.53 66.76 +7.96

t —1.182 —2.294 —4.425 11.433 35.395 79.499

P 0.239 0.023 <0.001 (0.001) (<0.001) (<0.001)
wC Control 92.48 +8.64 92.24+8.37 92.52+8.05

intervention 91.67 £6.59 89.58£5.76 88.62+5.51

t —0.611 —2.131 —3.240 4.096 28.988 33.742

P 0.542 0.035 0.002 (0.047) (<0.001) (<0.001)
BMI Control 25.91+2.68 26.11+£2.62 26.18+2.68

intervention 26.39+2.21 25.80£2.17 24.79+2.06

t 1.130 —0.722 3.341 1.041 35.505 71.261

P 0.260 0.472 <0.001 (0.311) (<0.001) (<0.001)
SBP Control 138.03+17.45 136.26+17.76 137.47+17.03

intervention 141.85+20.88 138.76+20.44 137.05+17.35

t 1.140 0.750 —0.142 0.403 9.926 4.841

P 0.257 0.455 0.888 (0.528) (<0.001) (0.009)
DBP Control 83.52+10.00 83.30+9.65 84.48+8.76

intervention 84.95+12.05 84.48+10.65 83.94+9.94

t 0.746 0.668 —0.334 0.185 1.340 8.408

P 0.457 0.505 0.739 (0.668) (0.269) (0.001)
FPG Control 6.24+1.78 6.27+1.43 6.31£1.36

intervention 6.12+1.46 594+1.17 5.83+0.87

t —0.427 —1.428 2.400 1.557 1.125 4.106

P 0.670 0.156 0.018 (0.217) (0.328) (0.019)

(Continued)
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TABLE 5 (Continued)

10.3389/fpubh.2023.1277389

groups Finter-group Ftime (P) Flnteractive (P)
(p)

TC Control 4.30+0.79 4.33+0.79 4.38+0.75

intervention 4.49+0.93 4.38+0.89 4.25+0.81

t 1.223 0.341 —0.958 0.067 1.823 8.086

p 0.223 0.733 0.340 (0.797) (0.170) (0.001)
TG Control 226+1.17 2.25+1.08 2.30+0.97

intervention 2.21+0.95 2.14+0.91 2.08+0.86

t —0.261 —0.608 —1.361 0.456 1.614 3.571

P 0.795 0.544 0.176 (0.502) (0.203) (0.031)
LDL-C Control 2.92+0.75 2.92+0.76 2.95+0.76

intervention 2.93+0.68 2.89+0.61 2.85+0.60

t 0.111 —0.280 —-0.774 0.146 0.269 0.875

P 0.912 0.780 0.440 0.704) (0.765) (0.419)
HDL-C Control 1.27+0.27 1.26£0.32 1.26£0.30

intervention 1.30+0.30 1.33+0.30 1.36+0.30

t 0.537 1.129 1.837 1.737 2.076 3.530

P 0.592 0.261 0.068 (0.192) (0.134) (0.035)

Remarks: interaction, intervention x time.

process was accompanied by QR code scanning, body temperature
measuring, nucleic acid testing, and patients and companions filling
out the epidemiological questionnaire.

The results of this study showed that the weight of the subjects in
the control group did not change much from the baseline at T, and
their weight increased by 0.68Kg on average from the baseline; while
the subjects in the intervention group were significantly lower than
the baseline at T, and T,. The average weight loss was 4.26Kg, which
was 6.0% less than the baseline weight. According to the evidence-
based guidelines recommendation standard (19).

There are similarities and differences in the four results of blood
lipids (TC, TG, HDL-C and LDL-C) reported by scholars Shengnan
(26), Senhai et al. (27) and Yasha (20).

Analysis of the four blood lipids (TC, TG, HDL-C and LDL-C)
between the two groups of patients in this study were not statistically
significant at the two time points of T, and T,. The possible reasons for
the failure to achieve the expected results are: ® During the entire period
of the intervention, the study was in the epidemic stage. It was forbidden
to gather more 10 people, and collective entertainment activities (playing
mahjong, dancing square dance) were canceled, which may be more idle
than in previous years. @ The intervention of this study started in March.
The climate became warmer and darker. Patients usually exercise
moderately after eating. The work and rest habits of these two rural
residents may be difficult to change within 5months.

4.1. Struggles and limitations

Studies on the long-term impact of earthquake stress on the health
of bereaved families are rarely reported worldwide. Due to some
objective conditions in this study, the metabolic outcome indicators
of this intervention study did not include HbA1c. The FPG results at
the three time points of T, T}, and T, are used as indicators to judge

Frontiers in Public Health

whether the patient’s blood glucose has improved, rather than the
average blood glucose HbA1c of 2 to 3 months, which may be biased.
This study selected three detection time points: baseline (T,), end
of intervention (T),), and 2 months after the end of intervention (T,) on
an evidence-based basis. The long-term effects of health self-
management interventions need to be further explored. Small numbers
examined and the consequent difficult generalisability of results.

5. Conclusion

The intervention program of healthy self-management for MS
patients from bereaved families in the Wenchuan earthquake can
effectively improve patients’” health self-management behaviors and
patients’ weight, WC, BMI, and FPG in the short term. However, the
effects of improving the patient’s blood lipid and blood pressure levels
are uncertain and need further verification.
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Objective: To systematically compare and rank the accuracy of Al-based
intraocular lens (IOL) power calculation formulas and traditional IOL formulas in
highly myopic eyes.

Methods: We screened PubMed, Web of Science, Embase, and Cochrane Library
databases for studies published from inception to April 2023. The following
outcome data were collected: mean absolute error (MAE), percentage of eyes with
a refractive prediction error (PE) within £0.25, +0.50, and 41.00 diopters (D), and
median absolute error (MedAE). The network meta-analysis was conducted by R
4.3.0 and STATA 17.0.

Results: Twelve studies involving 2,430 adult myopic eyes (with axial lengths
>26.0 mm) that underwent uncomplicated cataract surgery with mono-focal IOL
implantation were included. The network meta-analysis of 21 formulas showed
that the top three Al-based formulas, as per the surface under the cumulative
ranking curve (SUCRA) values, were XGBoost, Hill-RBF, and Kane. The three
formulas had the lowest MedAE and were more accurate than traditional vergence
formulas, such as SRK/T, Holladay 1, Holladay 2, Haigis, and Hoffer Q regarding
MAE, percentage of eyes with PE within £0.25, £0.50, and £1.00 D.

Conclusions: The top Al-based formulas for calculating IOL power in highly
myopic eyes were XGBoost, Hill-RBF, and Kane. They were significantly more
accurate than traditional vergence formulas and ranked better than formulas with
Wang—-Koch AL modifications or newer generations of formulas such as Barrett
and Olsen.

Systematic review registration:
identifier: CRD420223359609.

https://www.crd.york.ac.uk/PROSPERO/,

KEYWORDS

intraocular lens, formulas, high myopia, artificial intelligence, prediction error

1. Introduction

Myopia is a common refractive error that affects a significant proportion of the world
population. The global prevalence of myopia was estimated to be 22.9% in 2000 and is
projected to increase to 49.8% by 2050 (1). High myopia, defined as a refractive error of
—6.00 diopters (D), is associated with axial lengths >26.0 mm (2). Myopia has been shown to
be a risk factor for the development of cataracts, particularly nuclear cataracts and posterior
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subcapsular cataracts (3). Traditionally, vergence formulas such as
SRK/T, Holladay 1 and 2, and Hoffer Q have been commonly used
(4). However, these traditional formulas tend to result in hyperopic
surprises, leading surgeons to empirically aim for a myopic target
(5-7). Highly myopic eyes have complex structural changes such
as zonular weakness (8), increases in anterior chamber depth
(ACD) (9), premature vitreous degeneration, and posterior scleral
staphyloma (6), which reduces the predictive accuracies of existing
formulas. The Wang—Koch (WK) axial length (AL) adjustment
(6, 10) and newer generations of formulas such as Barrett (available
at: https://calc.apacrs.org/barrett_universal2105/) and Olsen (11)
were developed to address these issues.

In recent years, artificial intelligence (AI) technology has been
adopted to improve the accuracy and precision of IOL power
calculations in myopic eyes. The Hill-radial basis function (RBF)
formula (available at: http://rbfcalculator.com/online/index.html)
and Kane formula (available at: www.iolformula.com) are gaining
increasing popularity. Both formulas were developed and validated
using large datasets. They used machine learning algorithms
based on several patient-specific factors, including AL, keratometry
(K), and lens thickness (LT). Other Al-based formulas, such as
Emmetropia Verifying Optical (EVO) and Ladas Super Formula,
have also been developed (11, 12).

Recent studies have compared the accuracy of Al-based
formulas, traditional vergence formulas, newer generations of
vergence formulas, and formulas with Wang-Koch adjustments.
However, due to the large number of formula types, the process
of recalculating IOL power using all the methods was time-
consuming, and few studies have performed comprehensive
comparisons between formulas. Our network meta-analysis,
therefore, aims to comprehensively compare and rank the formulas
in myopic patients who underwent cataract surgery. The findings
of the present study will provide valuable clinical guidance for
selecting the appropriate IOL formulas for myopic eyes.

2. Materials and methods

The present study was registered at Prospero
(CRD42022335969, https://www.crd.york.ac.uk/PROSPERO/).

2.1. Search strategy and selection criteria

Two investigators (YZ and LS) searched PubMed, Web of
Science, Embase, and Cochrane Library for studies published
from their inception to 5 April 2023. The search terms used for
searching the clinical condition are as follows: “myopia,” “long axial
length,” “long AL, “long eye,” “intraocular lens,” and “IOL.” The
two investigators independently evaluated the title and abstract
of all the identified studies. Additionally, we manually examined
the reference lists of clinical trials, related meta-analyses, and
systematic reviews to identify relevant studies.

Studies were retained if they met the following inclusion
criteria: (1) focused on individuals with ocular AL longer than
26.0mm; (2) included eyes with uncomplicated cataract surgery
with in-the-bag fixated mono-focal IOL implantation; and (3) used
at least two of the selected IOL power calculation formulas. Articles
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were excluded if they (1) used no AI formula; (2) included patients
under 18 years; (3) had a history of other ocular diseases, eye
surgery, or trauma; (4) included toric, multi-focal, piggyback, or
not in-the-bag fixated IOL implantation; (5) included astigmatism
correction using femtosecond laser-assisted cataract surgery; (6)
did not provide any of the outcome data (MAE = SD, percentage
of eyes with a refractive PE within 40.25, £0.50, and £1.00 D,
MedAE); (7) measured optical biometry using approaches other
than Lenstar, IOL Master, or Pentacam; and (8) were review
articles or discussion papers, conference abstracts, or studies done
on animals.

2.2. Data collection and processing

Two authors (MD and XT) extracted the following outcome
data independently: (1) The percentage of eyes with a refractive
prediction error (PE) within £0.50 and +1.00 diopters (D),
(2) mean absolute error (MAE), and (3) median absolute error
(MedAE) in refractive prediction. Participant and intervention
characteristics were also extracted. For data that were missing or
could not be directly obtained, we contacted the authors or used the
WebPlotDigitizer tool (https://automeris.io/WebPlotDigitizer/) to
read data from figures.

The percentage of eyes with PE within £0.25, £0.50, and
£1.00 D was dichotomous data. Thus, a binomial model was
applied, and odds ratio (OR) with 95% CIs was calculated for the
relative effect. The MAE was continuous data. Thus, a continuous
model was applied, and a mean difference with 95% CIs was
calculated for the relative effect. It is notable that MedAE was not
suitable for the meta-analysis; therefore, only descriptive analyses
were performed.

2.3. Quality assessment

Two authors (LZ and ZT) assessed the risk of bias in the
included studies following the guidance of the quality appraisal
tool for case series studies using a modified Delphi technique
developed by the Institute of Health Economics (13). The following
eight domains in the included studies were evaluated: study
objective, study population, intervention and co-intervention,
outcome measure, statistical analysis, results and conclusions,
competing interests and sources of support, and new item. The
clarity of each item in the eight domains was classified as “Yes,”
“No,” and “Unclear/Partly stated.”

2.4. Publication bias detection

To assess the publication bias across studies, a graphic tool
was developed by Chai (14). The code was integrated into an
R package netmeta. The command funnel() generated a funnel
plot to visualize publication bias across included studies. The
obvious publication was presented as an asymmetric distribution
of comparison-adjusted funnel plots.
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2.5. Sensitivity analysis and inconsistency
assessment

A sensitivity analysis was performed by repeating the network
meta-analysis with the previously excluded high-risk studies.
If the result was significantly influenced, the inconsistency
between direct and indirect comparisons was assessed using
the node-splitting approach (15), which differentiates direct
and indirect evidence on a particular comparison and the
design-by-treatment interaction models, assuming consistency
throughout the entire network. A p-value < 0.05 was considered
an inconsistency.

2.6. Surface under the cumulative ranking
curve (SUCRA)

The probability of interventions at each ranking could be
evaluated by SUCRA (16). The SUCRA value of each formula was
assessed for the following primary outcomes: the percentage of eyes
with a refractive PE within £0.50 and £1.00 D, MAE =+ SD, and
MedAE. A SUCRA value ranges from 0 to 100%, with a value closer
to 100% indicating a higher likelihood that a formula is in the top
rank. A SUCRA ranking figure was presented to report the SUCRA
value for respective outcomes.

2.7. Subgroup analysis

To further compare the accuracy of Al-based formulas and
conventional formulas, we performed subgroup analysis stratified
by ALs (26.0-28.0, 28.0-30.0, and >30.0 mm) in studies where
subgroup stratification with the same criteria was also conducted.
Eyes with ALs >28.0 mm were defined as extremely myopic eyes.
The MAE was compared in each subgroup using the evaluation
metrics described above.

2.8. Statistical analysis

Network meta-analyses were performed using a random-effects
model. All analyses were conducted using R 4.3.0 and STATA 17.0
for statistical analyses. The R packages gemtc, ggplot2, netmeta, and
ggrepel were used for analysis, data output, and visualization.

3. Results
3.1. Study selection

The literature  search  strategy is  presented in
Supplementary Table S1. After removing duplications, 871 articles
were identified from the literature search. Twenty-four full-text
articles were further screened for eligibility. The preferred reporting
items for systematic reviews and meta-analyses (PRISMA) flow
diagram is shown in Supplementary Figure S1. The final inclusion

of this systematic review consisted of 12 studies involving 2,430
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adult myopic eyes that underwent uncomplicated cataract surgery
with in-the-bag fixated mono-focal IOL implantation.

3.2. Study characteristics and network
geometry

A summary of all eligible studies is shown in
Supplementary Table 2 (17-28). The included AI formulas
were Kane, Ladas super formula, Hill-RBF Version 2.0 and 3.0,
XGBoost, K6, and Olsen. The included traditional formulas (based
on vergence or ray-tracing) were Barrett Universal II, SRK/T,
Holladay 1, Holladay 2, Hoffer Q, Haigis, Emmetropia Verifying
Optical (EVO), and Olsen. If Wang-Koch (WK) adjustment was
applied, the formula was analyzed as an independent formula.
Table I shows the brief description and abbreviations for the
formulas. The number of studies and eyes involved in each formula
is shown in Supplementary Table S3.

The number of formulas involved in the studies ranged from
2 to 11. Of the included studies, 10 (83.3%) were from China,
1 (8.3%) recruited participants from countries in Europe, and 1
(8.3%) from Australia.

3.3. Risk of bias

The risk of bias from within the included articles is shown
in Supplementary Table S4. All studies gained “Yes” in “study

» «

objective,

» <«

outcome measures,” “statistic analysis,” and “competing
interests and sources of support.” In the domain of “study
population,” all 12 studies obtained at least three “Yes” responses. In
“results and conclusions,” seven out of 12 studies gained over three
“Yes” remarks. All the studies were retrospective designs. Overall,
all studies gained at least 13 “Yes” responses among 20 items and
were regarded as high quality.

Publication bias across studies was evaluated by funnel plot
shown in Supplementary Figures S2-S5. The estimates of all
the comparisons were symmetrically distributed in comparison-
adjusted funnel plots, suggesting no publication bias across studies.

3.4. Mean absolute error in refractive
prediction

Mixed comparisons for MAE between Al-based formulas and
traditional formulas are presented in Figure 1A. XGBoost formula
was superior to Hoffer Q, and Kane was superior to SRK/T
in terms of MAE. Most Al-based formulas, except for Kane,
showed lower errors in refractive prediction when compared to
Holladay 1. Hill-RBF Version 2 and 3 and Kane formulas showed
lower errors when compared to Haigis. All Al-based formulas
did not outperform Barrett, which is representative of the newer
generation of traditional formulas. However, when Wang-Koch
adjustment was applied to SRK/T, Haigis, and Holladay 1 formulas,
there was no significant difference between traditional and Al-
based formulas.
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TABLE 1 Brief description of the formulas included in the network meta-analysis.

Formula Classification Year Brief description ‘

Kane Al-based 2016 Based on AL, K, ACD, LT (optional), CCT (optional), Gender, A
constant, and post-operative refractive target. Blended approach (AI,
regression, and vergence)

Ladas super formula Al-based 2015 Applies most ideal calculations from other formulas (SRK/T, Hoffer Q,
Holladay 1, Holladay, Haigis, etc.)

Hill-RBF Based on AL, K, ACD, LT (optional), WTW (optional), CCT
(optional), A-constant, and post-operative refractive target

Version 2.0 Al-based 2018 Excludes out-of-bounds values
Might be significantly influenced by LT

Version 3.0 Al-based 2020

All Al-based 2018 Version 2.0 with out-of-bounds values

XGBoost Al-based 2020 Based on the XGBoost machine learning regression technique.
Incorporates several clinical features, and the BUII formula results
Targets highly or extremely myopic eyes

K6 Al-based 2020 Transforms the optical biometer’s AL to be the distance from the
anterior cornea to the retinal pigment epithelium
Uses a proprietary estimated lens position calculation based on
post-operative measurement of 245 eyes

FullMonte IOL Al-based Uses a Monte Carlo Markov Chain simulator to produce its refractive
predictions

Olsen Traditional 2014 Ray-tracing
Based on ACD, LT, and post-operative refractive target

Barrett Universal IT Traditional 2010 Based on AL, K, ACD, LT (optional), WTW (optional), LF/DE,
A-constant, and post-operative refractive target
The formula is not publicly available

SRK/T

SRK/T Traditional 1990 Based on AL, K, A-constant, and post-operative refractive target

SRK/T_WK Traditional SRK/T formula with WK adjustment

SRK/T_MWK Traditional SRK/T formula with modified WK adjustment

Holladay 1

Holladay 1 Traditional 1988 Based on AL, K, SE, and post-operative refractive target

Holladay 1_WK Traditional Holladay 1 formula with WK adjustment

Holladay 1_MWK Traditional Holladay 1 formula with modified WK adjustment

Holladay 2 Traditional 1995 Based on AL, K, ACD, LT, WTW, CCT, Age, A-constant/ACD/SE, and
post-operative refractive target

Hoffer Q Traditional 1993 Based on AL, K, pACD, and post-operative refractive target

Haigis

Haigis Traditional 2004 Based on AL, K, ACD, three constants (a0; al, which is associated with
measured ACD; and a2, which is associated with measured AL), and
post-operative refractive target

Haigis_ WK Traditional Haigis formula with WK adjustment

Emmetropia Verifying Traditional 2019 Based on AL, K, ACD, A-constant, LT (optional), CCT (optional),

Optical (EVO) corneal refractive LVC status, and post-operative refractive target

3.5. Percentage of eyes with a refractive PE
within £0.25D, £0.50, and +£1.00 D

Mixed comparisons for the percentage of eyes with a PE within
£0.25, 0.50, and £1.00 D are presented in Figure 1B. In terms
of the percentage of eyes with a PE within £0.25 D (% PE within
+0.25 D), Kane was superior to Haigis, Hoffer Q, Holladay 1, and
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Holladay 2. Hill-RBF was better than Haigis, Hoffer Q, Holladay
1, Holladay 2, and SRK/T. However, if out-of-bounds were not
excluded when applying Hill-RBE, the formula did not outperform
SRK/T or Haigis. Ladas super formula showed the same percentage
of eyes with a PE within £0.25 D as all the traditional formulas. The
XGBoost method was superior to most traditional formulas except
for Wang-Koch adjusted formulas of newer generations.
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Similarly, in terms of percentage PE within +0.50 D, Kane
and XGBoost were better than Haigis, Hoffer Q, Holladay 1,
Holladay 2, and SRK/T. Hill-RBF was better than Hoffer Q,
Holladay 1, Holladay 2, and SRK/T. However, Ladas super
formula and FullMonte IOL formula were comparable to
traditional ones.

Regarding the percentage of eyes with PE within £1.00 D,
XGBoost was superior to Haigis, Hoffer Q, Holladay 1, Holladay 2,
and SRK/T. Kane and Hill-RBF were better than Haigis, Holladay 1,
Holladay 2, and SRK/T. Again, Ladas super formula and FullMonte
IOL formula were comparable to traditional ones.

It is notable that, in the percentage of eyes with PE within
40.25, +£0.50, and £1.00 D, Al-based formulas were comparable to
newer generations of traditional vergence formulas or Wang-Koch
adjusted formulas.

3.6. Median absolute error (MedAE) in
refractive prediction

Figure 2 and Supplementary Table S5 show the analysis and
formula ranking results for MedAE, and there were 12 studies in
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which 21 formulas were involved. We found that the XGBoost, Hill-
BRE, and Kane formulas had lower MedAE (0.2730, 0.2730, and
0.2730, respectively).

3.7. SUCRA ranking of all outcomes

The SUCRA values provided the probabilities of Al-based or
traditional formulas at each ranking and are presented in Figure 3
and Supplementary Tables S6-S9. The probabilities of each formula
being the best were also plotted.

For obtaining the minimal MAE, XGBoost, Hill-RBF Version
3.0, and Olsen ranked as the three best (Figure 3A). Holladay 2
ranked the worst. However, XGBoost did not show significant
superiority to Hill-RBF Version 3.0 and Olsen [Hill RBF_3 vs.
XGBoost = 0.02 (—0.23, 0.27) vs. Olsen vs. XGBoost = 0.02
(—0.2, 0.24); Figure 1A]. The probabilities of XGBoost, Hill-RBF
Version 3.0, and Olsen being the best were 0.30880, 0.26040, and
0.21345, respectively.

For the percentage of eyes with a PE within 4-0.25 D, :0.50 D,
and £1.00 D, XGBoost, Hill-RBF Version 2.0, and Kane were the
best ranking Al-based formulas (Figure 3B). Similarly, there was no
significant difference between each of the three formulas. Among
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all the formulas, Ladas had the lowest probability in the percentage
of eyes with PE within 4+0.25 D and £1.00 D (both 0.000125),
while Holladay 2 had the lowest probability in percentage PE within
+0.50 D (0.000000).

3.8. Inconsistency analysis

To detect the inconsistency within networks, the node-splitting
approach was applied. No significant consistency (p > 0.05) was
observed in terms of MAE or percentage of eyes with PE within
£0.25 D, £0.50 D, and +1.00 D (Supplementary Tables S10-
S13). Significant consistency (p > 0.05) was detected in the
analyses above.

3.9. Subgroup analysis

Six of the studies underwent subgroup analysis using the
previously described criteria (stratifying ALs into three subgroups:
26.0-28.0, 28.0-30.0, and >30.0 mm, Supplementary Tables S14-
§16). Three studies involving 11 formulas and 381 eyes
were included for subgroup analysis because they provided
comprehensive MAE values, SD values, and sample sizes required
for network meta-analysis using continuous data.

The mixed comparisons of the Al-based and conventional
formulas for each subgroup are presented in Figure 4. In eyes
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with ALs between 26.0-28.0 and 28.0-30.0 mm, all formulas were
comparable to each other. In extremely myopic eyes with an AL
>30.0 mm, the XGBoost formula was significantly more accurate
than Haigis [MAE decreased by 0.39 (0.05, 0.73)] and SRK/T [MAE
decreased by 0.37 (0.01, 0.74)], and Hill-RBF 3.0 was significantly
more accurate than Haigis [MAE decreased by 0.38 (0.02, 0.74)].
Other formulas were comparable to each other in the subgroup
with ALs >30.0 mm.

The SUCRA values and the probabilities of each formula being
the best are provided in Supplementary Table S17. In the 26.0-
28.0mm subgroup, XGBoost (SUCRA = 0.79861), Hill-RBF 2.0
(SUCRA = 0.756005), and Hill-RBF 3.0 (SUCRA = 0.717455) were
the top three formulas. In the 28.0-30.0 mm subgroup, Hill-RBF 3.0
(SUCRA = 0.644415), XGBoost (SUCRA = 0.599635), and Kane
(SUCRA = 0.583095) were the top three formulas. In the >30.0 mm
subgroup, XGBoost (SUCRA = 0.88663), Hill-RBF 3.0 (SUCRA =
0.855355), and Hill-RBF 2.0 (SUCRA = 0.580605) were the top
three formulas.

4. Discussion

The present study is the first network meta-analysis to evaluate
the accuracy of Al-based formulas for IOL power calculation
in myopic eyes with axial lengths >26.0mm. To clearly discuss
the characteristics of each formula, we divided the 21 formulas
into the following four types: (1) Al-based formulas; (2) newer
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generation of traditional formulas (such as Barrett and Olsen); (3)
traditional vergence formulas (such as SRK/T, Hofter Q, Holladay
1, and Holladay 2); and (4) traditional vergence formulas with AL
adjustment (such as SRK/T_WK or SRK/T_MWK). By analyzing
MAE and the percentage of eyes with +0.25 D, -0.50 D, and £1.00
D of prediction error, we demonstrated that XGBoost, Kane, and
Hill-RBF were the most accurate Al-based formulas.

The XGBoost formula was designed exclusively for myopic eyes
(19, 26). It was developed and validated using data from 1,450
patients. The subgroup analysis in our study showed that, in eyes
with an AL >30.0mm, the XGBoost formula was significantly
more accurate than traditional ones (such as Haigis and SRK/T).
This advantage might result from the study design where the
average AL of the recruited patients was >29.00 mm, and extremely
high myopic eyes were taken into consideration. Additionally, the
XGBoost formula included cases where <-2.5 D myopic refractive
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targets were scheduled (19). It was, therefore, suggestive that the
XGBoost formula might be more reliable for IOL power prediction
in highly or extremely myopic eyes compared to other Al-based
formulas. Most recently, the Zhu-Lu formula (https://HM-ZLF.
com/), developed by the same team that developed using XGBoost
and support vector regression (SVR) algorithms, demonstrated
improved and stable accuracy compared to other formulas (29).
Hill-RBF was the first IOL power calculation method based
purely on artificial intelligence and was installed on Lenstar
(HaagStreit, Switzerland) (30). Hill-RBF 2.0 is based on more than
12,000 eyes and can calculate IOL power for a target different than
zero. It was based on AL, K, ACD, and LT [CCT, LT, and CD
are optional (31, 32)]. The Hill-RBF 2.0 was limited due to the
“out-of-bounds” warnings. Hill-RBF 3.0 formula, an improvement
from its 2.0 version, utilized pattern recognition and employed
an advanced method of data interpolation. However, there has
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been no study directly comparing Hill-RBF 3.0 and 2.0 in eyes
with an AL >26.0 mm. Tsessler et al. (32) found that Hill-RBF
3.0 was more accurate than Hill-RBF 2.0, though their study did
not necessarily focus on myopic eyes. Network meta-analysis offers
an indirect approach to comparing two formulas without actually
conducting the comparative trial. The SUCRA ranking of MAE in
our study showed that the Hill-RBF 3.0 ranked higher than the 2.0
version. Moreover, the subgroup analysis further demonstrated the
superiority of Hill-RBF 3.0 in eyes with an AL >30.0 mm. Although
the MedAE ranking in Figure 2 shows Hill-RBF 2.0 with a higher
ranking than the 3.0 version, it is worth mentioning that MedAE
was not suitable for meta-analysis (33). Therefore, only descriptive
analyses were presented in the MedAE ranking, and no statistical
analysis could be undertaken. Hill-RBF formulas were suitable for
highly myopic eyes, and Hill-RBF 3.0 was particularly accurate for
extremely myopic eyes.

The Kane formula is an unpublished one, and the structure
is largely unknown. It is based on theoretical optics, contains
some elements of artificial intelligence, and uses AL, K, ACD,
and gender to predict the IOL position, with LT and CCT being
optional factors (34, 35). The formula considers factors such as
ACD and LT, which are known to affect IOL power calculations in
myopic eyes. Our findings suggest that the Kane formula was more
accurate than conventional formulas such as Haigis and SRK/T in
highly myopic eyes. However, as the subgroup analysis suggested,
Kane was comparable to traditional formulas when dealing with
extremely myopic eyes.

The Ladas super formula was created by Dr. John Ladas and
further optimized in 2019 using the post-operative data of more
than 4,000 eyes (35). It uses a three-dimensional model to choose
the best IOL formula among existing ones for a particular AL or
corneal power (12). Ang etal. (36) found that, in myopic eyes, Ladas
was less accurate than Al-based or newer formulas such as Kane
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and Barrett. They also demonstrated a strong positive correlation
between absolute prediction error and AL with the Ladas and
SRK/T formulas, especially in extremely long ALs. Similarly, data in
our study showed that the Ladas formula ranked 16th out of the 18
formulas in the MAE SUCRA ranking analysis and was not superior
to traditional formulas in other evaluation analyses. The reason for
its unexpected poor performance was partially due to the fact that
Ladas was developed by combining conventional formulas such as
Hoffer Q, Holladay 1, Holladay 2 (with Wang-Koch adjustment)
(6), and SRK/T formulas (11) rather than creating new algorithms
as most recent Al formulas did. When using Ladas formula in
highly myopic eyes, other formulas should also be used to choose
the most accurate one. However, physicians should be careful when
using the Ladas formula in eyes with an AL >30.0 mm.

The newer generation of formulas showed superiority over
traditional vergence formulas. Barrett formula incorporates AL,
K, ACD, LT, WTW, age, corneal power, and estimated lens
position (37-39). The Olsen formula is characterized by the ray-
tracing technique and the C constant concept (40-43). In the
present study, both Barrett and Olsen showed no significant
difference from Al-based formulas. However, the Olsen formula
had significantly lower MAE than SRK/T, Haigis, Hoffer Q,
Holladay 1, and Holladay 2. Barrett formula had significantly
lower MAE than most traditional formulas except for Hoffer Q.
In terms of the percentage of eyes within £0.50 and +1.00 D PE,
Barrett and Olsen formulas showed significant superiority over
traditional formulas. The Wang-Koch adjustment was developed
to be applied in eyes with longer ALs that have IOL power
calculation with the Holladay 1 formula (6, 10). In the present
study, there was no significant difference between formulas
with Wang-Koch adjustment and Al-based formulas in terms
of MAE and percentage of eyes within 4+0.25 D, 40.50 D,
and +1.00 D PE.
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5. Limitations and recommendations

This network meta-analysis has several limitations inherent
to the methodology applied in the study. First, 10 out of the
12 studies included in this study were conducted in China, and
the other two were from Australia and Europe. Therefore, the
conclusions of our study might not be generalized to other
populations. Second, one study included both eyes of some patients,
and the correlation between eyes is a potential limitation of
the analysis. Third, two studies (27, 28) used the lens constants
from the User Group for Laser Interference Biometry (ULIB),
and more research is needed to analyze the effect of ULIB in
the future.

6. Conclusion

that in
Al-based formulas

the overall evidence indicated
with ALs

(especially XGBoost, Hill-RBE, and Kane) were promising

In summary,
cataract patients >26.0 mm,
in obtaining lower MAE and a higher percentage of eyes
within £0.25 D, £0.50 D, and +1.00 D of prediction error
when compared to traditional vergence formulas. Al-based
formulas tended to perform better than newer generations
of formulas (such as Barrett and Olsen) and formulas
with Wang-Koch adjustment, but the superiority was not
significant. In future studies, sufficiently sized and geographically
dispersed studies are warranted to validate the effect of

Al-based formulas.
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Millions of people’s health is at risk because of several factors and multiple
overlapping crises, all of which hit the vulnerable the most. These challenges are
dynamic and evolve in response to emerging health challenges and concerns,
which need effective collaboration among countries working toward achieving
Sustainable Development Goals (SDGs) and securing global health. Mental
Health, the Impact of climate change, cardiovascular diseases (CVDs), diabetes,
Infectious diseases, health system, and population aging are examples of
challenges known to pose a vast burden worldwide. We are at a point known as
the “digital revolution,” characterized by the expansion of artificial intelligence
(Al) and a fusion of technology types. Al has emerged as a powerful tool for
addressing various health challenges, and the last ten years have been influential
due to the rapid expansion in the production and accessibility of health-related
data. The computational models and algorithms can understand complicated
health and medical data to perform various functions and deep-learning
strategies. This narrative mini-review summarizes the most current Al applications
to address the leading global health challenges. Harnessing its capabilities can
ultimately mitigate the Impact of these challenges and revolutionize the field.
It has the ability to strengthen global health through personalized health care
and improved preparedness and response to future challenges. However, ethical
and legal concerns about individual or community privacy and autonomy must
be addressed for effective implementation.

KEYWORDS

global health, artificial intelligence, public health, global health challenges, machine
learning, health care, mortality

Introduction

Millions of people’s health and well-being are at risk of several factors and multiple
overlapping crises, including but not limited to infectious disease outbreaks, rising malnutrition
rates, and lack of sufficient medical access; all hit the vulnerable the most (1). As we are heading
toward the end of 2023, a record 339 million people globally need urgent aid. Several critical
issues need to be addressed urgently to improve health globally and build resilience against
future threats (1); the recent COVID-19 has shown that each country’s security and prosperity
depend on creating a healthier, safer, more resilient world.

Global public health priorities play a crucial role in addressing the most pressing health
challenges faced by populations worldwide. They are dynamic and evolve in response to
emerging health challenges and crises, which need effective collaboration among countries to
secure global health. Mental Health, the Impact of climate change, cardiovascular diseases
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(CVDs), diabetes, Infectious diseases, health system, and population
aging are examples of challenges that are examples of these
challenges that are known to pose a vast burden worldwide
(Figure 1) (2, 3).

We are at a point known as the “digital revolution,” characterized
by the expansion of artificial intelligence (AI) and a fusion of
technology types; the rapid and transformative changes brought about
by these advances in digital technology led to increased connectivity
and accessibility of vast amounts of information (4). AI has emerged
as a powerful tool for addressing various challenges, and the last ten
years have been influential in the digital health (5, 6). AI and its
subfields or techniques, such as deep learning (DL), natural language
processing (NLP), and machine learning (ML), have prospects to
benefit healthcare, including public health, because of the rapid
expansion in the production and accessibility of health-related data
(7-9). The computational models and algorithms can understand
complicated health and medical care data to perform various functions
and deep-learning strategies. Al in health care improves disease
surveillance, diagnosis, treatment selection, and clinical laboratory
testing (10, 11). Harnessing its capabilities can ultimately mitigate the
impact of global public health issues and revolutionize the field.

However, the burgeoning interest was accompanied by caution
over using it, especially in health-related fields. Crucial ethics, privacy,
and bias issues were raised to ensure AT's responsible and equitable
integration in the global public health landscape. Additionally, the
human inability to see how ML systems make their decisions “black
box,” brought uncertainty and threatened trust among the users
regarding its application (12). This review aims to explore the current
state of Al in those mentioned global public health challenges and
provide insights about its current application in disease diagnosis,
medicinal product development, and medical intervention. This step
will provide more comprehension, and interpretability for most of AI’'s
leading evidence-based applications and contribute to a better

10.3389/fpubh.2023.1328918

understanding of Al in dealing with the increasing scale and
complexity of challenges to global health.

Al in non-communicable diseases

The global development over the last years was also associated
with the change in disease burden, and NCDs have almost become the
leading cause of mortality, resulting in 200 million premature deaths
and expectation of another 150 million people deaths during the next
ten years; most of them in low and middle-income countries (13).

NCDs are usually multifactorial diseases, and several factors are
associated with their development, including genetic and
environmental factors, which make them challenging to prevent and
treat effectively. They are exacerbated by four key modifiable risk
factors, namely tobacco use, harmful use of alcohol, physical inactivity,
and unhealthy diets (14). It was estimated that behavioral factors and
genetic factors are the main contributors to preterm death in the USA
with (40%), and (30%) respectively (15), and the role of public health
awareness and intervention have a vast impact (16). Al can offer the
potential to analyze large and complex datasets obtained from lifestyle,
clinical, and biological data in a way that exceeds the human ability to
make sense of it. ML, NLP, Robotic, virtual agents (chatbots), and
speech analysis are just a few examples of the available Al applications
that are used to improve public health (17). For example, Florence,
which is the WHO's first virtual health worker, is designed to help the
world’s 1.3 billion tobacco users quit smoking (18); STop obesity
Platform that can offer personalized support to people with obesity
(19), and chatbots to personalized fitness strategies.

If we discuss kidney disease progression as a case illustration, Al
has its application in pre/post-diagnosis, which can ultimately lead to
improved outcomes in a timely and accurate manner (20). During the
analysis phase of patient data, AI can identify the early signs of the
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diseases from the lab results, medical history, and images (21, 22), it
can also help in the diagnosis of kidney disease from a kidney biopsy
through deep learning-based approaches (23), and to improve
outcome and early detection of other comorbidity in renal patients
(24). The flowing part discusses AD's applications in the major
of NCDs.

Al in cardiovascular diseases

Cardiovascular diseases (CVDs) are the leading cause of global
mortality, taking an estimated 17.9 million lives in 2019. Strategies to
tackle this considerable burden are directed toward reducing risk
factors, enhancing the health system, and monitoring disease patterns
and trends to inform national and global actions. The application of
Al can identify, process, integrate, and analyze massive amounts of
data, including but not limited to medical records, ultrasounds,
medications, and experimental results. The gold standard in
diagnosing most CVDs is an echocardiogram (ECG) and cardiac
magnetic resonance (CMR). However, the clinician’s interpretation of
ECG depends on their experience. Hence, ECG information might
be missed due to clinicians’ difficulty analyzing them (25, 26).

Additionally, most ECGs are done on symptomatic patients, even
though many CVDs, such as valvular heart diseases, involve long
asymptomatic periods (27). However, the Al algorithm interpretation
of ECG can diagnose heart failure, atrial fibrillation, hypertrophic
cardiomyopathy, pulmonary hypertension, aortic valve stenosis, and
anemia (28-36). An approach that reduced time and the physician’s
cognitive burden by offering pre-diagnosis, correcting clinician errors
and preventing the occurrence of misdiagnosis. Moreover, Al enhances
the prompt efficiency of medical tools such as computed tomography
(CT), echocardiography, magnetic resonance imaging (MRI), and
Coronary computed tomography angiography (CCTA) (37-39). In
addition to its application in CVD prediction and predictive modeling,
such as mortality prediction, vascular aging, and predicting major
adverse cardiovascular events in asymptomatic subjects (40-43).

Al in cancer

Cancer is a large group of diseases and is considered the second
leading cause of global mortality; the estimated mortality in 2020 was
10 million deaths. Despite the several accomplishments that have been
made in the field of cancer diagnosis, prognosis, and treatment,
individualized and data-driven care remains challenging. The
challenge lies in the specific characteristics of distinct molecular,
genetic, and tumor-based features (44). However, using machine
learning and AI positively supports cancer prevention and
management, as it is reshaping the existing picture, and is developing
rapidly (45-47). Al has become pivotal as it can provide patients with
forecasting and prediction and improved risk stratification according
to specific criteria, such as in the cases of some breast, colon, ovarian,
lung, and skin cancers (48-54). Further, it can detect hidden patterns
from several sources such as molecular profiling, pathology, and
medical imaging, and integration of-omics data to provide a more
comprehensive understanding of cancer and improve the precision
oncology (55). During a surgical procedure, Al can provide real-time
detection and diagnosis of some cancers; through its ability to
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differentiate between cancerous and normal tissues (56, 57). Recently,
mounting evidence indicated the potential role of microRNAs
(miRNA) in cancer diagnosis and prognosis. MiRNAs, a small, single-
stranded, non-coding ribonucleic acids (RNAs), are essential for all
biological functions including cancer development. ML provides an
opportunity to explore miRNAs ability to serve as a reliable biomarker
targeting drugs and improve cancer clinical classification (58, 59).

A recent achievement is the genetics-based classification and
treatment response of Cancer of unknown primary (CUP); this type
of cancer usually leads to poor outcomes because primary cancer is
unknown (60). The study used ML to classify the cancer based on its
genetic profile. This model identifies the likely prior site and predicts
the best treatment option (60). Another example is pancreatic cancer,
one of the most challenging cancers to diagnose as it is often
asymptomatic until it metastasises, causing poor and ineffective
treatment. AI modeling enables the detection of individuals at high
risk of developing pancreatic cancer; the detection was up to 3 years
earlier than currently by using medical records (61).

Al in diabetes

A global crisis that is increasing exponentially and is considered a
significant cause of blindness, kidney failure, heart attacks, stroke, and
lower limb amputation. It was estimated that the prevalence was 529
million in 2021 and is projected to reach 1-31 billion in 2050 (62), a
burden that has a global agreement to halt before. According to several
recommendations, the starting point is prevention by screening,
especially for obese or overweight adults (63, 64). However, a significant
number of cases were missed with these approaches. The current clinical
application of Al in diabetes diagnosis and management is categorized
into four domains: (1) automatic retinal screening, (2) clinical diagnosis
support, (3) patient self-management tools, and (4) risk stratification
(65). AT for automatic retinal screening enables early diagnosis with
high specificity and sensitivity (66). Several studies have evaluated the
prediction of new-onset diabetes mellitus by ATl and ML models, and it
was recommended to include data as an omics database (e.g., genomics)
(67). Recently, a new model based on AI was developed to detect
diabetes warning signs, even in patients who did not meet the guidelines
for diabetes elevated risk. This model can enhance type 2 diabetes (T2D)
detection; it uses the patient’s X-ray image collected during routine
medical care and their medical records to detect T2D (68).

In diabetes management, Al devices can help patients monitor their
glucose levels in real-time and predict spikes or drops in healthcare.
Al-based medical devices, such as the Guardian Connect System by
Medtronic and the DreaMed Diabetes system (DreaMed Diabetes Ltd),
have been approved to help control diabetes (69, 70). Another mobile
application (GoCARB) is used to estimate the carbohydrate content in
meals, which can help enhance the patients’ skills in managing diabetic
disease through diet management (71, 72). The future application of Al
will introduce a paradigm shift in Diabetes care from conventional
management to more personalized and data-driven precision care.

Al in population aging

As a result of significant increases in life expectancy, the global
population of people aged 60 years and older is increasing (73). One
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billion was the estimated number in 2019, rising to 1.4 billion by 2030,
accounting for 16.7% of the global population, and projected to reach
2.1 billion by 2050; around 80% will live in low and middle-income
countries (74, 75). The increase in age is associated with common
health conditions, leading to several complex health states due to
multiple underlying factors, such as disability. However, there is no
linearity or consistency in developing these changes, and individual
characteristics have a vast impact. They will continuously demand
primary and long-term care, a more trained workforce, and physical
and social environments for social support. Around 92% of global
older adults have at least one chronic disease, and more than 81% of
those aged >85years suffer from two chronic diseases or more (76—
78). Additionally, disability and its consequences also have a huge
burden on the aging population. Globally, 1.3 billion people (16% of
the world’s population) suffer from a physical or cognitive disability;
although these estimates cover all age groups, starting from 18 years
old (79). However, Al can provide intelligent solutions for longer lives,
satisfy the growing unmet healthcare needs, and overcome the limited
number of insufficient healthcare resources. Currently, Al technologies
for aging population are used in the robotic intervention (80, 81),
applications on smartphones or computers (82, 83), social interaction
and support, such as improved mental well-being and quality of life
(84-86); rehabilitation therapy, such as its application in the recovery
of upper and lower extremity functions, gait robotic rehabilitation, or
improve sleep quality and daily living activities (87-90), and
wearables, voice-activated (91-94). It can create more advanced
algorithms to provide more precise holistic interventions tailored to
address the elders’ multiple needs in a safer and more friendly manner
(78,95, 96). Ambient-assisted working and ambient-assisted living are
examples of smart systems that can adapt themselves to older adult
needs by exploiting ambient intelligence solutions. These systems
focus on using technology to support and enhance the quality of life
of the older adult population, either in work, or indoor and outdoor
environments (97, 98). Recently, a group of researchers have helped
develop drugs that might potentially delay the effects of aging by
eliminating senescent cells (96, 99).

Al in mental health

The global estimate of mental health disorders is one billion
individuals (100). Since the beginning of the COVID-19 pandemic,
the rates of anxiety, depression, and substance use disorder have
increased (101, 102). This situation is worse in low-and middle-
income countries, where the estimated number of people with limited
access and no treatment is around 75% of people with mental,
neurological and substance use disorders (100, 102).

Despite the significant advantages of using Al in healthcare,
mental health has been slower to adopt Al since the primary factor
contributing to successful psychiatric diagnosis and treatment is the
interaction with the patients’ (103-105). However, Al applications
have great potential in diagnosing different kinds of mental illness.
This is a great advantage given the available heterogeneity in the
pathophysiology of mental illness. Al can access and analyze relevant
information about a patient’s unique bio-psycho-social characteristics
and identify pertinent data patterns that might help provide more
objective, improved definitions of these illnesses (106). Further, AI can
be used in biomarkers identification, develop better diagnoses and
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formulate risk models to predict individual risk (105, 107). Moreover,
it can be used for some cases, such as depression or autism, where
face-to-face interaction might be challenging. In autism, for example,
AT could be a more useful tool than a psychotherapy session with a
human doctor; it can provide tailored, personalized interventions or
bridge the communication gap they may experience (105).
Nevertheless, the variation of Al applications is persistent in dealing
with sensitive issues like mental health.

Al in infectious diseases

As the world becomes increasingly globalized, health and illnesses
have no borders. Concerns about One Health have gained prominence
recently, which is justified as the world emerges from the most
significant global emergency and the increasing number of infectious
pathogens that spread from humans, animals, or the environment.
COVID-19 has highlighted the high spreading rate with which
infections can devastate the world’s health and economy. Results in
more investment and investigation into the occurrence, prevalence,
prevention, control, and treatment of infectious diseases to strengthen
the epidemic response and mobilize quickly for public health priority.

Globally, the leading communicable diseases associated with high
mortalities are HIV/AIDS, tuberculosis (TB), malaria, viral hepatitis,
sexually transmitted infections, and neglected tropical diseases
(NTDs). HIV continues to be a major global issue, claiming the lives
of 36.3 million so far, and TB-associated mortalities reached 1.5
million annually, making it the world’s second top infectious killer
after COVID-19 (108). Tackling AI applications in HIV will yield
several examples in HIV prevention, testing, and treatment to achieve
sustained viral suppression (109-111). It was used also for rapid
detection and response through monitoring clusters of vulnerable
groups to reduce HIV transmission (111). Another example is
Syphilis, which is a sexually transmitted disease (STD). To eliminate
congenital syphilis (CS), the WHO launched an initiative in Latin
America and the Caribbean (112). However, as the syphilis epidemic
increased in Brazil, the government of Brazil developed a national
project, the “Syphilis No!” Project (SNP), for implementing and
integrating a syphilis response into healthcare networks, (113, 114).
This project encompasses four dimensions: (a) management and
governance, (b) surveillance, (c) comprehensive care, and (d)
strengthening of the educommunication (113, 115). The application
of Al such as data mining and NLP in these strategies augments the
country’s capabilities in combating syphilis (113).

It is essential to analyze global infectious disease cases regularly.
However, some countries investment in contagious disease
identification was typically based on the identification of presenting
symptoms and the likelihood of exposure due to the high cost and
feasibility of the primary approach of detection (116, 117). However,
using big data, AI and ML algorithms can contribute to global
infection control and help with the spatial and temporal prediction of
the evolution and spread of infectious diseases (118). Their advanced
capabilities can analyze several factors: population demographics,
environmental conditions, and individual behaviors, all of which can
be used simultaneously (119). Such as case prediction according to
historical data (120), predicting the likelihood of an individual
contracting an infectious disease according to personal and behavioral
characteristics, using pathogen genetic makeup to identify the most
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likely sources of an outbreak, identifying or anticipating an epidemic
by analyzing massive data; it can be used for early warning systems,
hot spot detection, forecasting, and improving the recourses allocation
at a country and a global level (68-72). After the exposure or presence
of a potential outbreak, AI can advance in diagnostic approaches and
differentiate various pathogens by using the pathogen genetic makeup,
such as its ability to distinguish between COVID-19 and other
circulating respiratory viruses with COVID-like symptoms (121, 122).

Another example is the possible application to the rising incidence
of antimicrobial resistance (AMR), which has become a significant
challenge. For this purpose, a group of researchers were able to
develop a mobile application to classify bacterial susceptibility to
various antibiotics, especially in resource-limited settings (123).
Further, reducing transmission is essential to control global
widespread infections such as those that occur in pandemics. The
application of Al for screening technologies targeting infections and
integrating them into data visualization has been introduced broadly,
especially during the COVID-19 pandemic (117). This improved the
surveillance and generated meaningful insights from multidimensional
data, which can be widely used for public health practice.

In addition to surveillance, early detection, and diagnosis, Al is
used to develop anti-infective therapies, although it became
challenging with the spread of drug resistance (124). ML models can
help explore the pathway of pathogen’s interaction with host cells and
immune responses, facilitating antigen determination, vaccine design,
and treatment strategies (124-127). Finally, the WHO global report
on infection prevention and control estimated that implementing
infection prevention and control (IPC) can reduce healthcare-
associated infections (HAIs) by 70% (128). Using Al can improve
current and past processes to speed infection prevention and control
response, such as identifying the correlations associated with
medically relevant conditions, identifying potential risk factors, and
surveillance of emerging infectious diseases (129-131), improving
hand hygiene compliance (132), and in-hospital analysis of
events identification and

transmission, and  outbreak

investigation (133).

Al in environmental health

The impact of environmental health on human lives and health
are interconnected in various ways. The Global Health Observatory
estimated that 24% of all estimated global deaths are linked to the
environment. Between 2030 and 2050, climate change is expected to
cause approximately 250,000 additional deaths per year, mainly from
undernutrition, malaria, diarrhea and heat stress (134). Because of the
adynamic of the environment, Al applications in this field are
immense; its deployment will provide a better capacity to deal with
the growing climate exigency and related challenges. In exposure
assessment, Al can use satellite observations, meteorological variables,
land use, and traffic data to predict the spatiotemporal patterns and
concentrations of pollutants (135-138). AI were used in monitoring,
such as its application during COVID-19, for airport security checks
and patient tracking (139), or to improve the prediction of harmful
algal blooms (140).

Additionally, it can predict diseases based on environmental
factors, such as its application to predict the spread of Zika virus and
Dengue fever (141, 142). In waste management, Al reduces fuel
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consumption and emissions, increases recycling rates, and reduces
landfill waste (143). GeoAl is one of the emerging Al tools that can
handle complex spatial and temporal data to adjust algorithms and
workflows according to the specific characteristics of spatial processes
(136, 144). It can develop various environmental exposure models
across different geographical regions in prospective and retrospective
approaches (136). In 2022, the United Nations launched The World
Environment Situation Room, a new digital platform that can provide
real-time analysis, track air quality, measure environmental footprint,
and monitor (145).

Al in health systems

Through good stewardship, resource development, funding and
services, health systems support initiatives to prevent, promote, and
provide for more health and well-being (146). They are complex and
are in a constant state of flux; according to the World Health
Organization (WHO), “A well-functioning health system working in
harmony is built on having trained and motivated health workers, a
well-maintained infrastructure, and a reliable supply of medicines and
technologies backed by adequate funding, strong health plans and
evidence-based policies” (147). At the global level, it should be able to
control and address global health challenges and severe events (147).
However, several myriads of difficulties impede their ability to provide
these services. This includes but is not limited to the sudden onset or
the slowly growing crises, such as the COVID-19 pandemic, the
natural disasters the world is encountering, or the slow time impact of
climate change (148-150), the rising number of older people, and the
associated complex chronic medical illness. To overcome these
difficulties and achieve effective and lasting change, four factors were
proposed: (a) the acorn-to-oak tree principle (small initiative), (b) the
data-to-information-to-intelligence principle (information technology
(IT) and data), (c) the many-hands principle (stakeholders); and (d)
the patients-the-preeminent-player principle (individuals) (151).
These factors were established across 60 health systems; the role of
data and technology cannot be missed (5, 151). Al applications are
steadily entering novel domains previously governed solely by human
experts. They can improve health financing, make public health more
effective, and reach underserved populations by making health care
more efficient and effective through more personal health
services (152).

Further, the Primary health care system (PHC) is vital to
addressing health issues effectively; they are considered the front door
of the health care system. Using AI will enhance the holistic approach
of PHC in outcome prediction, data mining, and personalized
treatment (153-155). The current tools in PHC have several
applications, including the risk prediction (156-158), workforce
assessment (159), record data extraction (160, 161), control of
healthcare-associated infections (162), and performing medical tasks
remotely that contribute to public health domain (154, 163, 164).

Conclusion

Al integration and application to global health challenges have
immense potential to overcome them efficiently and effectively.
Disease prevention, detection, and response can quickly mobilize and

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1328918
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Zaidan

yield medicinal products. As mentioned earlier, around 40% of
preterm death was associated with behavioral factors. With AI
advancement, data analysis and segmentation can be done for several
characteristics such as behavior, opinion, and attitude. Using these
data, the ML can analyze the online health information and provide
personalized massaging to influence individuals’ health behaviors
with high quality and clarity, amplifying their influence and
effectiveness (165-167). This health communication can also inform
Al technology in developing effective communication systems with
patients and their healthcare providers. The health communication
theories and models can highlight the available barriers to behavioral
change and the available limitations of technology-driven health
interventions. Which can help improve the efficacy of Al-supported
systems or intervention designs (167-169).

Al in health care is expected to grow from nearly US $15 billion
to $103 billion between 2023 and 2028 (170). However, incongruent
with ATDs benefits, exacerbation of inequities was accompanied, and
ethical and legal concerns about individual or community privacy and
autonomy were raised (118, 171). The EU AI Act is nearing
implementation, and it will be the first comprehensive regulation that
addresses the risks of artificial intelligence; European Parliament
proposed it to ensure better conditions for developing and using this
innovative technology (172). Further, to avoid the risk of hindering AI
applications in healthcare due to lack of sufficient transparency “black
box,” researchers were urged to provide more research and explanation
for AL explainable AI (xAI), as an approach to more understandable
and human-interpretable Al-based applications (173, 174).

However, Al stands as a cornerstone of the upcoming digital
revolution. Despite the moral dilemmas in AI application in health
care, it is likely to meager, co-exist or replace current systems and
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Background: Post-COVID-19 syndrome (PCS) has been increasingly recognized
as an emerging problem: 50% of patients report ongoing symptoms lyear after
acute infection, with most typical manifestations (fatigue, dyspnea, psychiatric and
neurological symptoms) having potentially debilitating effect. Early identification
of high-risk candidates for PCS development would facilitate the optimal use of
resources directed to rehabilitation of COVID-19 convalescents.

Objective: To study the in-hospital clinical characteristics of COVID-19 survivors
presenting with self-reported PCS at 3 months and to identify the early predictors
of its development.

Methods: 221 hospitalized COVID-19 patients underwent symptoms assessment,
6-min walk test, and echocardiography pre-discharge and at 1 month; presence
of PCS was assessed 3 months after discharge. Unsupervised machine learning
was used to build a SANN-based binary classification model of PCS development.

Results: PCS at 3months has been detected in 75% patients. Higher symptoms
level in the PCS group was not associated with worse physical functional
recovery or significant echocardiographic changes. Despite identification of
a set of pre-discharge predictors, inclusion of parameters obtained at 1 month
proved necessary to obtain a high accuracy model of PCS development, with
inputs list including age, sex, in-hospital levels of CRP, eGFR and need for
oxygen supplementation, and level of post-exertional symptoms at 1 month after
discharge (fatigue and dyspnea in 6MWT and MRC Dyspnea score).

Conclusion: Hospitalized COVID-19 survivors at 3 months were characterized by
75% prevalence of PCS, the development of which could be predicted with an
89% accuracy using the derived neural network-based classification model.

KEYWORDS

COVID-19, hospitalization, convalescence, post-acute COVID-19 syndrome, walk test,
echocardiography, clinical decision rules, machine learning
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1 Background

Since 2019-2020, the novel SARS-CoV-2 infection has emerged
as a global health challenge. During the first year of COVID-19
pandemic, the cumulative effect of overwhelming of healthcare
systems, lack of effective etiological treatment, and more severe course
of disease that was typical to early SARS-CoV-2 variants had led to
high morbidity and significant excess mortality (1), and the cascade
of prolonged lockdowns that were introduced in an attempt to slow
down the epidemic process imposed an additional strain on
economies worldwide (2). Subsequent success of the global
vaccination campaign has dramatically reduced the prevalence of
severe and life-threatening cases whilst imposing less significant initial
effect on the morbidity (3). Moreover, gradual lifting of lockdowns
contributed to multifocal re-acceleration of the COVID-19 spread,
with the daily new cases count in January 2022 exceeding the
parameters during previous peaks more than three-fold (4). As a
result, the current phase of lower morbidity that we observe since the
beginning of 2023 is being continuously accompanied by an increasing
number of patients suffering from long lasting sequelae of SARS-
CoV-2 infection.

Unlike in most other respiratory viral infections, persistence of
symptoms after the end of the acute phase is highly prevalent in
COVID-19 convalescents (5, 6) and is shown to be associated with a
decreased quality of life (7). Potential pathogenetic mechanisms are
heterogenous and include consequences of direct organs injury during
the acute phase, persistent SARS-CoV-2 replication, dysautonomia,
altered immune reactivity, coagulopathy, endotheliopathy, and
gastrointestinal microbiome disturbances (8, 9). “Long COVID,” the
most popular term reserved for this scenario, accounts for all
manifestations that persist beyond 4 weeks after disease onset and,
therefore, includes the early post-acute period of 4 to 12 weeks (also
referred to as “ongoing symptomatic COVID-19”), when one expects
to observe good natural dynamics of residual symptoms resolving in
a significant proportion of patients (10). At the same time,
development of the “post-COVID-19 syndrome,” being defined as
persistence of symptoms beyond 12 weeks, presents a more significant
socio-economic problem, given the debilitating effect of some of the
most prevalent symptoms, such as fatigue, dyspnea, apathy, and
cognitive dysfunction (6, 10, 11).

The prevalence of post-COVID-19 syndrome (PCS) ranges
from 5 to 37% in the general population of convalescents but may
reach as high as 76 to 81% in those who required hospitalization
(6, 12). To date, cardiopulmonary rehabilitation remains the
mainstay of management of these patients, with locally available
resources being at times insufficient to deal with the total flow of
new convalescents (13-15). In this setting, creation of tools to
assess the risk of subsequent development of PCS basing
on pre-discharge data might be used to optimize the selection
of candidates for rehabilitation

supervised programs

following hospitalization.

1.1 Objective

To study the in-hospital clinical characteristics of COVID-19
survivors presenting with self-reported post-COVID-19 syndrome at
3 months and to identify the early predictors of its development.
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2 Materials and methods
2.1 Study design and population

By design, this is a cross-sectional prospective observational
single-center study that was performed at Kharkiv City Hospital No.13
that at the time served as a specialized tertiary COVID-19 care center.
Between January and November 2021, patients that were hospitalized
with the diagnosis of pneumonia were evaluated for eligibility criteria
that included the age of >18years and positive polymerase chain
reaction test for SARS-CoV-2. In total, 265 consecutive eligible
patients were identified and invited to participate in the study; 44 of
those have declined participation, and 221 were enrolled. The final
cohort included 166 patients who have completed the repeated visit at
3months post-discharge - see Supplementary Figure S1 for the
study flowchart.

The study was conducted in compliance with the standards of
Helsinki Declaration and was approved by the ethical committee of
Kharkiv National Medical University (No. 3/2021). All participants
provided written informed consent.

2.2 Clinical data collection

The first visit was performed pre-discharge, in clinically stable
patients who were meeting clinical criteria of epidemic safety [resting
capillary blood oxygen saturation (SpO2) >93% on room air, absence
of acute respiratory symptoms and normal body temperature for
>3 days starting from the 10th day after the onset of disease (16)] and
included the analysis of medical records to collect data on patients’
age, gender, laboratory and instrumental findings, and treatment used;
an interview to obtain data on symptoms and medical history;
and anthropometry.

Transthoracic echocardiography (TTE) was performed by an
expert physician who was blinded to patients’ data prior to procedure,
using Radmir ULTIMA ultrasound system (Radmir Co., Ukraine).
The measurements were performed in strict accordance with the
respective guidelines by the American Society of Echocardiography
(ASE) and European Association of Cardiovascular Imaging (EACVI)
(17-19) and included cardiac chambers morphometry (left atrial and
left ventricular [LV] volumes, right atrial area, right ventricular size,
relative walls thickness and myocardial mass index of the LV),
assessment of the indices of systolic function (LV ejection fraction
using Simpson biplane method, mitral and tricuspid annular planes
systolic excursion, global longitudinal strain [GLS] of ventricles using
the linear method (20-22), and mitral annular s’ velocity in the tissue
Doppler mode) and LV diastolic function (mitral € velocity and
E/€ ratio).

6-min walk test (6MWT) was performed by a physician using the
standard methodology as recommended by the American Thoracic
Society guidelines (23), in a self-paced mode, with no use of practice
tests, warm-up or non-standardized encouragement. A 20-m hallway
was used, determining the selection of models to calculate the
individual predicted distance (24). Pulse rate and SpO2 were registered
at start and every 30s thereafter using a Bluetooth-connected pulse
oximeter; levels of fatigue and dyspnea were assessed at the baseline
and at finish using modified Borg scale. Along with 6-min walk
distance (6MWD), reached percent of predicted distance (6MWD%),
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baseline and minimal capillary oxygen saturation (SpO2base and
SpO2min), baseline and maximal heart rate (HRbase and HRmax)
were analyzed. Peak oxygen desaturation was calculated as
SpO2drop=SpO2min - SpO2base, and reached percent of the
predicted maximal heart rate as HRmax%=100% x HRmax /
(208-0.8 x Age) (25).

A follow-up visit at 1 month after discharge followed the same
protocol, and the final visit at 3 months was performed distantly (by
means of telephone, email, and text messengers) and included
re-assessment of symptoms and detection of the PCS which was
defined as a self-reported perceived worsening of health status
compared to the pre-COVID-19 state or persistence of new symptoms
during the last month before the visit.

2.3 Statistical analysis

The data analysis was performed using StatSoft STATISTICA
Version 12 software package. Shapiro-Wilk test was used to assess the
distribution of data. Continuous variables are reported as
mean + standard deviation (SD) in case of normal distribution and as
median [interquartile range] in case of skewed distribution.
Categorical variables are reported as counts (percentages).
Independent samples t-test was used to compare normally distributed
continuous variables, and paired samples t-test was used for
longitudinal comparisons. For skewed variables, the comparisons
were made using Mann-Whitney U-test or Wilcoxon signed-rank
test. Binary and categorical variables were compared using Chi-Square
test. The differences were considered significant if p <0.05. Marginal
effects of potential PCS predictors in logistic regression analysis were
used as a measure to select inputs for unsupervised machine learning
based training of simple artificial neural networks (SANN). Random
sampling was used to select training, test and validation subsets of the
study cohort in the 70:15:15 proportion. For each set of input
variables, 500 binary classification models were trained. This number
represented an empirical balance between computational resource
allocation and model reproducibility - fluctuating prediction accuracy
was observed with fewer models, whereas the consistency in results
was achieved at n=500; further increasing the model count did not
yield significant improvements but incurred greater computational
time. Automated neural architecture search strategy and Broyden-
Fletcher-Goldfarb-Shanno optimization algorithm were used; missing
data was imputed by mean values. Predictive performance of the
obtained models was assessed as percentage of correctly classified
cases from the test and validation subsets. For the final predictive
model, 10-fold cross-validation was used to ensure its reproducibility,
and ROC analysis performed. A post-hoc approach incorporating
assessment of the model accuracy and the dataset effect size using
Cohen’ d statistic was used to evaluate the sample size adequacy (26).

3 Results
3.1 Baseline characteristics
The final study cohort included 76 male and 90 female patients

at the mean age of 53.7+13.3 years. Visit 1 was performed at the
median of 22 days, visit 2 at 53 days, and visit 3 at 116 days after the
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symptoms onset. Among the observed cohort, 124 (75%) were
reporting ongoing new symptoms and/or self-estimated worsening
of health status that was classified as post-COVID-19 syndrome. The
comparative clinical characteristic of study participants with and
without ongoing symptoms at 3 months is presented in Table 1. The
patients with PCS were older, more frequently female, had higher
BMI and comorbidities burden. In their in-hospital laboratory
profile, patients with ongoing symptoms at 3 months had higher
values of C-reactive protein, erythrocyte sedimentation rate, and
higher proportion of patients with very high interleukin-6 values,
which attested to higher inflammatory activity. The observed lower
values in estimated glomerular filtration rate were explained by age
and gender differences. There were no differences in received
treatment, but PCS patients more frequently required oxygen
support during hospitalization.

3.2 Physical performance assessment

Analysis of the 6SMWT parameters (see Table 2) has revealed that
the apparent decrease of 6-min walk distance (6MWD) that was
observed pre-discharge in PCS patients was explained by age and sex
differences, evidenced by close values of the reached percent of
individually predicted distance (6MWD%). Moreover, the PCS group
has paradoxically demonstrated larger between-visits increment of
both parameters, resulting in higher 6MWD% values at 1 month. At
the same time, the level of subjective symptoms in these patients was
significantly higher at visit 2, being explained by much worse
improvement from the pre-discharge baseline compared to non-PCS
participants. This difference was not explained by the observed values
of capillary oxygen saturation throughout the test (there was no
difference between groups), nor could it be attributed to worse
dysautonomia — despite initially lower heart rate (HR) increment
during the test at visit 1, the PCS patients have demonstrated better
dynamics of utilization of HR reserve, which resulted in higher
reached percent of the individual HR maximum at 1 month. MRC
dyspnea scale score at both visits was also higher in PCS participants
with the mean values of 2.5+ 1.1 vs. 2.0 + 1.0 pre-discharge (p=0.005)
and 1.8+0.8 vs. 1.3+0.6 at visit 2 (p=0.002).

3.3 Echocardiographic assessment

Retrospective assessment of echocardiographic features of
observed patients has only revealed minor differences between PCS
and non-PCS study participants (see Table 3). Both groups were
showing a strong trend to concentric LV remodeling [refer to (27) for
the detailed comparison to matched control], and patients who were
subsequently reporting long-lasting symptoms had somewhat smaller
ventricular cavities. Despite this fact, systolic atrioventricular annuli
excursion was comparable to PCS-free patients, translating into
somewhat higher longitudinal strain values (reaching statistical
significance in case of RV). The borderline changes in diastolic LV
parameters became more apparent at visit 2, with significantly lower
¢ velocity (9.4+2.6 vs. 10.7 +3.1 cm/s, p=0,025) and higher E/¢’ ratio
(7.6+2.4vs. 6.4%1,6, p=0,020) being observed in the PCS group; the
only other difference that persisted at 1 month was the slightly higher
RV free wall strain values in the PCS cohort.
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TABLE 1 Demographics and pre-discharge clinical characteristics of the study participants with and without post-COVID-19 syndrome.

Parameters No post-COVID-19 Post-COVID-19 Difference 2-sided p
syndrome syndrome (95% Cl)
Subjects 42 124
Female sex 16 (38) 74 (60) 0,015
Age, years 48,7+17,0 55,4+12,1 6,7 (1,9; 11,5) 0,006
BMI, kg/m* 27,3+4,9 29,6 +5,2 2,3(0,5; 4,1) 0,012
Comorbidities
Hypertension 15 (36) 50 (40) 0,597
Obesity 10 (24) 51 (41) 0,044
Diabetes mellitus, type 2 2(5) 15 (12) 0,175
History of peptic ulcer 0(0) 12 (10) 0,036
History of cancer 0(0) 7 (6) 0,116
History of stroke / TIA 0(0) 6(5) 0,147
Chronic kidney disease 0(0) 4(3) 0,239
Bronchial asthma 0(0) 4(3) 0,239
COPD 1(2) 2(2) 0,747
Angina pectoris 0(0) 3(2) 0,309
Chronic liver disease 0(0) 2(2) 0,408
Charlson comorbidity index 0,19+0,40 0,57+0,82 0,005
Active smoking status 7 (17) 16 (13) 0,542
Pulmonary involvement by CT, % 37,8+25,5 30,6+18,7 -7,2 (—=17,0; 2,6) 0,147
Minimal in-hospital SpO2, % 90,0 +6,4 87,6+7,9 —2,4 (=5,1;0,2) 0,072
Oxygen supplementation
Via nasal cannula 16 (38) 77 (62) 0,007
Noninvasive/invasive ventilation 4(10) 5(4) 0,174
Laboratory parameters
Peak IL-6, pg./mL 8,6 [3,3;11,7] 11,7 [3,0; 47,0] 13,4 (0,2; 26,7) 0,458
Peak CRP, mg/L 11 [6; 27] 25 [12; 74] 27,7 (0,05 55,3) 0,007
Peak ESR, mm/h 26,8+10,6 32,2+13,0 5,4 (0,25 10,5) 0,044
Peak procalcitonin, ng/mL 0,06 [0,05; 0,11] 0,06 [0,04; 0,12] 0,3 (=0,7; 1,2) 0,750
Peak D-dimer, ng/mL 323 [199; 432] 279 [156; 508] —18(—253;217) 0,524
Peak creatinine, pmol/L 99,0+21,0 104,6 +£23,0 5,5 (—4,7; 15,8) 0,285
Lowest eGFR, ml/min/1,73m? 76,9+25,1 60,7 +13,7 —16,2 (—24,2; 8,2) < 0,001
Hemoglobin, g/dL 14,1+1,7 13,8+1,5 —3,1(-9,4; 3,3) 0,342
Treatment
Dexamethasone 40 (95) 107 (86) 0,115
Methylprednisolone 28 (67) 83 (67) 0,975
Remdesivir 21 (50) 53 (43) 0,413

BMI, body mass index; TIA, transient ischemic attack; COPD, chronic obstructive pulmonary disease; CT, computed tomography; SpO2, peripheral capillary oxygen saturation; IL-6,
interleukin 6; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; eGFR, estimated glomerular filtration rate by CKD-EPI equation.

3.4 Prediction of post-COVID-19 syndrome
development

To create a tool that would predict the PCS development,
unsupervised machine learning was used to train SANN-based
binary classification models. In order to avoid overfitting effect in
the setting of a relatively small sample size, we applied a two-step
approach, where the list of potential inputs was first narrowed down
using the assessment of their marginal effects in the logistic
regression analysis. In the order of decreasing prognostic value,
significant pre-discharge predictors included pre-discharge 6 MWD,
eGFR, heart rate increment during 6MWTT, SBP, RV free wall strain,
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ESR, LV end-diastolic index, BMI, oxygen

supplementation, Charlson’s comorbidity index, height, sex, age, and

in-hospital

obesity (see Supplementary tables 1-2 and Supplementary figure 2
for exact Somers’ D values and the resulting regression model
parameters). As a next step, identified parameters were used as
inputs for SANN-based classification model.

The use of the complete set of significant pre-discharge predictors,
however, did not result in generation of high-performance models: the
best predictive accuracy in the test/validation subset was 83%, which
(given the 75% prevalence of PCS) meant that only 1/3 of otherwise
false-positive cases could be correctly reclassified compared to the
blunt assumption that all participants will develop the PCS. Addition
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TABLE 2 One-month post-discharge dynamics of 6-min walk test parameters in patients with and without post-COVID-19 syndrome.

Parameters No post-COVID-19 Post-COVID-19 Difference 2-sided p
syndrome syndrome (95% Cl)
Distance:
6MWD at Visit 1, m 444+57 380+ 64 —64 (—90; —38) < 0,001
6MWD% at Visit 1, % 62,5+9,8 62,5+9,6 0,0 (—4,1; 4,0) 0,986
6MWD at Visit 2, m 490 +64 454+63 —36 (—65; —8) 0,012
6MWD% at Visit 2, % 68,2+11,6 75,1%£9,5 6,9 (2,4;11,3) 0,003
Delta 6 MWD between visits, m 49+33 77 +44 28 (9; 46) 0,004
Delta 6MWD% between visits, % 7,3£5,0 13,4+7,1 6,1(3,0;9,1) < 0,001
Heart rate:
HRbase at Visit 1, bpm 81,1+11,0 83,3+13,2 2,2(-2,8;7,2) 0,388
HRmax at Visit 1, bpm 109,0+9,2 105,0+15,6 —4,0 (—=10,4; 2,4) 0,216
HRmax% at Visit 1, % 61,2+6,0 60,4+12,5 —0,8 (=5,7;4,0) 0,734
HRrise at Visit 1, bpm 26,7+9,7 21,5+11,5 —5,2(-10,1; —0,3) 0,039
HRbase at Visit 2, min™ 78,6 15,7 82,2+13,5 3,6 (—2,5;9,8) 0,239
HRmax at Visit 2, min™ 108,2+11,3 110,5+ 14,6 2,4 (-3,8;8,6) 0,451
HRmax% at Visit 2, % 60,7+5,8 65,3+8,3 4,6 (1,1; 8,1) 0,010
HRrise at Visit 2, bpm 29,1+£9,9 27,7+12,1 —1,4(-6,6; 3,9) 0,608
Oxygen saturation:
SpO2base at Visit 1, % 95,2£5,6 95,1£5,2 —0,1(-2,0;1,8) 0,887
SpO2min at Visit 1, % 94,7+3,9 93,8+4,2 —0,9 (—2,6; 0,8) 0,293
SpO2drop at Visit 1, % 2,5+2,5 3,1+2,7 0,6 (—0,5; 1,7) 0,317
SpO2base at Visit 2, % 98,2+0,6 98,0+0,8 —0,2 (—0,6; 0,1) 0,155
SpO2min at Visit 2, % 95,7+2,8 95,8+2,1 —-0,1(-0,9;1,1) 0,837
SpO2drop at Visit 2, % 2,5+2,8 2,2+1,9 —0,3(-1,3;0,6) 0,520
Symptoms™:
Dyspnea at start, Visit 1, pts. 1,1+1,3 1,4+ 1,6 0,3 (—0,3; 1,0) 0,346
Fatigue at start, Visit 1, pts. 2,1£1,6 2,523 0,4 (—0,5; 1,3) 0,379
Dyspnea at finish, Visit 1, pts. 2,618 3,8+1,9 1,2 (0,1;2,3) 0,027
Fatigue at finish, Visit 1, pts. 3,1+£2,4 35+1,8 0,4 (—0,7; 1,4) 0,482
Dyspnea at start, Visit 2, pts. 0,4+0,8 09+1,1 0,5 (0,15 1,0) 0,022
Fatigue at start, Visit 2, pts. 0,8+£1,2 1,5+1,3 0,7 (0,1; 1,3) 0,014
Dyspnea at finish, Visit 2, pts. 1,3+£1,0 32+1,7 2,0 (1,1;2,8) < 0,001
Fatigue at finish, Visit 2, pts 0,9+1,0 29+1,9 2,0 (1,1;2,9) < 0,001

*Assessed using modified Borg scale; CI, confidence interval; 6MWD, 6-min walk distance; 6MWD?%, reached % of predicted 6-min walk distance; HRbase, baseline heart rate; HRmax,
maximal reached heart rate; HRmax%, reached percent of the individual maximum heart rate; SpO2base, baseline oxygen saturation; SpO2min, minimal oxygen saturation; SpO2drop, peak
oxygen desaturation.

of the parameters obtained during the first follow-up visit that was
performed 1 month after discharge (see Supplementary Table 3 for
marginal effects in logistic regression analysis) with subsequent
stepwise deletion of excessive variables based on the results of global
sensitivity analysis of the current version of the model have resulted
in creation of the model that was characterized by a 93% predictive
performance in the training and 89% in the randomly selected test/
validation subsets of the study group (91% for sensitivity, 82% for
specificity). The model utilized 13-7-2 SANN architecture and used
age, sex, in-hospital levels of CRP, eGFR and need for oxygen
supplementation, and level of post-exertional symptoms at 1 month
after discharge (fatigue and dyspnea in 6MWT and MRC Dyspnea
score) as inputs (Figure 1; see Supplementary Table 54 for network
weights and connections; source file available at https://doi.
org/10.5281/zen0d0.8395451). 10-fold cross-validation that was
performed by re-training the neural networks using alternative
sampling has allowed to consistently obtain non-inferior accuracy in
the test/validation subsets.
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4 Discussion

Despite the end of the COVID-19-related public health emergency
that was declared by the World Health organization on May 5, 2023,
it remains an ongoing global health issue (28). Moreover,
asynchronous trends of its spread and non-uniform levels of
vaccination worldwide contribute to the possibility of persistence of
epidemic process in separate areas, being associated with a potential
for selection of new SARS-CoV-2 variants. Another issue of growing
concern is the frequent transition of symptomatic COVID-19 to the
chronic phase. Moreover, the recent large meta-analysis shows that the
unusually high incidence of post-acute sequelae as assessed at 1 to
3 month after onset of disease (6, 12) is translating into a long-lasting
trail of impaired health status: 50% of COVID-19 survivors continue
to report at least one new symptom 1 year after acute infection, with
the most typical manifestations (such as fatigue, dyspnea, psychiatric
symptoms, cognitive deficit, memory impairment) having a potential
to impose a long-term debilitating effect (29). Thus, despite having
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TABLE 3 Pre-discharge echocardiographic characteristic of hospitalized COVID-19 patients.

Parameters No post-COVID-19

syndrome

Post-COVID-19

Difference
(95% CI)

2-sided p
syndrome

Left chambers morphometry

LA volume index, ml/m? 28,7+7,7 28,7+6,3 0,1(-2,3;2,4) 0,961
LV end-diastolic volume index, ml/m? 51,2+8,2 47,5+9,2 —-3,8 (—6,9; —0,6) 0,020
LV end-systolic volume index, ml/m? 17,8+5,0 16,4+4,7 —1,4(-3,1;0,2) 0,093
LV relative wall thickness 0,44+0,07 0,46 +0,08 0,01 (—0,01; 0,04) 0,298
LV mass index (height*”), g/m*’ 38,5+10,7 37,8+8,6 —0,7 (—3,9; 2,6) 0,674
Left ventricular function

LV ejection fraction, % 65,3+7,5 65,5+6,6 0,2 (—2,3; 2,6) 0,900
Lateral MAPSE, mm 152+2,8 152+2,2 0,0 (-0,1;0,1) 0,961
LV global longitudinal strain, % 16,9+2,3 17,6 +2,4 0,7 (=0,2; 1,6) 0,137
LV s, cm/s 9,8+1,6 9,7+1,8 —-0,1(-0,7; 0,5) 0,787
LV €, cm/s 9,7+2,2 9,0+2,2 -0,7 (-1,5; 0,1) 0,070%*
LV E/€ ratio 7,4+2,0 7,5+1,7 0,1 (—0,5;0,7) 0,763
Right chambers evaluation

RA area index, cm*/m? 8,1+1,1 8,2+2,4 0,0 (—0,8; 0,9) 0,908
RV size (proximal outflow tract), mm 31,2+3,7 32,0+£3,2 0,8 (—0,5; 2,1) 0,241
RV longitudinal size, mm 70,7+5,9 67,6+7,4 —-3,1 (—5,8; —0,5) 0,021
TAPSE, mm 24,5+4,9 25,0£4,1 0,4 (-1,2;2,1) 0,604
RV free wall longitudinal strain, % 33,5+5,0 37,2+7,1 3,7(0,9; 6,4) 0,009

*1-sided p=0,034; CI, confidence interval; LA left atrium; LV, left ventricle; MAPSE, mitral annular plane systolic excursion; RA, right atrium; RV, right ventricle; TAPSE, tricuspid annular

plane systolic excursion.

hopefully stabilized the acute COVID-19 problem, we are currently
facing a new protracted global health challenge presented by the post-
COVID-19 syndrome, and the timely identification of patients at risk
of its development might be instrumental for subsequent targeted
attempts to improve their expected poor trajectory.

The current study was focused on the assessment of pre- and early
post-discharge characteristics of hospitalized COVID-19 survivors
who presented with ongoing symptoms or a self-reported persistent
decline in the general health status at 3months after discharge.
Compared to the patients who have completely recovered by this term,
subjects with PCS were characterized by older age, higher BMI, were
more frequently female, had higher burden of comorbidities and more
intensive inflammatory response during the acute phase, as evidenced
by higher values of CRP, ESR, and larger share of patients with very
high IL-6 levels. Despite non-inferior physical functional status as
assessed by the SMW'T, PCS patients were reporting higher levels of
fatigue and dyspnea, which became more pronounced at 1 month
post-discharge due to worse dynamics of improvement compared to
symptom-free individuals. Considering an insignificant difference in
the minimal SpO2 levels between groups, it was most likely the higher
level of subjective symptoms that was driving more frequent
PCS
Comprehensive TTE has revealed similar changes in both groups that

in-hospital oxygen supplementation in the cohort.
persisted at 1 month and foremost included a high incidence of
concentric LV remodeling and grade I diastolic dysfunction; PCS
patients were characterized by smaller ventricular cavities
pre-discharge and worse diastolic filling at 1 month but higher RV

longitudinal strain throughout the period of follow-up.
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Compared to the set of predictors of poor physical functional
recovery at 1 month post-discharge in the same cohort of patients
(30), age, ESR, eGFR, need for in-hospital oxygen supplementation,
and pre-discharge 6 MWD have retained their prognostic value for
predicting the outcome at 3 months, whereas the extent of radiological
pulmonary involvement, pre-discharge SpO2, and history of
hypertension became insignificant. At the same time, we revealed a
subset of additional predictors of PCS that were either irrelevant (sex,
height, BMI, SBP) or had not been analyzed at 1 month (RV free wall
strain, LV end-diastolic index, and Charlson’s comorbidity index).

Despite the large number of studies that assessed the epidemiology
of PCS, the data on its predictors differ according to different sources,
and the strength of observed associations is frequently weak (29).
Among the variety of potential predictors, the few that have been
identified regularly in different studies include older age (31, 32),
history of smoking and/or lung disease (31, 33, 34), disease severity
(31, 33, 35), longer hospital stay (35, 36), higher levels of CRP (32, 37),
severity of symptoms (36), grade of pulmonary CT changes (35, 38),
and requirement of in-hospital and post-discharge oxygen support
(34, 35, 39), which puts the results of our study in line with the
available body of knowledge.

Despite the poor pre-discharge results of SMWT and evidence of
incomplete early physical functional recovery, we did not find these
parameters to be independently predictive of preserved self-reported
COVID-19 sequelae at 3months when accounted for sex, age, and
anthropometrical parameters, thus confirming the conclusion of
Ladlow et al. (40) about the lack of association between the objective
functional limitations and the level of residual symptoms in the setting
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of PCS. We also have not found significant differences in cardiac
structure and function both pre-discharge and after a one-month
follow-up: patients with and without the PCS seemed to express
similar changes that were in line with those reported before (41, 42).

The difficulties in predicting the development of post-COVID-19
syndrome might be related to the heterogenous underlying
mechanisms, differences in vaccination status at the population level,
and the constantly changing landscape of temporarily and locally
prevailing SARS-CoV-2 variants. The literature search has allowed us
to identify several finished studies proposing tools for predicting the
outcomes of the acute phase of disease (43), effects of post COVID-19
rehabilitation (44), development of post-acute cardiovascular
complications (45), and dynamics of the radiological recovery (46).
Additionally, we have identified a published protocol of the study
directed at solving the problem of predicting the development of the
long COVID syndrome (47). To our knowledge, the current study is
the first to date presenting a classification model that allows to predict
the development of self-reported post-COVID-19 syndrome based on
the acute phase parameters in the cohort of hospitalized patients that
were shown to be at higher risk of PCS.

Logistic regression analysis is a traditional first line tool to solve
the binary classification tasks; at the same time, it is vulnerable to
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overfitting when using smaller datasets (n<500) (48). Machine
learning approach in our study has allowed to overcome this obstacle;
minimization of the input variables number led the training subset to
meet the usual sample size requirements for ML projects with a cases-
to-predictors ratio of 15.4:1 (49). Post-hoc analysis involving the input
dataset effect size (Cohen’s d statistic=0,684) and the model’s
predictive accuracy of 89% additionally confirmed the appropriateness
of the sample size (26).

4.1 Limitations of the study

The limitations of our study include possible center-related effects,
potential selection bias related to inclusion of less severe cases as a
result of inability of persistently O2-dependent patients to participate,
negligible level of vaccination in the study population and different
prevailing SARS-CoV-2 variants at the time of enrollment compared
to today. Hence, the results of the study should be cautiously
generalized to the current post-COVID-19 care practice. Given the
ever-changing landscape of the acute SARS-CoV-2 infection setting,
any types of newly developed predictive tools would require an
external validation on the current local cohorts of COVID-19
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convalescents as a part of their proper implementation. The proposed
model should, therefore, be perceived both as a potential ready-to-use
predictive tool and as a proof of concept for the development of
similar models based on the more recent data from local populations.

5 Conclusion

Hospitalized patients with SARS-CoV-2 infection were
characterized by a 75% prevalence of post-COVID-19 syndrome at
3months after discharge, with PCS subjects being older, more
frequently female, having higher BMI, more intensive acute
inflammatory response, and lower eGFR. Higher level of symptoms
in the PCS group was not associated with worse physical functional
recovery or significant changes on TTE compared to symptoms-free
participants. Despite identification of a set of pre-discharge predictors,
inclusion of parameters obtained at 1 month proved necessary to
obtain a high accuracy ML-based classification model of PCS
development; the final list of inputs included age, sex, in-hospital
levels of CRP, eGFR and need for oxygen supplementation, and level
of post-exertional symptoms at 1 month after discharge (fatigue and
dyspnea in 6MWT and MRC dyspnea score).
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Introduction: Due to the inefficiency and high cost of the current healthcare
supply chain mode, in order to adapt to the great changes in the global economy
and public health, it is urgent to choose an effective mode for sustainable
development of healthcare supply chain. The aim of this paper is to use artificial
intelligence systems to make intelligent decisions for healthcare supply chain
mode selection.

Methods: Firstly, according to the economic benefits, social benefits and
environmental benefits of healthcare supply chain, this paper identifies different
healthcare supply chain modes in combination with artificial intelligence
technology. Secondly, this paper presents the intelligent choice optimization
method of healthcare supply chain mode based on deep reinforcement learning
algorithm. Finally, the effect of artificial intelligence in healthcare supply chain
mode selection is verified by simulation experiment.

Results and Discussion: The experimental results show that healthcare supply
chain mode selected by artificial intelligence is basically consistent with the
target mode, while healthcare supply chain mode selected by the basic selection
method, BP neural network method and big data method is different from the
target mode, which indicates that Al has more advantages in the selection
of medical supply chain mode. Therefore, we recommend the application of
artificial intelligence to healthcare supply chain management. This study not only
makes up for the ineffective problems of existing methods, but also makes up
for the gaps in the application of Al technology in the field of healthcare supply
chain. The scientific value of this paper is that the proposed framework and the
artificial intelligence algorithm enrich the relevant theories of healthcare supply
chain research and provide methodological guidance for intelligent decision-
making of healthcare supply chain. At the same time, for medical enterprises,
this research provides a new practical guideline for the application of artificial
intelligence in the sustainable development and modern management of
healthcare supply chain.

KEYWORDS

healthcare supply chain, mode selection, artificial intelligence, intelligent selection,
deep reinforcement learning algorithms
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1 Introduction

In the post epidemic era, the industry environment and consumer
demand have changed significantly, which has accelerated the
digitalization of the healthcare supply chain (1, 2), the development of the
modern healthcare supply chain has entered a new era, and the study of
the healthcare supply chain has become a hot topic in both academia and
industry. The healthcare supply chain plays a crucial role in health
economics, as it directly impacts the cost, accessibility, and quality of
healthcare services. Specifically, the healthcare supply chain occupies the
core position in ensuring the availability and availability of pharmaceutical
products and services (3). Studying the healthcare supply chain helps to
ensure high-quality healthcare products and services (4) and minimize
the risk of harm to patients. Second, studying the healthcare supply chain
can help to improve its operational efficiency by minimizing waste,
reducing costs, and optimizing resource utilization (5), this can promote
the improvement of medical economic level of medical enterprises. Third,
during emergencies or epidemics, the healthcare supply chain plays a key
role in ensuring the availability of critical supplies (e.g., medicines,
personal protective equipment, and medical devices) (6), and a resilient
healthcare supply chain can respond quickly to emergencies and
minimize losses due to risks. Finally, the healthcare supply chain involves
information, logistics, and financial flows from suppliers to healthcare
providers and ultimately to patients, which involves multiple stakeholders,
including manufacturers, distributors, healthcare providers, and
regulatory agencies (7). The research of the healthcare supply chain is
beneficial for coordinating the interests of the supply chain actors and
enhancing the competitiveness of the supply chain. Therefore, considering
the importance of healthcare supply chain in ensuring timely supply of
medical products and services, minimizing the risk of patient harm and
minimizing waste, as well as the dominant position of healthcare supply
chain mode in the supply chain operation process, this paper focuses on
the intelligent selection of healthcare supply chain mode.

With the emergence of enterprise clusters, the competition mode
among enterprises has begun to transition from single-enterprise
competition to supply chain competition, and the competitiveness of
supply chains increasingly depends on whether they can meet the
requirements of sustainable development (8). The development and
pattern evolution of the manufacturing industry have an important
impact on the world economy (9), but at the same time, due to the
production characteristics of the industry, it also becomes the biggest
hidden danger to the ecological environment. The special supply chain
such as healthcare supply chain involves a large number of chemical
reactions in the process of research and development of pharmaceuticals,
which will produce a large number of harmful pollutants such as waste
water, waste gas, experimental waste liquid and other harmful pollutants
that have a negative impact on the environment. The ingredients
contained in these pollutants are also more complex, and if they are not
disposed of in a compliant way, it will have a great negative impact on the
environment. In addition, the business system of healthcare supply chain
covers pharmaceutical research and development, distribution and other
fields, and involves multiple links such as procurement, production,
delivery, marketing and recycling in daily operation (10). Whether each
link meets the “green standard” is closely related to human health.
Therefore, some pharmaceutical companies have been implementing
environmental protection actions through green practices such as
recycling and medical waste treatment, and adopting new clean
technologies such as low-pollution gas heating/cooling, electric vehicles
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and energy-saving policies to increase social benefits (11). Therefore, in
order to meet the new industry needs, there is a need to study the optimal
mode of healthcare supply chain and use modern decision-making
technology tools.

At the same time, the application of AI appears in a number of
different fields, including the supply chain (12). AI systems are able to
make informed decisions and perform tasks automatically without
human intervention. The implantation of Al systems in the supply
chain is still an innovation, and Al is expected to optimize and
upgrade various industries, including medical enterprises (13). As far
as the healthcare supply chain is concerned, Al offers plenty of
opportunities to improve operational efficiency and sustainability.
Specifically, firstly, artificial intelligence algorithms help healthcare
supply chain to forecast demand and manage inventory (14). Artificial
intelligence can minimize waste, improve cost efficiency, and ensure
timely supply of key materials. Secondly, artificial intelligence
algorithms can optimize the logistics of healthcare supply chain,
improve transportation efficiency, reduce fuel consumption, and
minimize carbon emissions, thus promoting the sustainable
development of healthcare supply chain. Finally, artificial intelligence
has significant advantages in continuous improvement and learning.
It can clearly and quickly identify the optimal operation mode of
healthcare supply chain through the analysis of big data (15), which
makes healthcare supply chain more flexible. To sum up, artificial
intelligence plays a vital role in promoting the development of health
economy, and the integration of artificial intelligence technology into
all aspects of healthcare supply chain operation can bring significant
benefits (16). This provides technical support for the healthcare supply
chain to gain competitive advantages, improve operational efficiency,
and become a more low-carbon and environmentally friendly medical
system with sustainable development potential (17).

However, few scholars have conducted in-depth studies on the
issue of healthcare supply chain mode selection. At the same time,
given the great advantages of Al technology in optimizing healthcare
supply chain, there are few researches on the role of AI technology in
healthcare supply chain mode selection. Therefore, to fill this gap and
given that deep reinforcement learning algorithms are particularly
suitable for highly variable environments and applicable to the
research scenarios of the article, we propose a deep reinforcement
learning algorithm based on AI with high scalability to optimize
healthcare supply chain mode selection. Since Al technology has a
crucial role in the development of healthcare supply chains and is
valuable for optimizing healthcare supply chain modes and improving
competitiveness, this is the main motivation for this study. In addition,
the competition of current business modes is becoming more and
more intense, and enterprises need to find suitable modes to realize
their sustainable development, which further illustrates the necessity
of applying Al technology to the selection of healthcare supply chain
modes. In summary, the article identifies the following three
research objectives:

(1) Determine the indicators for evaluating healthcare supply
chain modes and clarify the relevant calculation methods to
support the effective selection of the optimal healthcare supply
chain mode;

(2) Combined with the evaluation indexes, different healthcare
supply chain modes are identified using artificial intelligence
technology, and an intelligent selection optimization method
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for healthcare supply chain modes is proposed based on deep
reinforcement learning algorithm;

(3) Constructing simulation experiments to verify the effectiveness
of the application of artificial intelligence technology.

This study has three major contributions to the field of healthcare
supply chain research. First, we discuss a neglected and understudied
problem in previous studies: how to choose the optimal healthcare
supply chain mode? Based on the characteristics of healthcare supply
chain, this paper uses artificial intelligence technology to choose
healthcare supply chain mode, and puts forward a new method of
healthcare supply chain mode selection, which enhances the objectivity
and effectiveness of the selection process. Secondly, based on the deep
reinforcement learning algorithm, this paper puts forward a specific
algorithm to optimize the mode selection of healthcare supply chain,
enriching the relevant theories and methods of healthcare supply chain
research, and ensuring the feasibility of the results. Finally, the
simulation experiment verifies the effectiveness of artificial intelligence
in the application of healthcare supply chain mode selection, which
provides new practical guidance and valuable insights for artificial
intelligence to improve the level of health economy, sustainable
development of medical supply chain and modern management.

The paper is organized as follows. Section 2 will review the literature
on research on healthcare supply chain and AT applications. Section 3
describes the related research methodology and the process of intelligent
selection of healthcare supply chain modes. Section 4 conducts simulation
experiments for validation. Section 5 is a discussion and analysis of the
results of the simulation experiments. Section 6 is the conclusion and
further indicates the future research direction.

2 Literature review
2.1 Healthcare supply chain mode selection

Existing research on healthcare supply chain is very rich and many
scholars have explored different aspects of healthcare supply chain in
depth. For the logistics process of healthcare supply chain, Smith et al.
argued that the logistics process of healthcare supply chain has become
a key factor affecting the cost and quality of healthcare services, and
they conducted two surveys of healthcare supply chain professional
practitioners to understand the operational efficiency of the healthcare
supply chain and the potential opportunities for improvement, and the
article pointed out the benefits and difficulties of standardizing data in
the healthcare supply chain, as well as how managers can provide
support in achieving data standardization (18). Addressing the aspect
of healthcare supply chain digitization and performance, it was noted
that the global manufacturing industry is working hard to improve
productivity by leveraging digital manufacturing technologies such as
artificial intelligence and the Internet of Things (IoT), which are
expected to improve the connectivity between supply chains, and this
trend extends to the healthcare supply chain sector. Meanwhile, social
capital, a potential resource for healthcare supply chains, can affect
supply chain performance in the healthcare industry. Therefore, the
article conducted an empirical study on the relationship between
healthcare supply chain digitization, social capital and supply chain
performance (19). For risk management in healthcare supply chain,
some studies have made guidance for improving healthcare supply
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chain practices by revealing the relationship between supply chain
integration, supply chain risk management, and supply chain 4.0 and
healthcare supply chain performance, so that healthcare supply chain
can better cope with risks and enhance performance (20).

It is not difficult to see that many scholars have made certain
achievements in the study of healthcare supply chain, and most of the
research content is closely related to the operation of healthcare supply
chain, based on which, it is necessary to mention the healthcare supply
chain mode, which dominates the various stages of the supply chain, and
largely determines the structure of the healthcare supply chain and its
operation mode. The choice of healthcare supply chain mode plays a
fundamental role in the development of the supply chain, specifically,
from the viewpoint of patient safety, an effective healthcare supply chain
mode can help control the quality and safety of medicines (21), and filter
the potential risks and loopholes that may affect the safety of patients to
ensure the safety of patients. From the perspective of cost control, an
appropriate healthcare supply chain mode is conducive to improving
inventory management, streamlining processes, and optimizing logistics
as a means to achieve cost savings. From the perspective of healthcare
supply chain risk management, an efficient healthcare supply chain
operation mode is conducive to making quick and effective decisions to
reduce risks and ensure the continuity of healthcare supply chain
operations. From the perspective of sustainable development, an excellent
good healthcare supply chain mode is conducive to the reduction of
carbon emissions, which improves economic benefits and ensures the
growth of environmental and social benefits at the same time.

However, there is little literature studying the selection of
healthcare supply chain modes. In terms of the existing researched
healthcare supply chain modes, one study proposed the healthcare
supply chain e-commerce mode (22), which is the combination of
e-commerce and healthcare supply chain. This mode solves the
drawbacks existing in the traditional healthcare supply chain, optimizes
the structure of the healthcare supply chain, and improves the efficiency
of the healthcare supply chain. There is also a study on the SPD mode
of the healthcare supply chain (23), which refers to a medical supplies
management mode integrating supply/processing/distribution links,
and its core carrier is a medical consumables supply chain platform,
aiming to help medical institutions realize refined operation and cost
control. The SPD mode comprehensively takes into consideration the
operation rules and characteristics of each management link of medical
consumables in hospitals, as well as the interconnection between links.
With the support of supply chain management theory and information
technology, it optimizes and improves the traditional way of medical
consumables management, and is a consumables management mode
applicable to the current social and medical background.

In terms of the methodology of the healthcare supply chain mode
selection, some scholars created a vaccine supply chain model in
response to the global crisis and used a multi-objective mixed integer
planning (MIP) model to develop the supply chain (24), and this
study also integrated the TOPSIS (Order Preference Technique by
Similarity to Ideal Solution) model into the optimization model to
identify the best solution from a set of non-dominated solutions that
prioritize environmental sustainability, although the algorithm used
in this study can be used to design a sustainable vaccine supply chain
mode, it has a narrow scope of application and the study can
be expanded to utilize other hybrid meta-heuristic algorithms for the
analysis of the experimental results for the purpose of comparing the
findings. Other scholars have finally constructed and proposed a new
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model of a sustainable healthcare supply chain that prioritizes patient
safety by identifying key attributes of a sustainable healthcare supply
chain and then applying the Fuzzy Delphi Method (FDM) to
determine the appropriateness of these key attributes and categorize
them in order to finally construct and propose a new mode of a
sustainable healthcare supply chain that prioritizes patient safety,
which improves the safety of healthcare professionals and patients in
a sustainable manner (25). Furthermore, to deal with the risks faced
in the operation of the supply chain. Rajak and other scholars used
the hybrid BWM-QFD methodology to identify the stakeholders’
requirements and critical success factors (CSFs) for the sustainability
initiative in SC during this pandemic situation (26). Because the
choice of healthcare supply chain mode needs to focus on the impact
on the sustainable development of medical supply chain. The
framework proposed by the study and the 16 key success factors
identified provide good solutions to supply chain sustainability
problems. Thus, about the measurement of sustainability dimensions
in healthcare supply chain mode selection, this study provides
important methodological references and content guidance. Finally,
an integrated DEA enhanced Russell measure (ERM) model was
studied to select the best transportation system provider. This model
is used for the performance evaluation of the transportation system
to minimize capital cost, cost of energy consumption, cost of work
safety and labor’s health, and CO, emission (27). In terms of
healthcare supply chain mode selection, the assessment of medical
goods transportation, capital costs, energy consumption, exhaust
emission and other indicators are particularly important. The value
obtained by these indicators will directly affect the choice of
healthcare supply chain mode. Therefore, this model provides strong
method support for the selection of healthcare supply chain
transportation system, which is important for the selection of
effective healthcare supply chain mode.

2.2 Application of artificial intelligence in
the healthcare supply chain

With the rapid development of a series of emerging technologies
such as big data and cloud computing, artificial intelligence technology
is also increasingly used in the medical field (28). As an advanced
technology, artificial intelligence can use the high-speed processing
and distributed computing ability of computers to simulate the
information processing ability and learning ability of the human brain,
so that computers can analyze and solve certain problems that cannot
be handled by medical technology (29), and the feasibility of the
application of AI technology in the field of healthcare has been
confirmed, and the future prospects are broad (30).

Currently, the application of artificial intelligence technology in
the healthcare supply chain is mainly reflected in the following five
aspects. First, the application of artificial intelligence technology in
pharmaceutical research and development (31), the significant
changes in the field of pharmaceutical research and development are
closely related to the breakthrough progress in the field of artificial
intelligence (32). In the face of the extremely large pharmaceutical
industry data, Al can be used to process the data through appropriate
algorithmic models, and then used in the process of pharmaceutical
R&D, which can effectively accelerate the speed of pharmaceutical
product development, reduce the cost of R&D, and improve the
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success rate of research and development. Second, Al can improve the
sustainability of the healthcare supply chain (33). Obviously, Al
technology has gradually become a strategic tool to improve
competitiveness, and the application of Al in all aspects of the supply
chain guarantees the normal operation of the business, and its fast and
effective decision-making and execution ability prevents the
disruption of the healthcare supply chain after the impact. Third, AI
technology can be used in healthcare supply chain management (34).
The healthcare supply chain is a very complex network, and the use of
innovative tools for healthcare supply chain management can create
economic surpluses and take into account the interests of the supply
chain actors. Fourth, AI techniques can be used for demand
forecasting and patient health management (35). Artificial intelligence
analyzes and compares the patient’s indicators with the standard data
by using the data analysis system and transmits them to the server’s
terminal, and finally gives reasonable suggestions. This technology can
combine relevant data to assess personal health, establish personal
health service files, and provide health control for key patients. Fifth,
artificial intelligence technology can be used to assist in the diagnosis
of medical imaging (36) and improve the efficiency of the healthcare
supply chain. Traditional medical diagnosis is mainly obtained by
relying on the doctor’s analysis of the image data, mostly by virtue of
personal experience as well as subjective judgment, and therefore the
phenomenon of misdiagnosis will occur. Medical imaging can
be divided into two parts: imaging and image analysis, and the use of
artificial intelligence technology can make imaging faster, effectively
shorten the imaging time and improve the clarity of the image. In the
image analysis part, artificial intelligence technology can quickly
extract data from the image database and analyze it to help doctors
carry out auxiliary diagnosis, avoiding diagnostic errors due to
doctors’ subjective factors, which effectively improves the accuracy
of diagnosis.

However, the application of Al in the healthcare supply chain field
still has some challenges and limitations. First of all, the application
scope of artificial intelligence in the field of healthcare supply chain is
relatively narrow (37). Compared with other fields (such as retail
industry and banking industry), the healthcare supply chain is subject
to more strict legal constraints, and its data security and privacy
protection are more important, which limits the application of
artificial intelligence in the medical field to a certain extent. The
research of artificial intelligence in helping the healthcare supply chain
make intelligent decisions needs to be further explored. Second, the
public health system is gradually transforming, its main focus is to
realize the value chain through the use of digital technology (38),
while past research has mainly discussed the scalability of artificial
intelligence and some ethical issues, as well as how to realize the value
chain in the medical field in the new business environment has not
been clarified. More theoretical and empirical research is needed to
address the challenges facing Al Finally, the current research
cognition of artificial intelligence is still limited and scattered, which
may be caused by the disjoint of previous research. Some scholars only
focus on the application of Al in disease monitoring and drug
development (39, 40), and lack a comprehensive understanding of
artificial intelligence systems, which limits the practical value of
artificial intelligence. In fact, the application of artificial intelligence
can benefit different subjects in the healthcare supply chain (41).

In short, with the development of the times, artificial intelligence
technology has been serving more and more aspects of the healthcare
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supply chain. The popularity of artificial intelligence technology has
greatly improved the degree of intelligent development of the medical
system. However, in view of the limitations and challenges existing in
the application of artificial intelligence in the field of public health, the
application of artificial intelligence in the choice of healthcare supply
chain mode is still a blank. Further discussion is needed.

2.3 Research gaps

To sum up, it is not difficult to see that the existing research
literature on healthcare supply chain and artificial intelligence is
relatively rich and the research system is relatively mature. Most
scholars focus on discussing the application of artificial intelligence in
healthcare supply chain from the perspectives of sustainable
development, supply chain management and logistics, so they ignore
the research on healthcare supply chain mode. In particular, there are
few researches on the application of artificial intelligence in the
selection of healthcare supply chain modes. In addition, in view of the
existing healthcare supply chain mode selection methods, the
significant problem is the lack of systematicness and objectivity, and
it is difficult to apply such methods in practical analysis.

Healthcare supply chain mode determines the structure and
operation mode of the supply chain to a large extent. Only by
choosing an effective mode can healthcare supply chain have an
advantageous competitive position in the highly competitive
market. And it is conducive to the long-term development of the
supply chain. The selection of healthcare supply chain mode needs
to be interpreted from a deeper perspective, and the existing
research methods and tools need to be improved and optimized.
Therefore, this paper not only makes up for the gaps in the existing
healthcare supply chain research content, but also makes up for the
defects of research methods.

3 Research methodology
3.1 Deep reinforcement learning algorithm

Reinforcement Learning (RL), also known as evaluation learning,
is an important branch of machine learning. Its feature is that there is
no prior knowledge, it does not need to give the correct action, but
only needs to give the return, and adjust the strategy to maximize the
total cumulative return. To put it simply, reinforcement learning is that
the actions generated by an Agent interact with the environment and
generate sample sequences. Through continuous learning, the agent
searches for actions with high returns and avoids actions with low
returns. Obviously, reinforcement learning is a trial-and-error process
that simulates the learning process of animals. It obtains reward and
punishment information by constantly trying actions and iteratively
updates its reward value, so as to find the optimal solution. Since
reinforcement learning is the reward information obtained from
environmental feedback in the learning process, reinforcement
learning is applicable to unknown environments and has decision-
making ability (42). The paradigm of reinforcement learning is very
similar to the process of human learning knowledge, so reinforcement
learning is regarded as an important way to achieve general Al (43),
but it is helpless to solve the perception problem.
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Deep learning is one of the most popular branches of machine
learning in recent years, which has made great achievements in image
recognition and natural language processing. The simple explanation
of deep learning is that when we know an input and mapping, we can
get its output, but the reality is that the mapping is very complex,
cannot be expressed in an expression or simply unknown state. At this
time, deep learning constructs a deep neural network as the
connection bridge between sample input and feature output.
We constantly input samples for training, so that the neural network
can fit and approximate a mapping corresponding to these samples as
much as possible, and the finally trained network can be approximately
equivalent to the mapping we need. Although deep learning has
strong perception ability, it lacks certain decision-making ability.

Therefore, in recent years, with the continuous improvement of
deep learning theory, the combination of reinforcement learning and
deep learning has received more and more attention and research, and
the deep reinforcement learning algorithm has gradually become a
research hotspot in the field of artificial intelligence (44). Introducing
deep learning into the reinforcement learning framework and
replacing the original Q-table with neural network can greatly
improve the computing power of the reinforcement learning algorithm
and deal with higher dimensional and more complex situations. In
other words, the neural network provides the perception ability for
reinforcement learning that it lacks. By combining the fitting
approximation ability of deep learning with the strategy generation
ability of reinforcement learning, the transformation from table form
to network form is achieved, and deep reinforcement learning is
formed. Choosing deep reinforcement learning algorithm for
healthcare supply chain mode selection mainly takes into account the
unique functions and characteristics of deep reinforcement learning.
First of all, the healthcare supply chain mode selection involves a
complex decision-making process, which requires the AI model to
learn in a dynamic and uncertain environment. Among many Al
algorithms, DRL is the most suitable for unknown environment and
has strong decision-making ability. Second, in healthcare supply chain
mode selection, decisions made at one stage may affect subsequent
stages, DRLs ability to learn from sequential interactions enables it to
effectively address such impacts. Finally, healthcare supply chain
mode selection needs to balance multiple objectives, such as economic
cost, patient safety and environmental sustainability. DRL can learn
more complex decision spaces through interaction with the
environment and identify solutions that are consistent with the
organization’s goals to achieve a balance between conflicting goals. In
short, the key to choosing the deep reinforcement learning model over
other artificial intelligence models for healthcare supply chain mode
selection is that, compared with other artificial intelligence algorithms,
DRL is more suitable for uncertain environments and can handle
complex and continuous decision-making tasks. These characteristics
make DRL very suitable for solving the multi-faceted challenges of
healthcare supply chain management.

Current deep reinforcement learning algorithms mainly include
two types, namely deep reinforcement learning algorithms based on
value function approximation and deep reinforcement learning
algorithms based on policy gradient. Among them, the most
representative ones in the field of value function approximation
algorithms are Deep Q network algorithm (DQN) (45) and dual Deep
Q network algorithm (DDQN) (46). The most representative in the
field of policy gradient algorithms is the depth deterministic policy
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gradient algorithm (DDPG) (47). In deep reinforcement learning,
we use neural networks to represent value functions and strategies and
solve their modeling problems. We continuously input samples to
continuously improve the values of weight W and bias b in the
network, and use Error Back Propagation (BP) methods to
continuously iterate and optimize our objective functions. The
network can approximate the real value function and strategy as much
as possible. The DRL framework is shown in Figure 1, and its learning
process can be described as follows:

(1) Ateach moment agent interacts with the environment to get a
high-dimensional observation, and utilizes the DL method to
perceive the observation to get a specific state
feature representation.

(2) Evaluate the value function of each action based on the
expected return and map the current state to the corresponding
action by some strategy.

(3) The environment reacts to the action and obtains the next
observation. By continuously cycling the above process, the

optimal strategy to realize the goal can be obtained eventually.

3.2 Design of intelligent selection method
of healthcare supply chain mode

In view of the current healthcare supply chain mode selection
problem, there is no specific method to help healthcare institutions
choose the optimal mode, and the current research ignores the
potential of technology and innovation in optimizing the healthcare
supply chain. Therefore, this study applied artificial intelligence
technology to the intelligent choice of healthcare supply chain mode,
designed a new intelligent choice method and adopted a more
scientific calculation method to select the optimal healthcare supply
chain mode to achieve sustainable development. In this study, the
intelligent selection process of healthcare supply chain mode is set up
as shown in Figure 2. This study mainly provides the basis for the
selection of healthcare supply chain mode through indicators such as
economic benefit, social benefit (48) and environmental benefit (49).
By considering the economic, social, and environmental dimensions
of each supply chain mode, healthcare companies can make informed
decisions to optimize their supply chain strategies while promoting

DL Perception RL Decision
> Context
Dbservation Award Action

! 1

[Environment |

FIGURE 1
DRL schematic framework.
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sustainability, ethical practices, and cost-effective operations. The
selection process involves a lot of calculation parts, in order to ensure
the scientific selection results, it is necessary to ensure the feasibility
of the calculation algorithm.

3.2.1 Economic benefits of healthcare supply
chain

The economic efficiency reflects the overall economic operation
effect of the healthcare supply chain, which is the performance of the
ability of capital circulation. The economic benefits of healthcare
supply chain include financial value, internal operation and
management level of the supply chain, and pharmaceutical R&D
innovation capability.

For the financial value of the healthcare supply chain, this article
selects the total asset turnover rate, the profit rate of pharmaceutical
sales and the current ratio of the healthcare supply chain as the
indicators for the assessment of the financial value, which fully reflects
the financial operation status and profitability of the entire healthcare
supply chain.

(1) Total Asset Turnover Ratio. This index mainly measures the
ratio between the net income from pharmaceutical sales and
the asset investment scale of healthcare supply chain in a
certain period of time, which to a certain extent can reflect the
operational efficiency of total assets of healthcare supply chain.
The larger the value of this index, the higher the level of sales
of medicines in the healthcare supply chain, the greater the
return on asset investment, and the stronger the operating
ability of the total assets of the supply chain.

Net proceeds from the

sale of pharmaceuticals
Total healthcare
supply chain assets

Total asset turnover = x100%

1

(2) Profitability of pharmaceutical sales. This indicator is the ratio
of total profit to product sales revenue. It reflects the
profitability of the product and indirectly reflects the size of the
competitiveness of the enterprise’s products in the market.

Sales profit

Profitability of pharmaceutical sales = x100%  (2)

Total sales

(3) Current ratio. The current ratio is the ratio of current assets to
current liabilities of the healthcare supply chain for a certain
period of time. The current ratio can reflect whether the
healthcare supply chain has enough working capital for
production to supply products to the demand side.

Current asset

Current ratio = x100% (3)

Current liabilities

The healthcare supply chain involves many aspects such as
procurement, production, logistics, sales, and reverse logistics. It is
necessary to ensure the overall circulation of the healthcare supply
chain as a whole in all links. Therefore, each link is crucial. Based on
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FIGURE 2
Intelligent selection process for healthcare supply chain mode.

the characteristics of the healthcare supply chain and the acceptability
of the indicator data, the article selects the two indicators of
pharmaceutical inventory turnover rate and the healthcare supply
chain management cost rates to evaluate the internal operation and
management level of the healthcare supply chain.

(1) Pharmaceutical inventory turnover rate. Inventory turnover
rate is an important indicator for measuring the management
capacity of healthcare supply chain inventory. The higher the
value of this indicator, the faster the represented inventory
transition to the capital.

Pharmaceutical invento: 1
ry Sales cost «100%

)

turnover rate Average inventory balance

(2) The healthcare supply chain management cost rate.
Management cost rate can reflect the current cost of the current
healthcare supply chain operation cost.

Total operating cost

Management cost rate = x100% (5)

Total operating income

Pharmaceutical research and development and innovation
capabilities are the key factors affecting the sustainable development
of the healthcare supply chain. Only when healthcare supply chain
continues to launch new products and services can the supply chain
be maintained and effectively expand its market share. The healthcare
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supply chain pharmaceutical R&D and innovation capabilities are
measured by two indicators of new technologies and research and
development investment rates.

(1) New technology adoption rate. The adoption rate of new
technology refers to the ratio of the output value of the new
technology product to the total output value of the enterprise.
This indicator reflects the contribution of new technologies to
the total value of corporate products.

Gross new technology

product value < 100%

(6)

New technology adoption rate =
Gross product value

(2) R&D investment rate. This index refers to the proportion of the
cost of healthcare supply chain for research and development
over a certain period of time in the total operating income of
the supply chain, reflecting the importance of healthcare supply
chain to innovation development.

. R & D total 1 t t
R & D investment rate = olal mvestment 100% (7)

Total operating income

3.2.2 Social benefits of healthcare supply chain
The supply of high-quality drugs is one of the main targets
of healthcare supply chain operations, and the quality of drugs
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must have strict implementation standards. The quality of

drugs can be measured from the three indicators of
pharmaceutical qualification rate, pharmaceutical return rate,

and market share.

(1) Pharmaceutical qualification rate. The qualified rate of drugs
refers to the percentage of the number of qualified drugs in a
certain period of time. For a certain period of time, the medical
supply chain production drug A, a total of N batches. The
output of thei(1<i< N)is T, of which the number of qualified
products is Qi,the qualification rate of the drug during this
period is:

N
20
ROA =5 —x100% ®)

ST

i=1

(2) Pharmaceutical return rate. Product return rate refers to the
percentage of the number of drugs in the total supply of drugs
in a certain period of time. For a certain period of time, the
healthcare supply chain issues a total of N batches for drug
A. The supply volume of the i(1<i< N) is Si. The number of
returns is Ri. The return rate of the drug product during this
period is:

N
D Ri
RRA =%x100% 9)

Dsi

i=1

(3) Market share. The market share of drugs is a key indicator of
measurement of the competitiveness of the drug market. It can
be expressed as the ratio of drugs in a regional medical supply
chain to account for the proportion of similar drugs in the
region. For the sales of drugs supplied by a certain period of
healthcare supply chain is S’, the total number of
pharmaceutical sales in the region is Sthe market share of
pharmaceutical is:

1

RMS:%XIOO% (10)

During the management of healthcare supply chain, enterprises
need to regularly conduct education and training of employees to
help employees improve their learning ability. This is not only the
manifestation of the responsibility of enterprises in terms of
employee management, but also the obligation of the enterprise.
Therefore, the growth rate of the total number of employee training
in this paper reflects the protection of employees’ rights and
interests of pharmaceutical manufacturing enterprises. In a certain
period of time, the total number of employee training changes
fromNT to the end of NT , and the total growth rate of employee
training is:
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RT x100%

_ NT - NT an
NT

The embodiment of shareholders’ equity is mainly due to the
legitimate rights of shareholders. All business behaviors must be carried
out on the premise that the capital security of shareholders can ensure the
security of shareholders and whether it can be divorced and creating
profits on time. The article uses two indicators of net assets per share and
net assets to measure shareholders’ rights in the medical supply chain.

(1) Net assets per share. This indicator measures the number of
assets that shareholders can obtain in each shareholder issued
by an enterprise.

Total shareholder equity «100%
o

(12)
Total shareholders

Net assets per share =

(2) Net asset yield. This indicator refers to the percentage share of
net profit obtained by medical supply chain sales during a
period of time.

Total profit of drug sales

Net asset yield = x100% (13)

Owners equity

In the process of medical supply chain management, it is also
important to protect the rights and interests of creditors. For creditors,
the most concerned question is whether the enterprise has the ability
to pay debt. Therefore, the article selects the asset -liability ratio to
measure the ability of the medical supply chain.

(1) Asset-liability ratio. Asset-liability ratio refers to the ratio of the
total liabilities of the healthcare supply chain in a certain period
of time. This indicator is a comprehensive indicator of
evaluating the level of healthcare supply chain liabilities, and
an important criterion for measuring its degree of risk.

Total liability <100%
- 0

Asset - liability ratio = (14)

Total asset

3.2.3 Environmental benefits of healthcare supply
chains

The environmental benefits of healthcare supply chain is an
important index to highlight whether the supply chain is “green,”
measuring the environmental benefits of healthcare supply chain
meets the requirements of the present era. This paper evaluates the
environmental impact, resource consumption intensity and ISO
certification rate of healthcare supply chain.

(1) Environmental impact of healthcare supply chain. Total waste
emissions from healthcare supply chain. This index refers to the
sum of three types of waste emissions from a series of supply
chain activities, such as production by pharmaceutical
manufacturing enterprises.
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(2) Resource consumption intensity. The type, quantity and
scarcity of medical resources used in the operation of the
pharmaceutical supply chain.

(3) 1SO rate. The through the
implementation of a series of standards, the implementation of

certification enterprise
quality system certification, proof of its technical ability to meet
customer requirements, provide the right products. The
number of ISO certifications achieved in a medical supply
chain is NISO, and the number of ISO certifications required
in the industry is NNISO, the company’s ISO certification
rate is:

NISO

RISO = x100%
NNISO

(15)

3.3 Optimization algorithm based on deep
reinforcement learning

Based on the above indicators and related computing formulas,
with the help of the artificial intelligence system, the selection of the
healthcare supply chain mode in this section is completed. This paper
has selected three healthcare supply chain modes through artificial
intelligence technology.

3.3.1 Healthcare supply chain cooperative mode
In this mode, medical institutions cooperate with pharmaceutical
logistics enterprises or supply chain service providers, and
pharmaceutical logistics enterprises participate in pharmaceutical
inventory and management. Medical institutions have the choice of
suppliers, centralized control of consumables, drugs acceptance,
warehousing, distribution and other activities to ensure the quality of
medical materials. Under the cooperative healthcare supply chain
mode, the economic, social and environmental aspects have been
greatly improved. In terms of economy, the cooperative mode of
healthcare supply chain can achieve economies of scale, reduce
procurement costs and achieve total cost savings through collective
bargaining, centralized procurement and resource sharing. Secondly,
the participants in healthcare supply chain can reduce personal
financial risks by sharing the financial burden of procurement,
inventory management and logistics. Socially, the collaborative mode
of the healthcare supply chain promotes community engagement by
supporting local suppliers and businesses, and promotes local
economic development and spreads social well-being by prioritizing
local procurement. Environmentally, the collaborative mode of the
healthcare supply chain supports the development of a green
environment by encouraging the use of environmentally friendly
products, materials and logistics. Healthcare supply chains under the
cooperative mode reduce carbon emissions by consolidating orders,
optimizing logistics and sharing distribution networks, and minimize
the environmental impact of their supply chain activities. Overall,
healthcare supply chain cooperative mode can address economic,
social and environmental issues through cost reduction, community
engagement and sustainable practices. The main feature of this mode
is to open up the capital flow, logistics and information flow, and
greatly improve the management level of healthcare supply chain.
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3.3.2 SPD mode of healthcare supply chain

SPD mode is also known as the third-party oriented mode. In the
SPD mode, the third-party supply chain service provider uses
modern information technology to manage the logistics, information
flow and capital flow of the supply chain of medical institutions in a
unified manner, aiming to build a value-adding, quality and
efficiency improvement, and innovative service-oriented healthcare
supply chain management system. Economically, effective SPD
management can extend the service life of medical devices and
equipment and reduce the frequency of replacement. This method
minimizes the expenditure of fixed costs. Secondly, SPD supply chain
service provider, as a logistics center, provides medical institutions
with centralized procurement, warehousing and distribution services
of medical consumables, helps medical institutions realize
“one-to-one” procurement mode and zero inventory management of
materials, realizes effective utilization of resources and reduces
warehousing and logistics costs in the operation process. Socially, the
SPD mode maintains high standards of sterilization handling and the
rational use of safe medical devices, which are essential to ensure
patient safety. Second, the SPD mode supports regular training and
self-development of employees, ensuring the well-being of
employees. Finally, management under the SPD mode protects the
interests of creditors. In terms of the environment, the SPD mode
reduces waste emissions through the efficient treatment of medical
waste. Secondly, through effective sterilization treatment measures,
the disposal of disposable items is optimized, contributing to
environmental sustainability. The main feature of this mode is to
organically integrate the logistics, information flow and capital flow
of the supply chain of medical institutions and third-party supply
chain service providers into one system, so as to reduce the storage
cost of medical institutions and improve the efficiency of
material distribution.

3.3.3 Healthcare supply chain e-commerce mode
It consists of healthcare supply chain + e-commerce platforms,
and its development goal is to promote the transformation of
traditional healthcare supply chain to smart medical supply chain.
On the economic side, e-commerce platforms can achieve cost-
effectiveness through simplified procurement processes,
competitive pricing, and reduced overhead costs. E-commerce
platforms facilitate efficient procurement and price negotiations by
directly connecting medical institutions with suppliers, contributing
to overall cost savings. Second, the healthcare supply chain
e-commerce mode improves supply chain transparency, enabling
healthcare organizations to make informed purchasing decisions,
and this transparency can lead to better cost management and
budget allocation. In terms of society, the e-commerce mode
improves the accessibility of medical supplies, especially for remote
areas or areas with insufficient medical supplies. By providing a
digital market for purchasing medical products, people can quickly
obtain medical products, so as to realize the social responsibility of
enterprises. In terms of the environment, the healthcare supply
chain e-commerce mode can maintain environmental protection by
reducing the demand for physical transportation and the associated
carbon emissions. Second, e-commerce platforms influence
consumer preferences and promote the development of green
practices by offering environmentally friendly and reusable

products. The main feature of this mode is to reduce the hierarchical
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structure of the healthcare supply chain through Internet
technology, enhance the information sharing and communication
between various subjects in the medical supply chain, and integrate
the Internet into the medical logistics to create an Internet +
medicine distribution mode, and improve the operational efficiency
of the healthcare supply chain.

This selection is optimized based on the Deep Deterministic
Strategy Gradient Algorithm(DDPG) in the reinforcement learning
algorithm (50, 51). DDPG algorithm combined with neural network
for value function model approximation and deterministic strategy
selection. This algorithm requires fewer samples and has high training
efficiency. In addition, this algorithm is a reinforcement learning
method based on deep learning related theories and technical
methods, and takes deterministic strategy gradient as its
optimization goal.

DDPG algorithm has four networks:

(1) Actor online network O: Responsible for the iterative update of
parameter 6, while selecting the current action a according to
the current state s, interacting with the environment to get the
state s' and rewardingr.

(2) Actor target network Q": Select the best action a' from the next
state s',0’ is the parameter.

(3) Critic online network oc: Responsible for the iterative update of
parameter . Calculate the current value function at the same
time, and the expression of the target Q value is as follows:

yi=n+70 (sd,0') (16)

A represents the discount function.
(4) Critic target network o': Calculate Q' in the target O value, @'
is the parameter.
The network parameters in DDPG are updated as shown in
equation (17):

0"« 10+(1-7)0'
, , (17)

o' «—t+(1-1)o

T is the update coefficient, generally selected a small number,
usually 0.01 or 0.001.

In the learning process, in order to reduce the regularity of
learning, a noise N is added to the selected action a, and the obtained
action becomes:

a:n'G(s)+N (18)
Update the Critic network according to Critical loss:
L=y X (ri-Olstaio)) 09
=— i—Q(siailo
vV

1

Update the Actor online network:
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VOu p|si = %ZVaiQ(si,aﬂw)VQy(sﬂO) (20)
i

Artificial intelligence DDPG algorithm is used to select the
medical supply chain model, and its process is mainly as follows:

1 Build a simulation environment.

2 Design a container BUFFER with storage data and
random sampling.

3 Build model, define DDPG algorithm, specify loss function and
optimizer. The Agent will interact with its environment and
learn from it. After the interaction, it will obtain a state’s
provided by the environment. After receiving the state, the
agent will use the actor network to calculate the action a that
should be taken in the current state. Meanwhile, the agent will
predict the Q value corresponding to action A in this state
according to the critic network. When the action is fed back to
the environment, the environment will give the corresponding
reward r, the new state’s, and whether to trigger the termination
condition done. After each interaction is completed, the DDPG
algorithm will store it as an experience in the experience pool
and extract a certain amount of experience from the experience
pool as input data to train the neural network. Through the
execution of multiple rounds of training, constantly adjust the
parameters to achieve better results.

4 Evaluate and test the trained model and observe the reward.

5 Save the model to a specified location for subsequent reasoning
or continued training.

6 Test the performance of the model in the test set data.

Thus, the healthcare supply chain mode can be determined
according to the above algorithm. The overall framework flow chart
of DDPG algorithm is shown in the Figure 3. At this point, the
intelligent selection method of healthcare supply chain mode based
on artificial intelligence technology has been designed and completed.

4 Simulation experiment
4.1 Simulation experiment plan

In this study, in order to make up for the shortcomings of the
current healthcare supply chain mode selection method, the intelligent
selection method of healthcare supply chain mode based on artificial
intelligence technology is proposed. To verify the application effect of
this method, constructing simulation experiment to verify the effect
of artificial intelligence method. Experimental environment settings:
in the DDPG algorithm, Relu functions are used as activation
functions for the Actor primary network, and the activation function
for the target network is the sigmoid function. The update rate for
each network parameter is 0.01 and the learning rate for each network
is set to 0.00001. The path formed by healthcare supply chain to
achieve the maximum economic, social and environmental benefits
under ideal conditions is set as the target mode. In this study, the
setting of the target mode of the healthcare supply chain is shown in
Figure 4.
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FIGURE 4
Optimal mode setting for healthcare supply chain.
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In order to verify the effect of Al selection method, after
analyzing a large number of literature and cases (52-54), the paper
selects big data selection method, basic selection method and
neural network selection method to compare with Al selection
method, and presents the experimental comparison results through
different curves.
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4.2 Experimental results

DDPG algorithm generates actions through Actor network, and
the collected data (state-action) is trained on the algorithm model.
The results of healthcare supply chain mode selection based on
DDPG algorithm can be obtained from the simulation data in
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FIGURE 5
Healthcare supply chain mode selection results based on DDPG algorithm.
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Figure 5. From the experimental results, we can intuitively see the
path of the healthcare supply chain mode selected by DDPG
algorithm in the three dimensions of economy, society and
environment. Whether it is in economic benefit dimension, social
benefit dimension or environmental dimension, it is on the rise, and
the highest economic benefit is $44.27 billion, the highest social
benefit is $1.8billion, the highest environmental benefit is
$21.3 million. In order to verify the effect of application of artificial
intelligence algorithm in healthcare supply chain mode selection, the
results of healthcare supply chain mode selected based on DDPG
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algorithm were compared and analyzed with the results of target
mode, as shown in Figure 6. Through comparative analysis, it can
be seen that the results of healthcare supply chain mode selection
obtained by artificial intelligence algorithm are consistent with the
results of target mode. There are many overlapping points and the
highest points of economic, social and environmental benefits
almost coincide. Therefore, it can be seen that the application effect
of artificial intelligence in healthcare supply chain mode selection is
good, and artificial intelligence can help healthcare supply chain
choose the optimal target mode.
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In order to conduct a more detailed analysis of the application
effect of artificial intelligence, this study introduces three other
commonly used methods for comparison. Under the same
experimental environment, we conducted simulation experiments on
healthcare supply chain mode selected by different methods, as shown
in Figure 7. Different healthcare supply chain mode selection results
can be clearly seen from the figure. First of all, in healthcare supply
chain mode selection results obtained by the basic selection method,
the highest economic benefit is $44.19billion, the highest social
benefit is $1.78Dbillion, and the highest environmental benefit is
$21 million, which is far from the result of the target mode. It can
be seen that the application of this method in healthcare supply chain
mode selection still has certain defects. This method cannot accurately
screen out the optimal mode of healthcare supply chain. Secondly, in
the results of healthcare supply chain mode based on the neural
network selection method, the highest economic benefit is
$44.37billion, the highest social benefit is $1.9 billion, and the highest
environmental benefit is $21 million, which is still a certain gap with
the target mode, although the highest point is slightly higher than the
target mode and the middle part is relatively close to the target mode.
However, on the whole, healthcare supply chain mode selected by this
method is relatively ideal, and it is difficult to implement in
combination with the reality and complex situation. Finally, according
to the results of healthcare supply chain mode obtained by the big data
selection method, the highest economic benefit is $44.192billion, the
highest social benefit is $1.76billion, and the highest environmental
benefit is $21 million, which is also inconsistent with the results of the
target mode. Although there are overlapping parts, the whole path still
deviates from the path of the target mode.

To sum up, healthcare supply chain mode selected by the above
three methods has certain errors with the target mode, that is to say,
the existing commonly used research methods cannot effectively

10.3389/fpubh.2023.1310016

select the optimal healthcare supply chain mode, and it needs to
be improved. In addition, after comparing the results in this part, it
can be found that healthcare supply chain mode selected by artificial
intelligence algorithm is the closest to the target mode with the
smallest error. Therefore, the simulation experiment in this part can
verify that artificial intelligence is more effective in healthcare supply
chain mode selection, compared with other methods. Artificial
intelligence has more advantages in the choice of healthcare supply
chain mode, which can ensure the quality of healthcare supply chain
mode selection.

5 Discussion

According to the results of this study, as shown in Figure 5, the
path presented by healthcare supply chain mode based on DDPG
algorithm is basically consistent with the path presented by the target
mode, and the error between the two is very small, which indicates the
effectiveness of the application of artificial intelligence technology. In
the choice of healthcare supply chain mode, artificial intelligence
technology can help healthcare supply chain make intelligent decisions
and choose the best operation mode. However, the application of
artificial intelligence technology in the selection of healthcare supply
chain mode is blank, which limits the practical application of artificial
intelligence in the medical field. In fact, there have been some
achievements in the application of artificial intelligence technology in
the healthcare field, including the use of artificial intelligence
technology for disease diagnosis and surgery (55, 56), and the use of
artificial intelligence technology in these fields has been proven to
be effective, and its accuracy even exceeds that of human medical
experts. The development of artificial intelligence has undoubtedly
brought revolutionary innovation to the medical industry, and the

Environmental Benefit / Hundreds of millions of dollars

6
Social Benefit / Hundreds of millions of dollars 4

FIGURE 7
Comparison of target mode and multiple method selection results.
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application of artificial intelligence algorithms in healthcare supply
chain has also helped the medical industry to create a more intelligent
and secure system, which is conducive to the improvement of the
overall resilience level of healthcare supply chain, and is more
conducive to the sustainable development of healthcare supply chain.

Therefore, this paper fills the gap in the application of artificial
intelligence in the field of healthcare supply chain, and innovatively
incorporates artificial intelligence technology into the choice of
healthcare supply chain mode, which is not only conducive to the
practical value of artificial intelligence technology, but also conducive
to the improvement of the modern management level of healthcare
supply chain. Specifically, firstly, healthcare supply chain model
selection driven by artificial intelligence can better predict demand
and manage inventory. Al algorithms can analyze historical patient
data, disease trends, and other relevant factors to forecast the demand
for medical supplies, pharmaceuticals, and equipment. Accurate
demand forecasting can help healthcare organizations optimize
inventory levels, reduce stockouts, and minimize excess inventory,
leading to cost savings and improved operational efficiency. Secondly,
the inclusion of artificial intelligence system in mode selection can
provide decision support for managers. Artificial intelligence
algorithm can analyze complex data sets and determine the most
effective supply chain mode according to numerous indicators, help
managers optimize the operation process of healthcare supply chain
and improve the supply chain structure, so as to improve the efficiency
of healthcare supply chain. Finally, the process of using AI for mode
selection often involves supply chain risk management and resource
allocation. Artificial intelligence can be used to identify risks in
healthcare supply chain to ensure the continuity of supply chain
operations and prevent supply chain interruptions. Artificial
intelligence can also optimize resource allocation in healthcare supply
chain and ensure the real-time supply of medical resources.

In addition, in order to further illustrate the advantages of
artificial intelligence in healthcare supply chain mode selection and
verify that artificial intelligence is superior to conventional methods,
we selected three other commonly used methods for comparison. The
first is the basic selection method, that is, to evaluate the key indicators
of healthcare supply chain, and then select the corresponding mode
according to the key indicator data of healthcare supply chain. This is
the most common and commonly used selection method, but with the
advent of the era of big data and the development of emerging
technologies, this method has been gradually replaced by other
methods. The second, neural network selection approach, is a
computational model inspired by the structure and function of the
human brain. It consists of interconnected nodes, or “neurons” that
work together to process and analyze complex data. In a neural
network, information is processed through layers of interconnected
nodes, each of which applies a mathematical function to the input data
and passes the results to the next layer. Neural network methods are
popular for their ability to process large and complex data sets, learn
from experience, and generalize patterns from input data to make
predictions or decisions. They are used in a wide range of fields,
including finance, healthcare, robotics, and many others (57). The
third is the Big Data selection approach, which uses appropriate big
data analysis methods and tools to effectively analyze large and
complex data sets. This involves considering various factors such as
the specific objectives of the analysis, the type and source of the data,

Frontiers in Public Health

10.3389/fpubh.2023.1310016

scalability requirements, data processing tools, data storage and
retrieval methods, and data security and privacy considerations. A big
data selection approach is essential for organizations to gain valuable
insights from the vast amount of available data and make informed
decisions (58). As shown in Figure 6, we have drawn five paths, among
which the path of the target mode is the reference object of this
experiment. It can be intuitively seen from the figure that the path of
healthcare supply chain mode selected by the basic selection method,
BP neural network method and big data method is different from the
path of the target mode to some extent. Healthcare supply chain mode
obtained by the basic selection method has a slightly larger gap with
the target model, while healthcare supply chain mode selected by the
neural network method and big data method is close to the target
mode, but there is still a certain gap compared with healthcare supply
chain mode selected by artificial intelligence. Only the healthcare
supply chain mode selected by artificial intelligence is more in line
with the target mode. It can be judged that the accuracy rate of
artificial intelligence application in healthcare supply chain mode
selection is higher than that of existing common research methods.
The use of artificial intelligence greatly improves the effectiveness of
selection results, and artificial intelligence is the most effective and
advantageous method.

6 Conclusion

The combination of artificial intelligence and healthcare field has
become a hot spot at present, and the potential of artificial
intelligence in the healthcare supply chain is the focus of existing
research. However, few studies have explained the choice of
healthcare supply chain mode, and the existing research methods are
not systematic and effective. In order to make up for this
shortcoming, the paper applies artificial intelligence to the choice of
healthcare supply chain mode and realizes the intelligent choice of
healthcare supply chain mode. Aiming at the intelligent choice of
healthcare supply chain mode, firstly, this paper determines the
indicators of evaluating healthcare supply chain mode, and defines
the relevant calculation methods to provide support for effectively
choosing the optimal healthcare supply chain mode. Secondly,
combined with evaluation indicators, artificial intelligence
technology is used to identify different healthcare supply chain
modes, and the intelligent selection optimization method of
healthcare supply chain modes is proposed based on deep
reinforcement learning algorithm. Finally, the simulation experiment
is constructed to carry out quality verification of the effect of artificial
intelligence technology application, and the effectiveness of artificial
intelligence application is demonstrated by comparing with different
methods. The research results show that the path presented by the
healthcare supply chain mode based on DDPG algorithm is basically
consistent with the path presented by the target mode, which
indicates the effectiveness of the application of artificial intelligence
technology, and the path generated by the healthcare supply chain
mode selected by the basic selection method, BP neural network
method and big data method is different from the path of the target
mode. This study not only makes a theoretical contribution, but also
has practical significance. Further, we also point out the limitations
of the study and the direction of future research.
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6.1 Implications

In the current highly uncertain market environment, in order to
promote the sustainable development of healthcare supply chain, this
paper starts from the key point of healthcare supply chain mode
selection, studies the intelligent choice of healthcare supply chain
mode, applies artificial intelligence to the field of healthcare supply
chain innovationally, and demonstrates the potential of artificial
intelligence in the application of healthcare supply chain mode
selection. The theoretical contribution of this study is to propose a
more scalable and intelligent deep reinforcement learning algorithm
to optimize the mode selection process of healthcare supply chain. By
demonstrating the applicability of artificial intelligence in unknown
environment and complex decision making, this algorithm
demonstrates the rationality of artificial intelligence algorithm for
intelligent decision making of supply chain mode. It makes up for the
lack of objectivity of existing research methods, limited data analysis
and inapplicability to dynamic environment, and enriches the existing
research method system of healthcare supply chain. The healthcare
supply chain can utilize the decision-making framework of deep
reinforcement learning algorithm to optimize the choice of healthcare
supply chain mode, which deepens the theoretical application of
artificial intelligence in the healthcare supply chain and provides
valuable insights for the integrated development of artificial
intelligence and health economy. In addition, the practical significance
of this study lies in the optimization of healthcare supply chain
management, help medical enterprises to reduce costs while ensuring
the quality and safety of drugs, and enable healthcare supply chain
enterprises to better understand the shortcomings in the operation of
the supply chain, so as to better improve the resilience of enterprises
in the highly uncertain and highly risky market environment, and
quickly respond to changes in consumer demand. In the end, gain
competitive advantage in the market.

6.2 Limitations and future prospects

There are some limitations and deficiencies in this study. First, this
study is limited by conditions, and the data collected in the simulation
experiment is relatively limited, and the area involved is relatively
narrow. Future studies can expand the scope of investigation and
collect more samples. Second, the paper compares the artificial
intelligence method with the basic selection method, BP neural
network method and big data method. Although it has certain
credibility, the existing other selection methods have not been fully
considered. Therefore, in future research, the application of other
models and methods can be considered to further improve the content
of this part.

In summary, this paper combines artificial intelligence with
healthcare supply chain, studies the intelligent selection process of
healthcare supply chain mode, and proposes an intelligent selection

References

1. Beaulieu M, Bentahar O. Digitalization of the healthcare supply
chain: a roadmap to generate benefits and effectively support healthcare
delivery. Technol Forecast Soc Chang. (2021) 167:120717. doi: 10.1016/j.
techfore.2021.120717

Frontiers in Public Health

10.3389/fpubh.2023.1310016

optimization method of healthcare supply chain mode based on deep
reinforcement learning algorithm. Finally, the simulation experiment
verifies the effect of artificial intelligence technology in the application
of healthcare supply chain mode selection, proving that the application
of artificial intelligence in healthcare supply chain can also be extended
to a wider range of research, providing innovative technical and
method support for the future development of the health field.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Author contributions

draft. LL:
Conceptualization, Investigation, Writing - original draft. QC:

PL: Conceptualization, Writing - original
Investigation, Writing — review & editing. YC: Formal analysis, Writing
- review & editing. CL: Formal analysis, Investigation, Writing — review

& editing. XL: Formal analysis, Writing — review & editing.

Funding

The author(s) declare financial support was received for the research,
authorship, and/or publication of this article. This work was supported
by Guangxi Key R&D Plan (Project No: 2022AB34029): The Key
Technologies and Industrialization of Intelligent Traceability in the
Whole Link of High-quality Seedling Seed Supply Chain in Lijiang River
Basin and by the Research Fund Project of Development Institute of
Zhujiang-Xijiang Economic Zone, Key Research Base of Humanities and
Social Sciences in Guangxi Universities (Project No: ZX2023051) and by
the Innovation Project of Guangxi Graduate Education (JG2023018).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

2. Bialas C, Bechtsis D, Aivazidou E, Achillas C, Aidonis D. Digitalization of the
healthcare supply chain through the adoption of Enterprise resource planning (ERP)
Systems in Hospitals: an empirical study on influencing factors and cost performance.
Sustainability. (2023) 15:3163-3. doi: 10.3390/SU15043163

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1310016
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1016/j.techfore.2021.120717
https://doi.org/10.1016/j.techfore.2021.120717
https://doi.org/10.3390/SU15043163

Long et al.

3. Senna P, Reis A, Dias A, Coelho O, Guimaries J, Eliana S. Healthcare supply chain
resilience framework: antecedents, mediators, consequents. Prod Plann Control. (2023)
34:295-309. doi: 10.1080/09537287.2021.1913525

4. Ertz M, Patrick K. The future of sustainable healthcare: extending product lifecycles.
Resour Conserv Recycl. (2020) 153:104589-10. doi: 10.1016/j.resconrec.2019.104589

5. Joseph MW, Shahram A. Managing the Blockchain-enabled digital transformation
of the healthcare supply chain. Manage Healthcare Peer Rev J. (2021) 34:1111-28. doi:
10.1108/MEQ-02-2022-0025

6. Govindan K, Mina H, Alavi B. A decision support system for demand management
in h-ealthcare supply chains considering the epidemic outbreaks: a case study of
coronavirus diseas-e 2019 (COVID-19). Transp Res E Logist Transp Rev. (2020)
138:1-14. doi: 10.1016/j.tre.2020.101967

7. Hussain M, Ajmal MM, Gunasekaran A, Khan M. Exploration of social
sustainability in healthcare supply chain. J Clean Prod. (2018) 203:977-89. doi: 10.1016/j.
jclepro.2018.08.157

8. Tate W, Ellram L, Kirchoff J. Corporate social responsibility reports: a thematic
analysis related to supply chain management. J Supply Chain Manag. (2010) 46:19-44.
doi: 10.1111/§.1745-493X.2009.03184.x

9. Haraguchi N, Cheng CFC, Smeets E. The importance of manufacturing in
economic development: has this changed? World Dev. (2017) 93:293-315. doi: 10.1016/j.
worlddev.2016.12.013

10.1lya L, Avi H. An optimization model for distribution of influenza vaccines
through a green healthcare supply chain. Oper Res Health Care. (2023) 37:100387-15.
doi: 10.1016/j.0rhc.2023.100387

11. Kimmerer K, Hempel M. Green and sustainable pharmacy. Berlin, Heidelberg:
Springer, pp. 37-59. (2010).

12. Borges FA, Laurindo JF, Spinola MM, Gongalves RE, Mattos CA. The strategic use
of artificial intelligence in the digital era: systematic literature review and future research
directions. Int ] Inf Manag. (2020) 57:102225. doi: 10.1016/j.ijinfomgt.2020.102225

13. Gupta H, Kumar A, Wasan P. Industry 4.0, cleaner production and circular
economy: an integrative framework for evaluating ethical and sustainable business
performance of manufacturing organizations. J Clean Prod. (2021) 295:126253-18. doi:
10.1016/j.jclepro.2021.126253

14. Bala H, Feng X. Success of small and medium enterprises in Myanmar: role of
technological, organizational, and environmental factors. ] Glob Inf Technol Manag.
(2019) 22:100-19. doi: 10.1080/1097198X.2019.1603511

15.Ni D, Xiao Z, Lim KM. A systematic review of the research trends of machine
learning in supply chain management. Int ] Mach Learn Cybern. (2019) 11:1463-82. doi:
10.1007/s13042-019-01050-0

16. Al Kuwaiti A, Nazer K, Al-Reedy A, Al-Shehri S, Al-Muhanna A, Subbarayalu AV,
et al. A review of the role of artificial intelligence in healthcare. ] Pers Med. (2023) 13:951.
doi: 10.3390/jpm13060951

17. Kumar A, Mani V, Jain V, Gupta H, Venkatesh VG. Managing healthcare supply
chain through artificial intelligence (AI): a study of critical success factors. Comput Ind
Eng. (2023) 175:108815. doi: 10.1016/j.cie.2022.108815

18. Smith BK, Nachtmann H, Pohl EA. Improving healthcare supply chain processes
via data  standardization. Eng  Manag J. (2012)  24:3-10.  doi:
10.1080/10429247.2012.11431924

19. Kim HK, Lee CW. Relationships among healthcare digitalization, social capital,
and supply chain performance in the healthcare manufacturing industry. Int | Environ
Res Public Health. (2021) 18:1417. doi: 10.3390/ijerph18041417

20. Senna P, Reis A, Marujo LG, Marujo LG, Ferro de Guimaries JC, Severo EA, et al.
The influence of supply chain risk management in healthcare supply chains performance.
Prod Plann Control. (2023) 1:1-16. doi: 10.1080/09537287.2023.2182726

21.Jamil E Hang L, Kim K, Kim DH. A novel medical Blockchain model for drug
supply chain integrity management in a smart hospital. Electronics. (2019) 8:505. doi:
10.3390/electronics8050505

22. Edoh TO, Teege G. Using information Technology for an Improved Pharmaceutical
Care Delivery in developing countries. Study case: Benin. ] Med Syst. (2011) 35:1123-34.
doi: 10.1007/s10916-011-9717-y

23.Gao G, Che Y, Shen J. Path optimization for joint distribution of medical
consumables under hospital SPD supply chain mode. ] Comb Optim. (2021) 42:866-83.
doi: 10.1007/s10878-019-00506-x

24. Chowdhury NR, Ahmed M, Mahmud P, Paul SK, Liza SA. Modeling a sustainable
vaccine supply chain for a healthcare system. J Clean Prod. (2022) 370:133423-19. doi:
10.1016/j.jclepro.2022.133423

25. Kanokphanvanich C, Rattanawong W, Vongmanee V. A new model for a
sustainable healthcare supply chain prioritizes patient safety: using the fuzzy Delphi
method to identify healthcare workers’ perspectives. Sustainability. (2023) 15:7123. doi:
10.3390/su15097123

26. Rajak S, Mathiyazhagan K, Agarwal V, Sivakumar K, Kumar V, Appolloni A. Issues
and analysis of critical success factors for the sustainable initiatives in the supply chain
during COVID-19 pandemic outbreak in India: a case study. Res Transp Econ. (2022)
93:101114. doi: 10.1016/j.retrec.2021.101114

Frontiers in Public Health

10.3389/fpubh.2023.1310016

27.Rajak S, Palanisamy P, Dhanalakshmi R. A DEA model for evaluation of
efficiency and effectiveness of sustainable transportation system: a supply chain
perspective. Int ] Logist Syst Manage. (2020) 40:220. doi: 10.1504/
IJLSM.2021.118737

28.Zhao F, Xu H. Applications and current status of Al in the medical field. J Phys
Conf Ser. (2022) 2289:12030-7. doi: 10.1088/1742-6596/2289/1/012030

29. Lee P, Bubeck S, Petro J. Benefits, limits, and risks of GPT-4 as an Al Chatbot for
medicine. N Engl ] Med. (2023) 388:1233-9. doi: 10.1056/NEJMsr2214184

30. Patel SB, Lam K. ChatGPT: the future of discharge summaries? Lancet Digit
Health. (2023) 5:E107-8. doi: 10.1016/S2589-7500(23)00021-3

31.Sethuraman N. Artificial intelligence: a new paradigm for pharmaceutical
applications in formulations development. Indian ] Pharm Educ Res. (2020) 54:843-6.
doi: 10.5530/ijper.54.4.176

32. Smalley E. AI-powered drug discovery captures pharma interest. Nat Biotechnol.
(2017) 35:604-5. doi: 10.1038/nbt0717-604

33.Naz E, Agrawal R, Kumar A, Gunasekaran A, Majumdar A, Luthra S. Reviewing
the applications of artificial intelligence in sustainable supply chains: exploring research
propositions for future directions. Bus Strategy Environ. (2022) 31:2400-23. doi:
10.1002/bse.3034

34. Deveci M. Effective use of artificial intelligence in healthcare supply chain
resilience using fuzzy decision-making model. Soft Comput. (2023) 1:1-14. doi: 10.1007/
500500-023-08906-2

35. Chen Y], Moreira P, Liu WW, Monachino M, TLH N, Wang A. Is there a gap
between artificial intelligence applications and priorities in health care and nursing
management? ] Nurs Manag. (2022) 30:3736-42. doi: 10.1111/jonm.13851

36. Sun R, Deutsch E, Fournier L. Artificial intelligence and medical imaging. Bull
Cancer. (2022) 109:83-8. doi: 10.1016/j.bulcan.2021.09.009

37.Joshi S, Sharma M, Das RP, Rosak-Szyrocka J, Zywiotek J, Muduli K, et al.
Modeling conceptual framework for implementing barriers of Al in public healthcare
for improving operational excellence: experiences from developing countries.
Sustainability. (2022) 14:11698. doi: 10.3390/su141811698

38. Dwivedi YK, Hughes L, Ismagilova E, Aarts G, Coombs C, Crick T, et al. Artificial
intelligence (AI): multidisciplinary perspectives on emerging challenges, opportunities,
and agenda for research, practice and policy. Int ] Inf Manag. (2021) 57:101994. doi:
10.1016/j.ijinfomgt.2019.08.002

39. Verde LG, De Pietro A, Ghoneim M, Alrashoud M, Al-Mutib KN, Sannino G.
Exploring the use of artificial intelligence techniques to detect the presence of
coronavirus COVID-19 through speech and voice analysis. IEEE Access. (2021)
9:65750-7. doi: 10.1109/ACCESS.2021.3075571

40. Ho D. Addressing COVID-19 drug development with artificial intelligence. Adv
Intell Syst. (2020) 2:2000070. doi: 10.1002/aisy.202000070

41. Balasubramanian S, Shukla V, Islam N, Upadhyay A, Duong L. Applying artificial
intelligence in healthcare: lessons from the COVID-19 pandemic. Int ] Prod Res. (2023)
1:1-34. doi: 10.1080/00207543.2023.2263102

42.LiH, QinJ, Liu Q, Yan C. An efficient deep reinforcement learning algorithm for
Mapless navigation with gap-guided switching strategy. J Intell Robot Syst. (2023)
108:1-14. doi: 10.1007/s10846-023-01888-1

43.Zhu QL, Wu XQ, Lin QZ, Ma L, Li J, Ming Z. A survey on evolutionary
reinforcement learning algorithms. Neurocomputing. (2023) 556:126628. doi: 10.1016/].
NEUCOM.2023.126628

44.Han D, Mulyana B, Stankovic V, Cheng S. A survey on deep reinforcement
learning algorithms for robotic manipulation. Sensors. (2023) 23:3762. doi: 10.3390/
s23073762

45. Mnih V, Kavukcuoglu K, Silver D, Rusu AA, Veness ], Bellemare MG, et al.
Human-level control through deepreinforcement learning. Nature. (2015) 518:529-33.
doi: 10.1038/nature14236

46. Hasselt HV, Guez A, Silver D. Deep reinforcement learning with double q-learning.
In: AAAT Conference on Artificial Intelligence, pp. 2094-2100. (2015). doi: 10.48550/
arXiv.1509.06461

47. Lillicrap TP, Hunt JJ, Pritzel A, Heess N, Erez T, Tassa Y, et al. Continuous control with
deep reinforce-ment learning. arXiv. (2015) 2015:2971. doi: 10.48550/arXiv.1509.02971

48. Ahmad E, Alnowibet KA, Alrasheedi AF, Adhami AY. A multi-objective model for
optimizing the socio-economic performance of a pharmaceutical supply chain. Socio
Econ Plan Sci. (2022) 79:101126-2. doi: 10.1016/J.SEPS.2021.101126

49. Low YS, Halim I, Adhitya A, Chew W, Sharratt P. Systematic framework for Design
of Environmentally Sustainable Pharmaceutical Supply Chain Network. J Pharm Innov.
(2016) 11:250-63. doi: 10.1007/s12247-016-9255-8

50. Hu H, Chen Y, Wang T, Feng F, Chen W. Research on the deep deterministic policy
algorithm based on the first-order inverted pendulum. Appl Sci. (2023) 13:7594. doi:
10.3390/APP13137594

51. Sha ZX, Huo R, Sun C, Wang S, Huang T. A task-oriented hybrid routing approach
based on deep deterministic policy gradient. Comput Commun. (2023) 210:183-93. doi:
10.1016/].COMCOM.2023.07.040

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1310016
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1080/09537287.2021.1913525
https://doi.org/10.1016/j.resconrec.2019.104589
https://doi.org/10.1108/MEQ-02-2022-0025
https://doi.org/10.1016/j.tre.2020.101967
https://doi.org/10.1016/j.jclepro.2018.08.157
https://doi.org/10.1016/j.jclepro.2018.08.157
https://doi.org/10.1111/j.1745-493X.2009.03184.x
https://doi.org/10.1016/j.worlddev.2016.12.013
https://doi.org/10.1016/j.worlddev.2016.12.013
https://doi.org/10.1016/j.orhc.2023.100387
https://doi.org/10.1016/j.ijinfomgt.2020.102225
https://doi.org/10.1016/j.jclepro.2021.126253
https://doi.org/10.1080/1097198X.2019.1603511
https://doi.org/10.1007/s13042-019-01050-0
https://doi.org/10.3390/jpm13060951
https://doi.org/10.1016/j.cie.2022.108815
https://doi.org/10.1080/10429247.2012.11431924
https://doi.org/10.3390/ijerph18041417
https://doi.org/10.1080/09537287.2023.2182726
https://doi.org/10.3390/electronics8050505
https://doi.org/10.1007/s10916-011-9717-y
https://doi.org/10.1007/s10878-019-00506-x
https://doi.org/10.1016/j.jclepro.2022.133423
https://doi.org/10.3390/su15097123
https://doi.org/10.1016/j.retrec.2021.101114
https://doi.org/10.1504/IJLSM.2021.118737
https://doi.org/10.1504/IJLSM.2021.118737
https://doi.org/10.1088/1742-6596/2289/1/012030
https://doi.org/10.1056/NEJMsr2214184
https://doi.org/10.1016/S2589-7500(23)00021-3
https://doi.org/10.5530/ijper.54.4.176
https://doi.org/10.1038/nbt0717-604
https://doi.org/10.1002/bse.3034
https://doi.org/10.1007/s00500-023-08906-2
https://doi.org/10.1007/s00500-023-08906-2
https://doi.org/10.1111/jonm.13851
https://doi.org/10.1016/j.bulcan.2021.09.009
https://doi.org/10.3390/su141811698
https://doi.org/10.1016/j.ijinfomgt.2019.08.002
https://doi.org/10.1109/ACCESS.2021.3075571
https://doi.org/10.1002/aisy.202000070
https://doi.org/10.1080/00207543.2023.2263102
https://doi.org/10.1007/s10846-023-01888-1
https://doi.org/10.1016/J.NEUCOM.2023.126628
https://doi.org/10.1016/J.NEUCOM.2023.126628
https://doi.org/10.3390/s23073762
https://doi.org/10.3390/s23073762
https://doi.org/10.1038/nature14236
https://doi.org/10.48550/arXiv.1509.06461
https://doi.org/10.48550/arXiv.1509.06461
https://doi.org/10.48550/arXiv.1509.02971
https://doi.org/10.1016/J.SEPS.2021.101126
https://doi.org/10.1007/s12247-016-9255-8
https://doi.org/10.3390/APP13137594
https://doi.org/10.1016/J.COMCOM.2023.07.040

Long et al.

52. Liu L, Ran W. Research on supply chain partner selection method based on BP neural
network. Neural Comput & Applic. (2020) 32:1543-53. doi: 10.1007/s00521-019-04136-6

53. Cao H. Big data attribute selection method in distributed network fault diagnosis
database. ] Intell Fuzzy Syst. (2020) 38:7903-14. doi: 10.3233/jifs-179859

54. San Cristobal JR. Contractor selection using multicriteria decision-making methods. J
Constr Eng Manag. (2012) 138:751-8. doi: 10.1061/(ASCE)C0.1943-7862.0000488

55. Zhang YM, Weng Y, Lund J. Applications of explainable artificial intelligence in
diagnosis and surgery. Diagnostics. (2022) 12:237-7. doi: 10.3390/DIAGNOSTICS12020237

Frontiers in Public Health

10.3389/fpubh.2023.1310016

56. Loftus JT, Upchurch RG, Bihorac A. Use of artificial intelligence to represent
emergent systems and augment surgical decision-making. JAMA Surg. (2019) 154:791-2.
doi: 10.1001/jamasurg.2019.1510

57.1iY, Sun H, Chen XY, Xin LJ, Zhang X. Probe selection and power weighting in
multiprobe OTA testing: a neural network-based approach. Int | Antennas Propag.
(2019) 2019:1-8. doi: 10.1155/2019/1392129

58. Milton S, Pacheco NR. A big data approach to explore medical imaging
repositories based on DICOM. Proc Comput Sci. (2023) 219:1224-31. doi: 10.1016/].
PROCS.2023.01.405

173 frontiersin.org


https://doi.org/10.3389/fpubh.2023.1310016
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1007/s00521-019-04136-6
https://doi.org/10.3233/jifs-179859
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000488
https://doi.org/10.3390/DIAGNOSTICS12020237
https://doi.org/10.1001/jamasurg.2019.1510
https://doi.org/10.1155/2019/1392129
https://doi.org/10.1016/J.PROCS.2023.01.405
https://doi.org/10.1016/J.PROCS.2023.01.405

& frontiers | Frontiers in Public Health

l @ Check for updates

OPEN ACCESS

EDITED BY
Tetyana Chumachenko,
Kharkiv National Medical University, Ukraine

REVIEWED BY

Héctor Armando Rincon Leodn,

Mexican Social Security Institute (IMSS), Mexico
Amit Kumar Banerjee,

Indian Institute of Chemical Technology

(CSIR), India

*CORRESPONDENCE
Anindya Sen
asen@uwaterloo.ca

RECEIVED 20 July 2023
ACCEPTED 13 November 2023
PUBLISHED 11 December 2023

CITATION

Sen A, Stevens NT, Tran NK, Agarwal RR,

Zhang Q and Dubin JA (2023) Forecasting daily
COVID-19 cases with gradient boosted
regression trees and other methods: evidence
from U.S. cities.

Front. Public Health 11:1259410.

doi: 10.3389/fpubh.2023.1259410

COPYRIGHT

© 2023 Sen, Stevens, Tran, Agarwal, Zhang and
Dubin. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiersin Public Health

TYPE Original Research
PUBLISHED 11 December 2023
pol 10.3389/fpubh.2023.1259410

Forecasting daily COVID-19 cases
with gradient boosted regression
trees and other methods:
evidence from U.S. cities

Anindya Sen'*, Nathaniel T. Stevens?, N. Ken Tran?®,
Rishav R. Agarwal®, Qihuang Zhang® and Joel A. Dubin??

tDepartment of Economics, University of Waterloo, Waterloo, ON, Canada, 2Department of Statistics
and Actuarial Science, University of Waterloo, Waterloo, ON, Canada, *School of Public Health Sciences,
University of Waterloo, Waterloo, ON, Canada, *Cheriton School of Computer Science, University of
Waterloo, Waterloo, ON, Canada, °*Department of Epidemiology, Biostatistics and Occupational Health,
McGill College, Montreal, QC, Canada

Introduction: There is a vast literature on the performance of different short-term
forecasting models for country specific COVID-19 cases, but much less research
with respect to city level cases. This paper employs daily case counts for 25
Metropolitan Statistical Areas (MSAs) in the U.S. to evaluate the efficacy of a variety
of statistical forecasting models with respect to 7 and 28-day ahead predictions.

Methods: This study employed Gradient Boosted Regression Trees (GBRT), Linear
Mixed Effects (LME), Susceptible, Infectious, or Recovered (SIR), and Seasonal
Autoregressive Integrated Moving Average (SARIMA) models to generate daily
forecasts of COVID-19 cases from November 2020 to March 2021.

Results: Consistent with other research that have employed Machine Learning
(ML) based methods, we find that Median Absolute Percentage Error (MAPE)
values for both 7-day ahead and 28-day ahead predictions from GBRTs are lower
than corresponding values from SIR, Linear Mixed Effects (LME), and Seasonal
Autoregressive Integrated Moving Average (SARIMA) specifications for the majority
of MSAs during November-December 2020 and January 2021. GBRT and SARIMA
models do not offer high-quality predictions for February 2021. However, SARIMA
generated MAPE values for 28-day ahead predictions are slightly lower than
corresponding GBRT estimates for March 2021.

Discussion: The results of this research demonstrate that basic ML models can
lead to relatively accurate forecasts at the local level, which is important for
resource allocation decisions and epidemiological surveillance by policymakers.

KEYWORDS

daily COVID-19 cases, epidemiological surveillance, Metropolitan Statistical Areas,
Gradient Boosted Regression Trees, Seasonal Autoregressive Integrated Moving Average
(SARIMA), Susceptible, Infectious, or Recovered (SIR), Linear Mixed Effects

1 Introduction

On May 5, 2023, the World Health Organization (WHO) officially ended the global
COVID-19 emergency, referring to increased population immunity, fewer deaths, and
reduced pressure on hospitals. The COVID-19 pandemic, which was first declared an
international crisis by WHO on January 30, 2020, resulted in severe lockdowns, closure of
international borders, devastating economic costs upheaval and the deaths of at least seven
million people across the world.! Hundreds of published and working research papers have

1 Please see https://www.cbc.ca/news/health/canada-who-pandemic-no-longer-emergency (last

accessed June 1st 2023) for further details.

174 frontiersin.org


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://doi.org/10.3389/fpubh.2023.1259410
http://crossmark.crossref.org/dialog/?doi=10.3389/fpubh.2023.1259410&domain=pdf&date_stamp=2023-12-11
mailto:asen@uwaterloo.ca
https://doi.org/10.3389/fpubh.2023.1259410
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1259410/full
https://www.cbc.ca/news/health/canada-who-pandemic-no-longer-emergency
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Sen et al.

attempted to evaluate the efficacy of traditional statistical models
and Machine Learning (ML)/Artificial Intelligence (AI) methods
in forecasting COVID-19 cases. Accurate short-term forecasts
can inform government decision-making in terms of resource
allocation to health practitioners and hospitals, as well as in
deciding on the magnitude and severity of lockdowns and timing
of re-openings.

The focus on ML and AI methods might be explained by
the poor performance of Susceptible-Infected-Removed (SIR)
models—traditionally used by epidemiologists to predict the
spread of infectious diseases—in forecasting daily COVID-19
counts (1-3). However, many sophisticated statistical methods
developed for COVID-19 modeling and forecasting, such as the
models from the Institute of Health Metrics and Evaluations,
the University of Texas at Austin, and the Los Alamos National
Laboratory, have also yielded unsatisfactory results (4). Hence,
there is value in identifying alternative models that are relatively
easy to implement and interpret, and that are capable of
producing accurate predictions. This study evaluates the efficacy of
Gradient Boosted Regression Tree (GBRT), Susceptible, Infectious,
or Recovered (SIR), Seasonal Autoregressive Integrated Moving
Average (SARIMA), and Linear Mixed Effects (LME) models in
forecasting daily trends in COVID-19 cases across 25 cities in the
U.S. (Albuquerque, Atlanta, Baltimore, Boston, Charlotte, Chicago,
Cleveland, Dallas, Denver, Detroit, Houston, Indianapolis, Los
Angeles, Louisville, Memphis, Miami, New York, Oklahoma,
Phoenix, Pittsburgh, Portland, Sacramento, San Francisco, Seattle,
Tampa). We forecast daily COVID-19 case rates one-week and
four-weeks ahead over different testing periods. The models chosen
are reasonably basic, but this choice is intentional and motivated
by the desire to explore the efficacy of simpler models that
are relatively easily interpretable and computationally efficient,
while also crossing disciplinary boundaries to benchmark the
performance of traditional methods employed by researchers across
different fields.

The choice of these forecasting models and periods is consistent
with other studies. For example, Chumachenko et al. (5) used
Random Forest, K-Nearest Neighbors, and Gradient Boosting
methods to forecast COVID-19 cases for Germany, Japan, South
Korea, and Ukraine with respect to 3, 7, 10, 14, 21, and 30 days. The
objective of the study is similar to ours, in terms of assisting public
health agencies to identify models that could generate predictions
to address various pandemic containment challenges. Krivtsov et al.
(6) is a relatively recent example of research based on more complex
Neural Network (NN) methods using data for the same countries.
Mohammadi and Chumachenko (7) employ ARIMA methods to
forecast cases for Ukraine. Other examples of ARIMA based studies
at the country level include Dansana et al. (8), Singh et al. (9), and
Sahai et al. (10). Devaraj et al. (11) use ARIMA and other deep
learning methods. Fang et al. (12) compare the performances for
XGBoost and ARIMA specifications using U.S. time-series data and
Liu et al. (13) employ ARIMA models to study US national data as
well.

Our focus on short-term predictions is guided by the
importance of such forecasts for the allocation of local health
resources, such as the supply of personal protective equipment
(PPE), adequate testing infrastructure, and the availability of
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hospital care teams. Further, our use of data across several U.S.
Metropolitan Statistical Areas (MSAs) or cities is a contribution to
the literature as most studies rely on either cross-country, national,
state/province, or county level data. While employing aggregated
data has benefits, identifying models that are capable of relatively
accurate forecasts at the local level can result in more targeted
decisions by policymakers. In this respect, we are unaware of any
study that has attempted to forecast COVID-19 case counts using a
panel of MSAs in the United States. Our study is also a contribution
to the literature given that a large fraction of studies, which have
attempted to forecast the spread of COVID-19 in the U.S., have not
provided any benchmarking of their forecasts against the truth, or
stated their limitations (14). Constructing forecasting models at a
local level is challenging, given the need to account for unobserved
jurisdiction level heterogeneity, and corresponding volatility in
daily COVID-19 cases which we observe for several U.S. cities.
Such volatility often disappears when data are aggregated across
jurisdictions, resulting in a smoother time-series of observations in
training datasets, and hence, more accurate predictions. However,
such predictions may not be very useful for policymakers interested
in epidemic trends within a specific jurisdiction.

A primary objective of our study is to evaluate the performance
of traditional SIR models employed by epidemiologists, given
findings on the inaccuracy of COVID-19 case forecasts, relative
to other methods. A possible explanation behind the poor
performance of SIR models is because of the need for properly
accounting for relevant geographical characteristics such as the
number and distribution of outbreaks, and population size and
density (15). The results from SIR modeling are compared to
GBRT models intended to evaluate the efficacy of a common
ML model. Besides being used by other research, our choice of
GBRTs is also motivated by the ease in which models can be
implemented by policymakers with limited knowledge of Machine
Learning or Artificial Intelligence methods. SARIMA modeling
is commonly used for time-series forecasting by economists and
is especially useful when the modeled data has pronounced
trend and seasonality. LME models are popular with researchers
working at the intersection of statistics and health. They enable
the researcher to flexibly control for the potentially confounding
effects of unit-specific (in this paper, city-specific) heterogeneity
through the accommodation of random effects, which themselves
accommodate the correlation of within-city repeated measures
over time. LME specifications also allow information to be
borrowed across geographies, which might result in more accurate
predictions, especially for cities that experience considerable
within-city variation during the training phase and whose case
rates may be spatially correlated with other cities. We do not
explore the performance of Neural Network or Long Short-Term
Memory (LSTM) models as we restrict our analysis of methods
that are relatively straightforward to implement. Finally, given
results from other studies [for example, (16-20)], which suggest
benefits from the use of ML/statistical models in tandem with
social mobility/internet data, we downloaded Apple mobility data
for each MSA to evaluate their potential in generating more
accurate forecasts.

Citing all papers that have employed such methods in
forecasting daily COVID-19 case trends is beyond the scope of
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this study. Focusing on studies that have employed either county
or state/province level data, Altieri et al. (21) and Liu et al. (22)
construct one- and two-week-ahead forecasts (of case or death
counts) using either different types of linear and exponential
predictors or Bayesian methods. Chu and Qureshi (1), Chen
et al. (2), Stevens et al. (23), and Sen et al. (24) find different
autoregressive time series and ML models to be capable of
comparable or superior short-term out-of-sample forecasts of daily
cases relative to SIR models. In terms of cities, Wathore et al. (25)
rely on deep learning models such as LSTM to forecast cases for 8
cities in India, U.S., and Sweden. Their study contains a summary
of other LSTM based papers. Devaraj et al. (11) also contains a
detailed discussion of deep learning-based papers. Zhang et al. (26)
develop a hybrid predictive model of COVID-19 cases based on
autoregressive and LSTM models, which they test for 8 counties in
California and some countries.

The limited amount of research exploiting variation across
cities over time is probably because of the lack of publicly available
data. For U.S. cities, we surmount this difficulty by employing
county level data collected by the New York Times and constructing
corresponding MSA level daily case counts. As a result, we are able
to clearly see patterns and differences in COVID-19 cases across
some major U.S. metropolitan areas during the first and second
waves of the pandemic. Another contribution of our study is that we
produce forecasts during time periods that coincide with the peak
of the second wave of infections, specifically during November 15
- December 12, 2020, along with subsequent time periods, which
saw significant declines in cases counts for many MSAs. This is
in contrast to many early published studies that are focused on
forecasts of the first wave and Summer of 2020.

Our choice of this time period is also motivated by the
considerable volatility in daily case counts observed across cities
during November-December 2020, making the forecasting exercise
more challenging. We also conduct forecasting exercises for
January-March 2021 as well, to evaluate model efficacy during
periods of significant declines in daily case counts. The need to
ensure that training data for forecasting models capture dynamic
changes in the spread of the virus has been noted by other
studies (11, 25, 27). Employing data from these time periods is
further justified given the rise in population vaccination rates from
March 2021 onwards, and the widespread use of home testing kits
from late 2021 onwards, which impacts the reliability of official
statistics, given the possibility of under-reporting of positive tests
to health authorities.

For most MSAs, GBRT and SARIMA models produce forecasts
for November 15-December 12, 2020, with lower Median Absolute
Percentage Errors (MAPEs) than corresponding one-week ahead
predictions produced by LME and SIR models and are consistent
with other studies that find SIR models to produce inaccurate
forecasts of the incidence and spread of COVID-19. Apple mobility
data do not make a significant difference for the forecast accuracy
of SARIMA models. With respect to 7-day ahead forecasts, GBRTSs
produce MAPEs lower than SARIMA models for most MSAs
for the November-December 2020, January, and February 2021
testing periods. On the other hand, SARIMA MAPEs are lower
for the March 2021 testing period. Likewise, the 28-day ahead
forecasts produced by SARIMA models generate lower MAPE
values in March 2021. However, for the other months considered,
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28-day ahead GBRT forecasts tend to be associated with lower
MAPE values.

2 Methods and materials
2.1 Data

Daily COVID-19 case data at the county level were downloaded
from the Github repository maintained by the New York Times?
We note that the COVID-19 data maintained by the New York
Times and John Hopkins University® have been widely employed
by researchers. Using Federal Information Processing System
(FIPS) codes, county-level data were mapped to Metropolitan
Statistical Areas (MSAs), which include city cores and adjoining
suburbs, to provide daily case counts at the MSA level. We
herein use the terms city and MSA interchangeably. Our choice
of MSAs was based on investigating COVID-19 trends in the
largest cities across the U.S, while ensuring representation across
different regions.

Figure 1 shows significant variation in COVID-19 daily cases
across MSAs and over time. Some MSAs such as Miami, Phoenix,
Oklahoma City, Atlanta, Dallas, Charlotte, Tampa, Houston, San
Francisco, and Sacramento had much higher daily case counts
per 100,000 of population during July and August of 2020,
relative to the first wave in March and April of the same
year. In contrast, New York, Boston, and Chicago had much
higher case counts per 100,000 of population or per capita daily
cases during the first wave. Most cities experienced a decline in
COVID-19 cases during September, which was succeeded by a
rapid increase during November and December that coincided
with intensive campaigning associated with the U.S. Presidential
Election. Increases in daily case counts during this time period were
succeeded by declines that began sometime during December 2020
or January 2021 for almost all MSAs, and that continued through
March 2021.

Five other points should be noted. First, some cities such as
Atlanta, Boston, Cleveland, and Houston, have peaks in daily case
counts that are clearly anomalous with previous and successive
trends. This can be traced to errors in data collection and reporting.
The most common explanation we were able to find is that
spikes are attributable to the reporting of a significant backlog of
cases that, for some reason, were not reported correctly earlier.
Second, most cities seem to experience considerable volatility in
daily COVID-19 case counts during November and December
2020. Third, days with zero cases reported are likely due to batch
reporting in previous days or non-working days and were changed
to 0.5 to prevent our performance metrics from having nonsensical
results when dividing by zero, as well as to allow us to model the
natural logarithm of the counts (specifically, the log of standardized

2 https://github.com/nytimes/covid-19-data

3 https://coronavirus.jhu.edu/map.html

4 See, for example, https://www.click2Zhouston.com/news/local/2020/09/
23/explained-why-nearly- 15000- new- coronavirus- cases-were-reported-
in-the-houston-area-in-one-day/ and https://www.wsbtv.com/news/
local/georgia-records-highest-daily-increase- coronavirus- cases- since-

bef7IAY2EPRURABPICVYA3PO7AEJ4/.
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case counts per 100,000) for the LME and SARIMA models. Fourth,
unlike other MSAs, Detroit experienced a significant rise in daily
case counts during March 2021. Daily COVID-19 cases also rose
modestly during March 2021 in Pittsburgh and Boston. Fifth, across
all MSAs, case rates are clearly non-stationary with pronounced
trend and seasonality. Effective modeling and forecasting should
account for this correlation structure. Table 1 contains means and
standard deviations of standardized daily case counts per 100,000
for each MSA for our training period of March 22, 2020-November
14, 2020.

2.2 Methods

We begin by introducing notation that will be used for all the
different methods introduced in this section. Lett =0, 1,2, ..., T
represent time, which here we take to be measured in days. Thus,
for a given analysis of an MSA’s daily case counts, we will observe

10.3389/fpubh.2023.1259410

a maximum of T + 1 time points. Each city is represented by the
index i =1, 2, ..., N, where N = 25 in this paper’s analyses. The
response variable, denoted by Y;;, is documented COVID-19 case
counts per 100,000 people, standardized by the city population size.
In particular,

Yi: = (#new cases in city i on day t/Population size of city i)

100, 000

represents the per capita daily case count (per 100,000 people) in
city i at time point . Note that this standardization is necessary
to ensure that case rates are comparable across cities of different
sizes. For models where lagged case values are included as predictor
variables, the earliest first day used for the response will be
constrained by the number of lagged terms; for example, if we
include predictors Y;—; and Y;_,, then the first response in the
model will be at t = 2. In our models specified in the following
subsections, the first date to be used for Y; is March 22, 2020, since
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FIGURE 1
Standardized daily case counts per 100,000 people in 25 U.S. cities (March 22, 2020—-March 31, 2021).
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TABLE 1 Sample statistics.

10.3389/fpubh.2023.1259410

Sample mean (s.d.) of daily COVID-19 standardized cases per 100K (March 22—Nov 14, 2020)

Albuquerque Atlanta Baltimore Boston Charlotte
9.65 14.36 10.98 11.69 13.50
(12.53) (14.69) (5.47) (11.02) (8.41)
Chicago Cleveland Dallas Denver Detroit
18.84 8.59 14.59 13.03 11.74
(19.39) (9.81) (11.77) (16.58) (12.71)
Houston Indianapolis Los Angeles Louisville Memphis
14.30 13.52 12.81 15.17 19.54
(15.95) (12.82) (7.97) (15.02) (13.49)
Miami New York Oklahoma Phoenix Pittsburgh
23.81 8.45 15.42 16.06 6.49
(23.42) (10.05) (15.54) (17.72) (6.47)
Portland Sacramento San Francisco NEEL G Tampa
5.52 7.16 7.06 6.23 12.87
(5.06) (7.18) (4.85) (4.54) (12.18)

this is the date that we start to see (at least some) non-zero case
counts in all 25 cities.

As discussed in Section 1, some studies have used social
media or cellular data to model population mobility and forecast
the incidence and spread of COVID-19. Therefore, we use
three separate social mobility indices released by Apple, that
measure walking, driving, and transit use, respectively, for certain
geographies. While most studies have relied on Google mobility
data, Google does not offer publicly available data at the MSA
level. The Apple data are collected from Apple Maps app
usage through individual iPhones. The indices show changes
in relative volume of directions requests per country/region,
sub-region, or city compared to a baseline volume on January
13th, 2020. While we do not claim these indices necessarily
capture population-wide mobility trends, using these data at
least allows us to evaluate the effects of social mobility on
daily COVID-19 cases counts, and assess the usefulness of this
information in constructing daily predictions of COVID-19 cases
in MSAs. Moreover, the walking mobility indicator is highly
correlated with temperature and therefore serves as a useful
proxy for weather, which is known to be an important factor in
transmission (28).

In terms of quantifying the forecasting performance of different
models, we consider the Median Absolute Error (MAE) and
Median Absolute Percentage Error (MAPE) of predicted daily
case counts for each Metropolitan Statistical Area. The MAE
is the median of the absolute value of the difference between
actual and predicted daily case counts over the chosen testing
period, while the MAPE is the median of the absolute value
of the corresponding percentage difference. While MAEs are
reported, our comparisons are primarily based on the MAPE
as it is a standardized metric interpreted equivalently across
all cities. Hence, for a city 4, if the actual observed daily case
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count is Y; and the predicted value from a chosen model is
f/t, the MAE is the median absolute value of their difference or
Y, — 1?}‘ , calculated from daily values over the testing period.

Yi—¥;

The MAPE is therefore the median of |~
testing sample. For further sensitivity analysis, we also report the

x100 over the

proportion of daily forecasts with an absolute percentage forecast
error <20%.

2.2.1 Linear Mixed Effects (LME) models

To assess the statistical importance of Apple mobility
indicators, we ran LME regressions using Y;; (i.e., standardized
case count per 100,000 for city i at time j) as the dependent
variable and based on data pooled across cities and over days
for the training period. As a sensitivity analysis, we also ran
the LME regressions for the time period March 22 - August 31,
2020, before the beginning of the steady rise in case counts for
most cities. The LME models considered contain the seven-day
lag of the walking index, one and two day lags of the dependent
variable along with a weekend indicator variable.’ Estimation
results are reported in Table 2. First, while these specific results
are not reported, we note that lagged dependent variables of a
higher order than 3 days were statistically insignificant in these
models. Second, one and two-day lags in the dependent variable
are statistically significant at the 1% level. Third, the seven-day

5 Only the Walking Index was employed in these specifications because of
a high correlation with the Driving Index (r = 0.85) and the fact that the Transit
Index was consistently insignificant in preliminary regressions that contained
all three mobility indicators. More complicated forms of autocorrelation are
handled differently in the various models, but generally through the inclusion

of lagged case rates as predictor variables.
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TABLE 2 Baseline linear mixed effect model summaries (standard errors in parentheses).

Mar 22—-Aug

31, 2020

Mar 22—Nov
14, 2020

Mar 22—Aug 31,
2020 with Apple
Mobility

Mar 22—Nov 14,
2020 with Apple
Mobility

Estimation results
Log cases;.| 0.49 (0.018) 0.444 (0.012) 0.489 (0.019) 0.435 (0.013)
Log cases;_ 0.38 (0.015) 0.407 (0.011) 0.371 (0.015) 0.401 (0.012)
Seven day lag Apple Walking Mobility index 0.001 (0.0003) 0.002 (0.0002)
Weekend dummy Yes Yes Yes
AIC 7,137.503 13,607.74 7,136.557 13,582.3
Log-likelihood ~3,560.75 —6,795.87 —3,559.28 —6,782.16
lagged Apple mobility Walking Index is also statistically significant ~ where the changes relative to

at the 1% level. These results offer some support to the inclusion
of a mobility index in the models used to forecast daily case
counts. On the other hand, we note that the inclusion of the
Apple mobility index does not significantly improve the fit of the
LME models as measured through the AIC and Log-Likelihood,
and so its inclusion may not drastically improve a model’s
forecasting capability.
In terms of the specific LME model:

log(Yi) = Bo + bo,; + B1log(Yis—y) + B2log(Yis—,) + B3 WE;
+ Eits (1)

where:

e f is the population-level intercept;

e by, is a city-specific random intercept, with by ; ~ N(0%, o390 );

e f is the fixed-effect parameter connected with one-day lagged
(log) count for city i

o f, is the fixed-effect parameter connected with two-day lagged
(log) count for city i

e f3 is the fixed-effect parameter connected with the weekend
indicator, common to all cities. Specifically, if day t falls on a
weekend, then WE; = 1, otherwise WE; = 0;

e ¢, is the model error term, with &; = (&; 1, . .
o%Ir), and e; independent of b g ;.

- &) ~Nr (0,

Note we have initially assumed that the model error terms are
conditionally independent, with the random intercept being the
only term to induce correlation between the repeated measures
of daily counts within the same city. We also see that all cities
have a common T repeated measures observed. We found that a
modified version of (1) provides a better fit to the standardized
city-level daily COVID-19 case count data. Specifically, allowing
for heterogeneity in both time-varying predictors, i.e., attaching
city-specific random effects to each, and properly handling existing
heteroskedasticity among the model error terms was also required,
leading to:

log(Yis) = Bo + boi + (B1 + bii)log(Yie—;)
+ (B2 + b2j)log(Yis—») + BsWE; + &5y, (2)
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(1) are:

e by ;isa city-specific random effect connected to the first-order
lagged (log) counts, with by ; ~ N(02, 03,1);

e by; is a city-specific random effect connected to the second-
order lagged (log) counts, with by; ~ N(0%, 03,); we allow
for all three random effects to be correlated, though each are
independent of &;;

e & ~ Nr (0, X¥), with ¥ diagonal, but weighted in such a
way to remove the original heteroskedasticity in the model
error terms.

From (2), we can forecast one time point ahead (e.g., one
day ahead), then use that forecast as the first-order lagged term
to forecast one additional day ahead (where the prior first-order
lagged term is now the second-order lagged term), and so on, until
we have forecasted forward the desired number of days. Note that
linear mixed effect models have units borrow strength from other
units for a given unit’s trajectory prediction. Though not all cities
are aligned in time in terms of model dynamics, not nearly as much
borrowing of strength from other city’s predictions will affect a
given city’s predictions, due to the extensive collection of repeated
measures per city paired with the relatively reasonable within-city
variation. Based on the results in Table 2, the Apple Walking Index
is employed as a predictor for some specifications. Estimation of
LME models and forecasts were conducted using the lme4 package
from the R programming language.

2.2.2 Susceptible-Infected-Removed (SIR) model
SIR models are the dominant methodology to model the
spread of epidemics; see, for example, Tolles and Luong (29)
for further details. The SIR model uses differential equations to
describe the dynamic status of an individual switching between
three compartments in a population at time f: susceptible
(S), infected (I;), and removed (R;) (including recovered and
deceased individuals) and is a standard approach employed by
epidemiologists to forecast disease spread. N is the total population
at time t and is identified by Ni = S; +I; +R;, where B is the average
number of contacts per infectious person per time unit, y is the
transition rate from I; to Ry, and Ry includes recovered and deceased
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individuals. The SIR model is then given by the following ordinary
differential equations:

98 PLS: 3)
ot N
oy  BLiS:
L — I 4
9t N Vit (4)
oR;
— =1, 5
a9t Vit (5)

where B is the average number of contacts per infectious person per
time unit and y is the transition rate from I; to R;. While the SIR
model is based on the modeling of S;, I;, and Ry, our focus here is
the daily infection numbers and aims to conduct predictions such
that the prediction errors are minimized. With the daily number of
confirmed cases on day t considered as the difference of S; and S;_1,
we calculate the predicted number of daily confirmed cases on day
t, denoted f/'t(ﬁ, y), as follows:

VeBy) =81 — S =1 — -1 + R — R (6)

fort = 1,..., T, where T represents the end of the study period.
We implicitly assume that N, 8, and y are constant over time.

Then, the parameters  and y can be obtained by minimizing
the squared prediction error

PEBy) = Y

Y= BBy 7)

for B and y. Y; is the total number of daily cases in a province at
time ¢ and is not in per capita terms. We convert the forecasts into
per capita terms. Our forecasting procedures model predictions of
total daily cases as these are the numbers that are reported and are
of interest to policymakers in tracking the incidence and spread of
COVID-19. This is consistent with the approach employed by Chen
etal. (2). Estimation of the SIR models and construction of forecasts
were done using the R programming language. Specifically, we
utilized the EpiDynamics and bbmle packages to estimate the
parameters of the SIR model.

2.2.3 Box-Jenkins time series modeling

In this paper we also employ the Box-Jenkins class of time series
models referred to herein as SARIMA (Seasonal Autoregressive
Integrated Moving Average) models and we use the notation
log(Y;:) ~ SARIMA(p, d, q)(B. D, Q)[m], where, again, Y;; is the
standardized case count per 100,000 in city i on day f. Thus, for
eachcityi=1,2,..., N, we separately fit a model of the form

¢(B)® (B™P(1-B)log(Y;,) = 6(B)O(B™ e, (8)

where B is the backshift operator® and m is the period of the
seasonal component, which here we take to be 7 given the daily
data. We also assume that &;; iidN(O, o?) and we define ¢(z), 0(z),
®(z), and O (z) respectively to be the following p™ order, g™ order,
Pt order, and

6 B is a notational operator that shifts subscripts t back by 1: BY; = Y,_;.
And when raised to the k™ power, it shifts subscripts t back by k: BXY, =Y, .
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Q™ order polynomials:

d(2) = 1—¢ 2 — pr2>—... — pp
0(z) = 14012+ 022" + .. + 0p2]
D(2) = 1-P1z— 2" —..— D’
O2) = 1+ O1z+ 22 + .. + 0,22

Simple algebra shows that the response for city i on day t,
log(Yiy), is therefore a weighted sum of historical log case counts.
Note that different values of the non-seasonal (p, d, g) and seasonal
(B D, Q) orders give rise to different configurations of the model,
accounting for different forms of correlation structure in the
observed time series. We choose the values of p, d, g, B D, Q that
minimize the corrected Akaike information criterion to ensure the
model fits the observed data well. The models themselves are fit
using maximum likelihood estimation. As with the LME model,
the 7-day lag of the Apple Walking Index is also employed as
an exogenous variable in some specifications. These time-series
models were estimated employing the forecast package in the R
programming language.

2.2.4 Gradient Boosted Regression Trees (GBRTSs)

Gradient Boosted Regression Trees are a commonly used
ML algorithm based on decision trees to produce forecasts of
particular outcomes. The algorithm sequentially tests the predictive
power of different trees to reduce forecast errors, until no
further improvements can be made. These predictions are then
combined through a weighted average of regressions to produce
a final prediction. Although there are other more sophisticated
ML methods that can be employed to generate predictions, our
choice of GBRTs was motivated by their relative simplicity and
interpretability, as well as their ease of implementation through
software such as R and Python. This makes them an attractive
choice for policymakers with limited resources and fairly limited
experience with machine learning.

We assume again our sample contains T + 1 observations for
each MSA i. In particular, we assume that we observe the response
variable Y;; (standardized case count per 100,000 for city i at time j)
and a vector of predictors given by X; fori =1,2,..., Nand t =0,
1,2,...., T. The model that forecasts Y;; based on X; is a weighted
additive model of the form

K
Yie = Zk:l axfeXi) + i, 9)

where fi(-) for k = 1,2, ..., K are regression trees, oy are weights,
and ¢;; is an error term. The algorithm estimates both the weights
ar for k = 1,2, ..., K and fi(-) by sequentially minimizing a
penalized differentiable convex loss function of Y, — Zle arfie(Xy)
with respect to both o and fi(-) over K boosting iterations for k =
1,2, ..., K. These estimates can then be used to produce forecasts
of Y;;. For the X;; variables, we employ: the weekend dummy
variable; city-specific fixed effects; one- to seven-day lags of the
dependent variable; and seven- to ten-day lags of all the Apple
mobility variables. GBRTs enable the use of all Apple mobility
variables and more lagged dependent variables without concern of
collinearity issues, as weak predictor variables are given less weight
in constructing forecasts. The XGBoost package in Python was used
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FIGURE 2

than 20% (larger values are better)

Forecast performance as a function of MSA for 7-day (A, B) and 28-day (C, D) forecasting strategies for November 15-December 12, 2020. (B, D)
Quantify forecast performance by MAPE (smaller values are better); (A, C) do so using the proportion of daily predictions with a forecast error lower

to estimate the GBRT models and construct predictions. Code for
all of the above models and algorithms are available upon request.

3 Results

We begin with predictions that are 1 week or 7-day ahead
forecasts for each of the 25 MSAs for November 15-December
12, 2020 based on all the models. Given the poor performance
of SIR and LME models, we then evaluate the sensitivity of
our findings by constructing forecasts from SARIMA and GBRT
models for different time periods in January, February, and March
of 2021. Figure 2 visualizes MAPE values and the proportion of
daily predictions with a forecast error lower than 20% for daily
standardized COVID-19 cases (per 100,000 of population) based
on LME, SIR, SARIMA, SARIMA models with the Apple Walking
Index (referred to as SARIMAA), and GBRTs for each MSA. Note
the values displayed in these plots are also tabulated in Table 3. In
Figure 2, Panels A and C report the proportion of daily predictions
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with a forecast error lower than 20% with respect to 7-day and 28-
day forecast performances, respectively. Panels B and D contain
corresponding visualizations for MAPE values based on 7-day and
28-day forecast errors. For Panels B and D we seek to identify the
methodology that has the lowest average MAPE values across cities.
On the other hand, for Panels A and C we are interested in the
methodology which has the highest average of the proportion of
daily predictions with a forecast error lower than 20%, across cities.

3.1 LME and SIR 7-day ahead

With respect to 7-day ahead predictions, LME models produce
lower MAPEs for 9 MSAs, relative to SIR models. However,
the LME MAPEs are also quite high, with Baltimore having the
lowest one at 28.63%. SIR models also do not offer consistently
accurate forecasts across cities. With the exception of Denver,
Louisville, and Portland, SIR MAPE values are always above 25%
for such models. Further, SIR models perform poorly on the
basis of the proportion of daily forecasts falling within 20% of
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TABLE 3 7-day forecasting performance from LME, SIR, and SARIMA models November 15-December 12, 2020.

LME SIR SARIMA SARIMAA GBRT

City MAE MAPE Prop<20%FE MAE MAPE Prop<20%FE MAE MAPE Prop<20%FE MAE MAPE Prop<20%FE MAE MAPE Prop<20%FE
Albuquerque | 43.97 4793 0.14 2591 2931 025 2812 3797 025 32.79 3721 029 18.4 2169 046
Atlanta 13.89 527 021 1272 4131 0.14 659 22 0.43 599 2563 032 9.79 2166 043
Baltimore 93 2863 0.14 1871 45.09 01 7.08 2109 05 71 2118 046 6.18 18.12 057
Boston 19.01 4444 0.14 3323 §9.18 0 12.02 2927 039 993 2578 043 621 15.72 0.64
Charlotte 14.67 343 0.18 19.29 4359 0 951 238 0.43 885 18.38 057 566 12.61 0.64
Chicago 2226 2847 032 2003 2661 036 13.99 201 0.43 14.17 247 0.43 1181 14.45 061
Cleveland 4195 6377 0 2228 33.65 029 3332 4439 0.18 3338 4573 0.14 19.85 2721 039
Dallas 27.69 5243 0.11 2067 4403 0.14 17.89 3281 0.36 17.65 3284 039 17.6 30.49 036
Denver 2657 3755 025 15.43 2219 043 17.13 2381 046 18.29 2531 032 10.76 13.81 068
Detroit 582 7478 0 2871 4299 0.18 2033 3105 036 13.64 2616 039 2504 39.36 0.8
Houston 151 672 0.18 141 1937 0.18 11.08 3637 025 1115 3735 021 9.1 3318 036
Indianapolis 385 582 0.07 2518 2584 036 157 17.32 057 14.03 16.85 064 6.89 877 071
Los Angeles 19.88 way 0.14 3199 67381 0 1456 3386 029 1481 3215 032 10.76 2253 039
Louisville 2824 1063 032 1221 17.63 061 10.03 15.03 0.64 977 15.42 082 895 1199 0.64
Memphis 15.07 3555 021 18.69 37.78 0.18 14.02 211 032 14.15 2903 032 15.64 28.53 036
Miami 2362 4533 0.18 3243 59.62 0 15.35 2869 039 17.83 377 029 116 233 0.43
New York 653 3008 0.18 25.95 99.97 0 428 17.56 0.68 342 13.41 082 327 14.04 075
OKlahoma 3179 4499 0.14 2661 37.92 0.14 2581 3328 029 2626 3777 021 1672 25.09 032
Phoenix 344 5845 0.11 271 82.78 0 17.74 3223 029 16.28 2728 036 18.23 3229 032
Pittsburgh 2853 5717 0.14 2181 4438 025 9.83 19.45 054 9.6 17.32 054 104 212 043
Portland 14.38 4391 o1 62 2005 05 546 19.77 05 615 2126 046 49 15.83 057
Sacramento 275 7397 0.1 2056 6025 0.04 9.14 2327 0.43 927 2372 0.6 1275 2741 032
San Francisco | 7.13 3619 021 9.87 51.06 011 58 2845 032 513 2816 032 6.8 597 30.58
Seattle 15.39 5007 0.14 9.89 3483 025 8.44 2959 032 74 2592 039 622 201 05
Tampa 123 3656 032 15.69 5329 0 9.59 3174 036 1148 4497 032 563 1952 057
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TABLE 4 28-day forecasting performance from GBRT and SARIMA models with and without Apple Mobility November 15- December 12, 2020.

GBRT SARIMAA SARIMA
MAE MAPE Prop <20% FE MAE MAPE  Prop <20% FE MAE MAPE  Prop <20% FE
Albuquerque 17.01 18.41 0.57 31.17 32.77 0.29 34.61 3891 0.29
Atlanta 11.9 39.49 0.29 6.59 21.61 0.46 6.46 20.07 0.5
Baltimore 7.48 18.86 0.54 4.34 12.79 0.64 4.33 12.79 0.68
Boston 9.39 22.77 0.39 8.04 16.56 0.57 7.19 15.56 0.57
Charlotte 11.22 27.48 0.32 5.07 12.84 0.57 5.62 14.86 0.61
Chicago 30.41 42.21 0.21 88.57 134.28 0.07 88.29 135.05 0.07
Cleveland 29.51 41.2 0.32 32.69 38.41 0.29 32.45 38.17 0.25
Dallas 19.71 30.59 0.39 11.22 20.43 0.5 11.22 20.4 0.5
Denver 13.83 17.08 0.54 72.34 93.8 0.07 57.8 71.89 0.18
Detroit 19.8 30.41 0.36 25.42 47.38 0.29 36.66 52.67 0.18
Houston 8.8 30.78 0.29 114 39.78 0.18 11.82 449 0.11
Indianapolis 11.99 14.09 0.68 10.63 11.38 0.61 12.84 14.99 0.57
Los Angeles 18.97 42.17 0.07 26.59 54.23 0.04 26.15 54.11 0.04
Louisville 10.59 16.21 0.57 10.79 16.29 0.61 10.75 15.68 0.61
Memphis 20.26 35.76 0.25 14.9 29.93 0.39 13.73 26.5 0.43
Miami 11 21.13 0.46 17.01 34.17 0.04 18.27 34.01 0.07
New York 3.43 14.21 0.61 5.66 25.32 0.39 1.79 7.73 0.82
Oklahoma 22.32 28.81 0.39 333 45.14 0.11 34.27 45.5 0.18
Phoenix 26.42 51.49 0.04 20.12 45.83 0.11 22.38 46.04 0.08
Pittsburgh 21.08 39.06 0.11 10.9 20.19 0.46 14.11 27.3 0.29
Portland 5.42 16.52 0.61 4.46 13.7 0.68 4.86 16.61 0.54
Sacramento 19 51.31 0.25 6.23 19.18 0.54 4.33 19.37 0.5
San Francisco 7.8 40.96 0.18 8.58 43.84 0.29 8.65 44.77 0.25
Seattle 6.73 21.82 0.46 10.99 32.15 0.32 10.62 31.88 0.32
Tampa 5.23 21.65 0.46 5.88 20.36 0.46 7.52 26.29 0.29

the actual value, as there are 7 cities for which the value of
this measure is zero. It is also important to note the extremely
high MAPE values of approximately 90% and 100% for Boston
and New York, respectively, as these two cities experienced
extremely high per capita daily case counts during the first wave
of infections. Further, the MAPE results indicate that even the
use of a long training period is not sufficient to enable the SIR
models to acknowledge the subsequent downward trend in daily
infections and readjust to generate more accurate forecasts for the
testing period.

3.2 SARIMA 7-day ahead

Relative to SIR and LME forecasts, SARIMA models produce
forecasts with MAPEs that are lower for the majority of cities.
SARIMA forecasts yield MAPEs smaller than 20% for four cities
and smaller than 25% for six more cities. Another observation
is that SARIMA modeling generates predictions that are within
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tighter bounds for almost each city. Specifically, there is only one
MSA (Cleveland) with a MAPE >40% with SARIMA modeling. On
the other hand, the number of MSAs with MAPEs >40% based
on LME and SIR models are 17 and 15, respectively. Another
measure that supports the notion that SARIMA models produce
superior forecasts to SIR and LME methods, is the fact that no
MSA has a proportion of absolute forecast errors lower than 20%
equal to zero, based on SARIMA predictions. Further, for 11 MSAs
the proportion of such observations, generated from SARIMA
models, is >0.4. Based on these findings, we conclude that SARIMA
is a superior forecasting strategy for the vast majority of MSAs.
Employing the Apple Walking Index does not make much of a
difference in SARIMA forecasts. As we can see in Figure 2, with
the exception of a few MSAs, SARIMA MAPEs with and without
the Apple Walking Index are comparable. For seventeen cities the
difference between MAPEs is <3 percentage points. The proportion
of daily forecasts falling within 20% of the actual values are also
quite comparable between SARIMA forecasts with and without
Apple mobility data.
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FIGURE 3

Forecast performance as a function of MSA for January, February, and March 2021. Forecast performance is quantified by MAPE for two different

model types and two different forecasting strategies.
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FIGURE 4
Model residuals associated with the SARIMA model fit to March 2020-December 2020 data.

3.3 GBRT 7-day ahead

For most MSAs, GBRTs produce more accurate forecasts of
the methods considered. Specifically, GBRTs generate predictions
with lower MAPEs for 17 MSAs, relative to corresponding forecasts
from SARIMA models with and without the Apple Mobility Index.
Eleven MSAs have GBRT forecasts with MAPEs lower than 20%,
with Baltimore, Boston, Charlotte, Chicago, Denver, Indianapolis,
Miami, and New York having the lowest values. These results
suggest that GBRTs are capable of producing relatively accurate
7-day ahead forecasts even during time periods of steep increases
and some volatility in daily case counts. The GBRT results are
driven by the lagged dependent variables, and not the Apple
mobility variables. Specifically, the feature importance scores of
the one- to five-day lagged dependent variables range from 0.01
to 0.29. Among the Apple mobility indicators, only the 8-day
lagged Driving Index has a feature score above zero, but which is
still low at 0.01. These results are consistent with the satisfactory
performance of SARIMA specifications without the Apple Walking
Index for some MSAs, as the predictors in these models are lagged
dependent variables.
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3.4 SARIMA, SARIMAA, and GBRT 28-day
ahead

Based on the noticeably poorer performance of the LME and
SIR models, the 28-day ahead forecasts (Figures 2C, D) are based
on SARIMA, SARIMAA, and GBRT models only. The predictions
are constructed from a single sequence of 28-day ahead forecasts
(without model updating) for each of the 25 MSAs for November
15-December 12, 2020. Note the values displayed in these plots
are also tabulated in Table 4. Here, we note that SARIMA models
produce lower MAPEs for a majority of MSAs, as there are 14
MSAs for which SARIMA MAPEs are lower than corresponding
GBRT values. However, when the SARIMA MAPEs are larger
than the GBRT MAPEs, they are often much larger, and when
SARIMA MAPEs are smaller than GBRT MAPEs, they tend only to
be marginally smaller. Consequently, across all MSAs the average
SARIMA MAPE is higher than the corresponding GBRT value,
despite individual SARIMA MAPEs being smaller for a larger
number of cities. As such, GBRTSs appear to be the best choice for
forecasting both 7-day ahead and 28-day ahead daily standardized
COVID-19 case counts for November 15-December 12, 2020.
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TABLE 5 MAPE values—7-day- and 28-day forecasts from SARIMA models January—March 2021.

March 1-28 2021

January 1-28 2021

February 1-28 2021

7-day 28-day 7-day 28-day 7-day 28-day

Albuquerque 25.78 28.84 24 97.09 37.89 34.88
Atlanta 235 29.37 21.82 105.21 23.73 49.47
Baltimore 16.49 24.58 33.04 111.57 17.67 26.88
Boston 23.32 46.21 28.2 88.76 18.85 22.33
Charlotte 31.8 35.54 44.53 100.47 39.12 39.82
Chicago 20.68 22.69 9.91 35.04 17.8 18.46
Cleveland 27.41 21.98 47.47 108.83 23.59 22.42
Dallas 29.13 27.76 57.02 178.42 22.12 26.81
Denver 42.92 42.75 29.45 27.35 59.24 54.72
Detroit 38.63 63.27 31.11 42.85 24.69 56

Houston 24.01 32.47 54.79 196.61 23.84 34.01
Indianapolis 259 37.15 25.49 79.09 17.07 17.75
Los Angeles 24.75 53.61 45.55 210.15 17.94 43.55
Louisville 22.38 29.89 30.8 41.36 20.7 34.48
Memphis 36.55 42.52 58.42 97.32 42.85 35.16
Miami 31.29 23.99 30.34 73.81 16.62 32,52
New York 16.44 16.18 20.92 68.7 5.87 10.22
Phoenix 36.39 32.84 32.62 121.21 45.25 42.64
Pittsburgh 32.89 66.6 18.56 37.4 19.95 19.22
Portland 41.2 54.7 33.94 66.91 33.52 25.63
Sacramento 26.99 50.22 42.02 76.86 24.97 27.27
San Francisco 14.49 21.44 25.74 92.98 24.58 69.25
Tampa 39.33 32.47 28.56 92.65 16.36 25.48

3.5 SARIMA and GBRT 7-day and 28-day
ahead for January, February, and March
2021

20% for 9 MSAs, with another 8 MSAs having MAPEs ranging
from 20 to 25%. Therefore, for a number of MSAs, GBRTs were
able to recognize the change in the trend in daily case counts,
from increases to a steady decline. Like the November-December
2020 results, GBRTs are also able to produce more accurate 28-

A relevant question is whether these findings are robust to the
day predictions relative to SARIMA models. GBRT MAPEs are

use of other time periods. Figure 3 visualizes the MAPEs associated

with 7-day and 28-day ahead SARIMA and GBRT forecasts for
the following testing periods: January 1-28 2021; February 1-28
2021; and March 1-28 2021. For the sake of brevity, we only
report MAPEs. The proportion of daily forecasts falling within
20% of the actual values for these time periods are available upon
request. As discussed, daily case counts dropped significantly for
most MSAs during these months, making the evaluation of the
predictive abilities an interesting contrast to our previous exercise
of constructing forecasts during a period of rising daily COVID-
19 cases during November-December 2020. We do not construct
forecasts for Oklahoma City and Seattle, given the presence of
a significant number of zeros in daily case values that seem
anomalous to case counts in other days.

The results visualized in Figure 3 (and tabulated in Tables 5, 6)
demonstrate that for almost all MSAs, with respect to 7-day ahead
forecasts, GBRTs offer superior predictions relative to SARIMA
models for the month of January. GBRT MAPEs are lower than
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lower than 20% for 6 MSAs, with another 7 MSAs having MAPEs
between 20% and 25%. In terms of specific MSAs, Albuquerque,
Atlanta, Baltimore, Boston, Cleveland, Louisville, Miami, New
York, San Francisco, and Tampa all have GBRT-generated 7-day
ahead MAPEs lower than 20% for January 2021, with most of
the MSAs (with the addition of Chicago) also possessing low
GBRT MAPE:s for 28-day ahead forecasts. Including Denver and
Indianapolis, these are the same MSAs with low GBRT MAPEs
during November - December 2020.

Some of the same trends are visible for February forecasts with
GBRT 7-day ahead MAPEs lower than corresponding SARIMA
values for 15 MSAs. Further, 9 MSAs have GBRT MAPEs lower
than 20% and 4 MSAs possess GBRT MAPEs for from 20 to 25%.
On the other hand, both GBRTs and SARIMA models produce
low-quality forecasts with high 28-day ahead MAPE:s for the same
February time period; 17 or more cities possessing MAPE values
>50%, and both methods result in MAPEs of over 100% for
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TABLE 6 MAPE values—7-day- and 28-day forecasts from GBRT models January—March 2021.

March 1-28 2021

January 1-28 2021

February 1-28 2021

7-day 28-day 7-day 28-day 7-day 28-day

Albuquerque 19.34 23.89 35.19 83.11 14.94 28.43
Atlanta 18.84 24.18 15.52 52.28 22.12 32.84
Baltimore 23.07 21.2 16.49 91.01 15.54 28.31
Boston 12.4 15.76 15.1 73.26 15.01 14.14
Charlotte 14.41 18.21 25.56 48.66 31.05 47.94
Chicago 2347 17.08 16.49 73.65 15.04 20.08
Cleveland 13.07 19.62 23.55 105.68 21.81 36.84
Dallas 20.8 21.2 31.01 63.77 29.89 80.1

Denver 36.26 44.47 24.97 26.39 60.43 56.56
Detroit 23.86 32.95 2591 78.08 22.45 67.72
Houston 25.81 21.41 39.58 113.14 33.14 36.39
Indianapolis 21.59 27.82 23.56 96.7 19.48 17.45
Los Angeles 21.12 28.82 19.2 142.85 21.11 81.42
Louisville 17.9 22.39 22.82 108.54 24.27 77.49
Memphis 34.52 39.05 36.97 138.54 48.39 117.08
Miami 11.18 13.1 15.84 26.81 15.43 17.1

New York 14.14 14.26 14.96 32.69 8.03 11.24
Phoenix 24.08 35.68 37.75 148.52 36.63 137.68
Pittsburgh 26.5 48.61 14.07 30.69 20.29 18.92
Portland 29.73 53.59 30.08 197.17 33.57 46.15
Sacramento 23.97 31.12 30.93 30.71 25.67 38.8

San Francisco 14.27 23.95 12.39 112.16 27.09 110.62
Tampa 18.5 20.65 28.56 70.38 12.01 23.09

8 MSAs. These results suggest that both GBRT and SARIMA
models were unable to accurately predict the downward trend
in daily case rates that occurred in February for most MSAs.
While we cannot confirm this, a possible reason for the decline
in daily case rates might be the increased availability and uptake
in vaccinations during and preceding February 2021. To the
best of our knowledge, data on city-level vaccination rates are
unavailable and, therefore, cannot be included as predictors to test
this hypothesis.

In contrast to the February 2021 results, both GBRT and
SARIMA March 2021 MAPEs become much lower for 7-day
ahead forecasts and are comparable to previous months. GBRT
and SARIMA performance are comparable in the sense that the
number of MSAs are roughly split between the two methods
in terms of which approach has the lowest MAPE. With both
methods, 10 MSAs have 7-day ahead MAPEs lower than 20%, while
another 8 MSAs possess MAPEs between 20 and 25%. On the
other hand, SARIMA seems to be a superior method for generating
28-day ahead predictions in March 2021. Specifically, SARIMA
forecasts yield MAPEs that are either comparable or much
lower than corresponding MAPE values from GBRT models for
most MSAs.
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To summarize, the GBRT and SARIMA models are the most
reliable in terms of producing 7-day ahead daily predictions with
the lowest MAPE values for November-December 2020. With
respect to 28-day ahead forecasts for the same time-period, while
SARIMA and GBRT MAPES are comparable for several MSAs,
there are MSAs where SARIMA MAPEs are much higher. Using
Apple Mobility data does not considerably improve forecasts from
SARIMA models. GBRT models similarly outperform SARIMA
models for 7-day and 28-day ahead predictions for January, but
neither model produces high quality predictions for February
2021, with MAPE values from GBRT models, on average, being
slightly lower. For March 2021, 7-day ahead forecasts from
GBRT and SARIMA models are comparable, with 28-day ahead
SARIMA MAPE values being somewhat lower than corresponding
GBRT estimates.

4 Discussion

Findings from previous studies suggest that the standard SIR
model used by epidemiologists for disease predictions resulted
in inaccurate forecasts for multiple jurisdictions. Further, we are
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FIGURE 5
Autocorrelation function (ACF) plots of model residuals associated with the SARIMA model fit to March 2020-December 2020 data.

unaware of any other study that has attempted to construct
daily forecasts of a panel of U.S. cities. While there is an
abundance of research based on country-level data, research
attempting to predict daily COVID-19 cases across cities is scarce
(11). This is unfortunate, as cities or MSAs have often been
the center of significant occurrences and spread of COVID-
19 infections. Besides difficulties associated with obtaining city
level data, forecasting daily cases is extremely challenging given
the considerable heterogeneity in daily case trends across cities.
Perhaps even more important are factors such as differences in
testing rates, lack of uniformity in data collection protocols, and
inaccurate processing of data, that make comparisons of cases
across jurisdictions difficult (30).

This study explores the efficacy of SIR, LME, SARIMA, and
GBRT models in producing one and four-week ahead predictions.
The choice of these models is premised on different advantages.
GBRTs are an example of supervised ML methods that have proved
to be effective in different cases (12, 24) and can be developed with
less knowledge than more sophisticated machine learning methods,
such as deep learning. LME models accommodate city-level
heterogeneity, enabling the researcher to borrow information
across geographies, and hence do not rely exclusively on time-series
variation within geographies. SIR models are the conventional
workhorses in epidemiology, but do not have the flexibility to
accommodate time-specific changes in external factors, such as
population mobility, that can plausibly impact spread of infections.
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SARIMA models are relatively simple to implement and as noted
earlier, are useful when the modeled data have pronounced trend
and seasonality. These models have been employed by other studies
(11, 12).

We evaluate model performance primarily through MAPEs
and find that the prediction accuracy associated with LME and
SIR forecasts tends to be inferior relative to that of SARIMA
and GBRT forecasts. Compared to SARIMA, GBRTs generate 7-
day ahead and 28-day forecasts with lower MAPEs for a vast
majority of MSAs for most months. While SARIMA produces
lower MAPEs for 28-day ahead predictions for March 2021, the
good performance of GBRTs more broadly make it a suitable
choice for modeling and forecasting daily COVID-19 case counts
during time periods of both increase and decrease in infections.
From a policy perspective, these results are important as they
imply the availability of superior forecasting methods relative to
conventional epidemiological methods. The performance of GBRTs
should be noted, given that they are relatively straightforward to
use through available statistical packages. The performance of these
models is comparable to findings from other studies that use more
disaggregated data than at the country level. For example, using
provincial level data from Canada, Sen et al. (24) find MAPEs from
GBRTs ranging from 8 to 30% for 2 week ahead daily forecasts.
Zhang et al. (26) obtain Mean Absolute Percentage Errors ranging
from 4 to 8% for 8 counties in California, but not for time-periods
of 4 weeks or over.
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FIGURE 6
Normal QQ-plots of model residuals associated with the SARIMA model fit to March 2020-December 2020 data.

We note the following limitations. It is important to
acknowledge that several of the chosen models make strong and
potentially restrictive assumptions including, but not limited to,
errors that are independently and identically distributed normal
random variables. Such assumptions have been evaluated using a
battery of residual diagnostic tools. Although many models and
many specifications of these models were considered, we present
results only for those whose assumptions were reasonably satisfied.
To demonstrate this, we include Figures 4-6 which depict residuals,
autocorrelation function and normal quantile-quantile plots of the
residuals of the SARIMA model fit to the March 2020-December
2020. As is evident, we do not observe serious violations of
stationarity or normality.

5 Conclusion

Along with other papers that have emerged over the past 2
years, the results of this study suggest that GBRTSs can also be used
for predicting the spread of highly infectious diseases on a daily
basis. These findings suggest that the relatively basic ML modeling
can lead to vital insights for government resource allocation
and decision-making, and result in superior disease surveillance
relative to conventional epidemiological methods. Future work
will investigate the benefits of employing more complex deep
learning and neural network-based methods, which have the
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trade-off of being more complex and possibly more accurate but
also more difficult to interpret, especially for a wider audience of
policy practitioners.
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Revolutionizing ocular cancer
management: a narrative review
on exploring the potential role of
ChatGPT

Saud S. Alotaibi!, Amna Rehman? and Muhammad Hasnain?*

HInformation Systems Department, Umm Al-Qura University, Makkah, Saudi Arabia, 2Department of
Computer Science, Lahore Leads University, Lahore, Pakistan

This paper pioneers the exploration of ocular cancer, and its management with
the help of Artificial Intelligence (Al) technology. Existing literature presents
a significant increase in new eye cancer cases in 2023, experiencing a higher
incidence rate. Extensive research was conducted using online databases such
as PubMed, ACM Digital Library, ScienceDirect, and Springer. To conduct this
review, Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) guidelines are used. Of the collected 62 studies, only 20 documents
met the inclusion criteria. The review study identifies seven ocular cancer types.
Important challenges associated with ocular cancer are highlighted, including
limited awareness about eye cancer, restricted healthcare access, financial
barriers, and insufficient infrastructure support. Financial barriers is one of the
widely examined ocular cancer challenges in the literature. The potential role
and limitations of ChatGPT are discussed, emphasizing its usefulness in providing
general information to physicians, noting its inability to deliver up-to-date
information. The paper concludes by presenting the potential future applications
of ChatGPT to advance research on ocular cancer globally.

KEYWORDS

eye cancer, ChatGPT, challenges, oncology, artificial intelligence

1 Introduction

Ocular cancer is not only an issue for the population in developing countries, as developed
countries have also reported cases of eye cancer. According to the American Society of Clinical
Oncology, more than 3,400 new cases of eye cancer are expected to be diagnosed in 2023 (1).
However, in developing countries such as Pakistan, this number is significantly higher. Based
on statistics provided by Al-Shifa Trust Eye Hospital, out of the 150,000 individuals diagnosed
with cancer each year, 2,200 of them have ocular cancer, resulting in the unfortunate loss of 220
lives annually (2023) (2). It is important to note that there are likely many unreported cases from
remote or rural areas. Currently, there is scarce literature addressing ocular cancer, making us
pioneers in exploring this issue. Recent work states that cancer is rising worldwide but cancer
prevalence data is limited. Several factors contribute to the causes of ocular cancer (3). In order
to accomplish this task, we are seeking support from emerging applications of artificial
intelligence (AI) and relevant literature on the occurrence of ocular cancer in developing
countries. Cancer screening programs have been launched that led to the improvement in
survival of patients. However, patient selection and risk stratification are real challenges for
caretakers. Moreover, work force and recently prevailing COVID-19 pandemic situation have
increased the concerns (4).
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The role of Al has been recognized in diagnosis and clinical
management of certain cancer diseases (5). Al is excelled at
performing well-organized tasks such as image recognition, brain
tumor and skin cancer detection (6). Al is playing a clear role in giving
support to doctors in their workplaces (7). Since last five years, Al has
shown promising role in prospective and clinical trials (8). Open Al
application, ChatGPT has shown better performance to examine the
European Board of Ophthalmology test, education and knowledge
assessment (9).

Emerging literature on ChatGPT and its applications in several
fields have motivated us to present an overview of ocular cancer from
the literature, shedding light on the challenges faced by common
people worldwide. To the best of our knowledge, there currently exists
a significant gap in the literature, as no comprehensive studies have yet
focused on providing an overview of ocular cancer within the context
of generative Al technology. Before this study, a previous review was
conducted on the modern treatment of retinoblastoma and its
treatment algorithms (10). However, the review focused on data up
until 2020, and numerous research studies have been published since
then. Another review on the topic of “ocular cancer” specifically
addressed common ocular tumors, as well as their diagnosis and
treatment technique (11). The most recent review article focuses on
the role of deep learning models in cancer care. Deep learning
significantly reduces costs in baseline imaging. Ethical issues related
to the use of deep learning models were also studied in the review
article (12). However, these review articles did not discuss the role of
generative Al models and their applications in diagnosing ocular
cancer. In the field of oncology and particular ocular cancer, the
specific role and impact of ChatGPT application remains relatively
unexplored. ChatGPT offers to address challenges related to ocular
cancer by assisting in early detection using data analysis and offers
tailored treatment recommendations.

To understand the versatility and widespread applicability of Al in
healthcare, particularly in the context of ocular cancer, is an interesting
topic to explore. The promising use of ChatGPT applications in
ophthalmology for question-answering has been previously outlined,
assessing the enhanced performance of large language models in
healthcare (13). Additionally, a recent research highlights the
application of ChatGPT in diagnosing intraocular tumors and
ophthalmic pathologies (14). Moreover, the improved competency of
generative Al applications in diagnosing diverse ocular conditions has
further underscored its potential in the field of ophthalmology (15).

To conduct a narrative review on the role of ChatGPT application
in ocular cancer is necessary and timely. Earlier mentioned studies
highlight the rapid advancement of generative Al applications in
healthcare, understanding the ChatGPT’s capabilities in diagnosing
and treating the ocular cancer becomes crucial. Insights drawn from
existing literature can complement the existing practices and
contribute to the management of ocular cancer diagnosis and
treatment. Therefore, the main aim of this study is to bridge the gap
in the literature by evaluating the specific contributions of Al
applications, like ChatGPT, in diagnosing and treating ocular cancer.
This includes identifying challenges faced by patients and examining
how ChatGPT can help overcome these obstacles. Additionally, our
review seeks to consolidate emerging information on the potential
benefits of integrating ChatGPT in oncology. Furthermore, this
narrative review outlines significant implications for future research
in this rapidly evolving field.
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Overall this narrative review contributes to the literature
as follows:

« This paper presents an overview of the important types of ocular
cancer based on literature and related to
ChatGPT applications.

« This paper highlights the potential role of ChatGPT applications

resources

in improving the health outcomes of individuals with the
ocular conditions.

« This paper identifies several challenges of ocular cancer and
suggests ways to overcome them.

« This paper presents some important research implications for
future studies in the area of AI applications and their use in the
context of ocular cancer.

Section 2 outlines the methodologies employed in this paper. In
Section 3, we provide the profound results and engage in in-depth
discussions concerning the crucial role and applications of ChatGPT
in addressing ocular cancer. Lastly, Section 4 succinctly summarizes
the cornerstone findings of this research, thereby underscoring
its significance.

2 Methods

Methodological approach adopted in this study is based on the
narrative review that presents a qualitative interpretation of
publications aimed at discussing the literature on the issues that may
increase the debate from scientific community (16).

2.1 Search strategy and selection criteria

To conduct this review, relevant references were identified
through the comprehensive searches in PubMed, Springer, ACM
Digital Library and ScienceDirect databases. The search terms utilized
for literature retrieval encompassed “Ocular cancer” OR “Eye cancer;,”
in combination with “ChatGPT application” OR “Open Al application”.

Table 1 illustrates the strategic employment of search keywords
across digital libraries.

Data extraction was performed by authors in three steps
as follows:

1 All articles covering the topic were selected for the final
inclusion in the review.

2 Authors read the articles and summarized the main features
such as ocular cancer types, causes, treatment, future directions
and references.

3 Authors read the articles and removed the overlapping and
redundancy among titles.

Authors (SA, AR, and MH) contributed to the data extraction
from the full-length articles. The search scope of this study was limited
to the Al application and ocular cancer. Other articles were manually
searched and added to the review to provide additional knowledge on
the topic. Overall, 20 articles were selected for the inclusion in this
review (Figure 1). For this purpose, we followed the PRISMA
guidelines (17).
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TABLE 1 Search keywords used on digital libraries.

Search keyword

10.3389/fpubh.2023.1338215

Digital library ~ URL

(((Ocular Cancer) AND (ChatGPT)) OR (Eye Cancer)) AND (ChatGPT) PubMed https://pubmed.ncbi.nlm.nih.gov/37266720/
(ocular AND cancer AND ChatGPT AND application) Springer https://link.springer.com/advanced-search
(Ocular cancer or eye cancer And ChatGPT application) ScienceDirect https://www.sciencedirect.com/search?qs=Ocular%20cancer%20
or%20eye%20cancer%20And%20ChatGPT%20application
Records identified through Additional records identified
Identification digital libraries searching from other sources
(n=58) (n=04)

Records after duplicate removed (n=57)

Screening

Eligibility

Records Records excluded
screened B | (n=30)
(m=57)
Full text of Full text records
records assessed excluded with
for eligibility reasons (n=02)
(n=27)
Records with other
topics on ChatGPT
(n=05)

Included

Records included in this
system review and meta-
analysis (n=20)

FIGURE 1
PRISMA flowchart.

2.2 Inclusion and exclusion criteria

Studies’ inclusion and exclusion criteria are given as

follows:

Full-text research articles published in English language were

considered in this narrative review. Specifically, articles published
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within the last 4years (from 2020 to 2023) were eligible for
inclusion. To ensure the integrity of the review, duplicate articles
were excluded. Additionally, grey literature, and book chapters
were omitted from this review study. Moreover, research articles
that did not relate to ocular cancer and ChatGPT were
also excluded.
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TABLE 2 Summary of ocular cancer types.

Ocular cancer

Retinoblastoma

Causes

RB1 gene mutations

Treatment

Chemotherapy, radiation, and

surgery

Future directions

Targeted therapies, gene therapies,

and immunotherapies

10.3389/fpubh.2023.1338215

References

Dimaras et al. (19) and

Ancona-Lezama et al. (10)

Ocular melanoma

Genetic mutations, UV

exposure

Surgery, radiation, and

immunotherapy

Personalized medicine, targeted

therapies, and immunotherapies

van Poppelen et al. (20) and
Ruan etal. (21)

Conjunctival melanoma

UV exposure, genetic

mutations

Surgery, radiation, and

immunotherapy

Targeted therapies, and immune

checkpoint inhibitors

Brouwer et al. (22)

Ocular Surface Squamous

Neoplasia (OSSN)

HPV infection, UV exposure

Surgery, topical chemotherapy,
and cryotherapy

HPV vaccination, targeted therapies,

and immunotherapies

Hollhumer et al. (23) and
Kozma et al. (24)

Intraocular lymphoma

Unknown (possibly viral

infections)

Chemotherapy, and radiation

Immunotherapies, targeted therapies,

and understanding viral links

Ghesquieres et al. (25) and

Hearne et al. (26)

Lacrimal gland tumors

Unknown (genetic and

Surgery, and radiation

Improved understanding of tumor

Emerick et al. (27)

environmental)

biology, and targeted therapies

Choroidal metastasis Breast and lung cancers Did not reveal

ChatGPT may help enhance human Au (28)

experience in healthcare

2.3 Document screening and data
extraction

Titles and abstracts of studies were checked for de-duplication.
Researchers of this study independently reviewed each document
against the eligibility criteria. Following the initial screening, full-text
records were collected to confirm the eligibility. No disagreement was
observed between reviewers.

3 Results and discussion

Based on the search strategy in four databases, 62 records were
collected (Figure 1). After removal of duplicate records, 57 articles
were further screened for eligibility. Of the remaining records, 30 were
excluded using the exclusion criteria. Resulting 27 records were
evaluated based on the full-length articles, after that 7 records were
excluded. A total of 20 articles were selected in this narrative review.
Subsequently results have been discussed in the following.

3.1 Important types of ocular cancer

To investigate the strength of ChatGPT in the identification of
ocular cancer types, we present the comparison of literature and
ChatGPT-generated text on ocular cancer types. Prominent venues
published articles on various types of ocular cancer. They reported
Retinoblastoma and Ocular Surface Squamous Neoplasia (OSSN) in
the study and found that the former type was more common than the
latter one (18). In the following table, we outline ocular cancer types,
their
relevant references.

respective causes, treatments, future directions and
The data presented in Table 2 varies due to differences in

treatment oprions, location, stage and individual patient
characterization. Seven types of ocular cancer have been identified
from the ChatGPT responses. UV exposure is mainly pointed out as

the main cause of different ocular cancer types. The table outlines

Frontiers in Public Health

future directions, offering potential areas where ongoing research
projects could be efficiently implemented. Aside from the causes of
ocular cancer, literature reports suggest that genetic mutation,
ultraviolet radiation, age, environmental exposures, viral infections
and hereditary conditions may also contribute to eye diseases (29,
30). Notably, Ocular Adnexal Malignancies has been missed by the
ChatGPT application (31). Regarding treatments as listed in Table 2,
the shift towards personalized medicine, especially in conjunctival
melanoma and ocular melanoma, reflects a growing trend in
oncology, moving away from generalized treatments towards more
individualized techniques. However, the treatment for Choroidal
Metastasis has not been widely explored in the literature. This gap is
exemplified by one of the studies by Au (28), as listed in Table 2,
which is marked with a ‘Did not reveal’ status. This indicates a
significant omission of a treatment strategy in the study. Furthermore,
the potential role of ChatGPT in enhancing healthcare experiences,
particularly for choroidal metastasis, signals an increasing
recognition of ATDs role in healthcare. However, this appears as an
isolated mention, indicating an early stage of Al integration in
this field.

A detailed analysis of the data in the Table 2 reveals that while
ChatGPT is a valuable resource, it is not without limitations as a
source of information for health data, particularly in the context of
ocular cancer types. Several important aspects of ocular cancer have
been overlooked by the ChatGPT application. This discrepancy may
stem from the data used to train ChatGPT, which remains current
only until 2021. The recent advancements in ocular cancer research
have not been incorporated into the training of the OpenAl
application. Consequently, we are unable to access updated and highly
accurate information regarding the causes and treatment of
ocular cancer.

3.2 Ocular cancer challenges

This section presents some challenges associated with the
ocular cancer.
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Challenges

W Infrastructure and resources

FIGURE 2
Publication wise ocular cancer challenges.

Publication wise ocular cancer challenges

0 0.5 1 1.5 2

No. of publications

B Financial barriers

B Limited access to health care services B Limited awareness

2.5 3 3.5 4 4.5

3.2.1 Limited awareness

In many developing countries, a critical lack of awareness about
the signs and symptoms of eye cancer persists, often leading to delayed
diagnosis and treatment. This issue is particularly true in rural areas
where access to healthcare and health education is frequently limited.
Targeted public health campaigns and educational initiatives are
essential to increase awareness among the general population,
healthcare professionals, and policymakers. Research has shown that
individuals in resource-limited economies often have limited
awareness and knowledge about the ocular cancer (32). Therefore,
education is a key factor in elevating public awareness about eye
cancer, especially in these vulnerable populations.

3.2.2 Limited access to health care services

The availability of specialized ophthalmic oncology services,
including expert ophthalmologists and oncologists, can be markedly
limited in certain regions of the world. This scarcity significantly
hinders the ability of people with eye cancer to receive timely and
appropriate care. A study conducted in the Middle East, West Asia,
and North African regions investigated the treatment capabilities
concerning retinoblastoma. This study further analyzed resources
such as diagnostics, advanced treatment, focal therapy and
chemotherapy (33). A significant disparity in the availability of
resources among these countries was evident. Consistent with
previous studies, recent research also showed that Retinoblastoma
care facilities were notably limited in Ethopia, predominantly
restricted to urban areas (34).

3.2.3 Financial barriers

The expense of diagnostic procedures, surgical procedures, radiation
therapy, and post-operative care may be prohibitive for patients due to
the high cost of eye cancer treatment. Cost is one of the leading factors
that increases difficulties in receiving better treatment modalities (35).
The literature overlooks this issue associated with the high cost of ocular
cancer treatment. One study solely presents the use of convolutional
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neural networks for detection of ocular abnormalities (36). Similarly,
another study examines the ocular melanoma in Polish population and
does not present cost associated with this type of ocular cancer (37).
Government initiatives, insurance coverage, and support
programmers are just a few examples of accessible and cheap
healthcare choices that can assist ease the financial strain on impacted
people and their families. There is a high cost on travelling and
referrals for the treatment of eye cancer (38). Delays in care may cause
the serious concerns and

challenges in receiving the

definitive treatment.

3.2.4 Infrastructure and resources

Effective management of eye cancer depends on the accessibility
of cutting-edge medical infrastructure, including diagnostic facilities,
treatment tools, and skilled healthcare personnel. Diagnosis, therapy,
and overall patient outcomes can all be improved by enhancing the
infrastructure and resources devoted to eye cancer care.

Several other challenges contribute to the rise of eye cancer in
different settings. United Kingdome healthcare system was impacted
by the COVID-19 pandemic. There was a considerable decrease in
melanoma referral patterns in UK during the first wave of
COVID-19 in 2020 (39). Since then recovery plan has been initiated
by the ocular oncology services.

As seen in Figure 2, financial barriers have been widely studied as
ocular cancer challenges in the literature. The second most examined
ocular cancer challenge is limited access to healthcare services,
followed by infrastructure and resource constraints, and limited
awareness, each documented in a single publication.

3.3 Potential role of ChatGPT to overcome
ocular cancer challenges

ChatGPT is designed to converse with users in natural language,
responding to their inquiries and assertions in a manner that simulates
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TABLE 3 Potential role of ChatGPT application.

10.3389/fpubh.2023.1338215

Problem Methods @ Advantages Disadvantages Recommendation References
Operative notes ChatGPT Supports to write Sufficient in fully comprehending | ChatGPT can be employed with Waisberg et al. (42)
documenting application operative notes the requirements human expertise.
Inherent complexity ChatGPT Plays promising role in Certain privacy concerns are Crucial consideration to Lawson McLean (43)
of operative notes application healthcare overlooked overcoming the data privacy of

patients
Answering question ChatGPT Provides 50% right Accuracy is not up to the required | Updated information can be used | Mihalache et al. (44)
related with application answers to questions standard to train ChatGPT and receive
ophthalmology more accurate results
Accuracy in answering =~ ChatGPT Shows better accuracy ChatGPT exhibits weaknesses in Continuous improvement in Pushpanathan et al. (45)
the ocular symptoms application ChatGPT-3.5 (59.5%) its medical acumen compared to ChatGPT could minimize the

and ChatGPT-4 (89.2%)

human experts.

inaccuracy in its performance

online discussion (40). Capable for addressing various topics, from
general knowledge questions to more specialized inquiries spanning
healthcare, travel, technology, and many other topics, the Chatbot can
comprehend and react to a wide range of topics.

Here are some potential ways that GPT-based chatbots could
be used to overcome ocular cancer challenges:

» Education and awareness: patients can get information from
chatbots about ocular cancer symptoms, risk factors, and
treatment options. Cancer patients continuously require online
sources to educate themselves. ChatGPT can provide them
information about ocular cancer. This may aid in raising
awareness and promoting early detection of ocular cancer, both
of which are essential for effective treatment outcomes. Recent
work evaluate the role of ChatGPT in providing recommendations
about breast, lungs, and prostate cancers (41). However, this
study overlooks the role of ChatGPT in giving information to
patients on ocular cancer.

Support for patients and caregivers: ChatGPT might offer help
and direction to patients and caregivers by responding to their
frequent inquiries and sharing details about available resources
and support services. ChatGPT helps patients cope with the
emotional impact of cancer, while patient caregivers assist them
in managing the distress caused by the disease. ChatGPT
reassures patients and caregivers that they are not alone (28). It
offers valuable social support to patients in their personal lives.
o Telemedicine and remote consultations: ChatGPT might make

it easier for patients and medical professionals to interact and

communicate online during telemedicine and remote
consultations. Patients who reside in distant or underdeveloped
locations, where access to specialized healthcare services may
be constrained, may find this to be of great use.

Research and development: ChatGPT could support ocular
cancer research and development by enabling access to
information and insights that could guide the creation of novel
therapies and treatments.

In developing countries, dealing with the effects of ocular cancer
requires a comprehensive approach. This entails disseminating
knowledge about the condition, boosting patient and family support
networks, expanding access to specialized care, and promoting early
identification through routine eye exams. Additionally, putting
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regulations in place to reduce the cost of ocular cancer treatments will
aid in more effective management and treatment for affected
individuals. Beyond these ChatGPT applications, existing literature
also emphasizes the potential applications of ChatGPT in ocular
cancer. Table 3 presents a summary of the literature on ocular cancer
along with its ChatGPT applications.

The current literature on cancer and related topics regarding
ChatGPT applications is rapidly emerging. Numerous published
works have highlighted the role of ChatGPT applications in healthcare,
with a particular focus on cancer (46, 47). However, only a limited
number of articles have been published on the potential role of
ChatGPT applications in enhancing the health conditions of ocular
patients. These studies primarily concentrated on generating operative
notes during surgical procedures (42, 43). This demonstrates a clear
trend towards leveraging the ChatGPT application to enhance
efficiency, as highlighted by its use in answering specialized questions
and documenting operative notes. While ChatGPT is emerging as a
useful tool in oncology, its effectiveness is tempered by concerns over
accuracy and comprehension. For instance, ChatGPT achieves only
50% accuracy in some cases (44), and shows limitations in
understanding complex medical treatments. In addition, Data privacy
has not been adequately addressed in the process of generating these
operative notes (44, 45). The data utilized in surgical operations is
highly sensitive and must be shared with the surgical staff in a cautious
and meticulous manner.

ChatGPT application demonstrates its widespread use in many
areas. GPT’s role in identifying the rare eye disease has been explored
in a research study (48). ChatGPT works as a consultation assistant for
patients and family physicians for referral suggestions. In addition,
ChatGPT application helps junior ophthalmologist in diagnosing the
rare eye diseases. All ChatGPT users need to be careful and cautious
to acknowledge the adequate referrals and verifications in clinical
settings. ChatGPT application is being applied in the world of
intelligent diagnostics, Literature reveals that ChatGPT has shown
potential in radiology and interpretation of the clinical images (49). It
has remarkably improved the clinical workflow and responsible
utilization of radiology services. Higher accuracy in clinical decision
making has been seen using the ChatGPT application (50). Trusting
the ChatGPT application is crucial for its adoption in healthcare,
considering that ChatGPT wasn’t primarily developed for healthcare
purposes. Overreliance on this technology might potentially result in
disseminating false information and health risks (51). Therefore, our
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efforts should focus on further enhancing the ChatGPT application to
differentiate between queries that it can manage effectively and those
that should be redirected to human experts.

Opverall, these insights indicate a future in which AI could play a
supporting and integral role in ocular cancer, necessitating
continuous advancements.

3.4 Research implications

Currently, Al applications have demonstrated a significant role in
ophthalmology, particularly in the areas of imaging and data
measurement. Conventional methods to diagnose ophthalmic disease
depend on the clinical assessment and image capturing devices for the
different modalities (52). These diagnostic methods are time
consuming and costly, and make ophthalmology one of the areas
suited to the recent deep learning models. ChatGPT application is
widely used in training curricula in medicine. Although ChatGPT
application is still in the research stage, it has shown promising results,
particularly in ocular cancer, where the potential role of AI is
extensively explored in the literature (53). In this context, ChatGPT
serves as a valuable tool to assist researchers and practitioners in
successfully transitioning to Al-based approaches in the field of ocular
cancer. By leveraging the capabilities of ChatGPT, professionals can
benefit from its insights and assistance, ultimately leading to improved
outcomes for patients. By sharing insights and potential data on the
Al platform, physicians may promote greater communication among
other doctors and patients (54). This way, physicians can make better
decisions by accessing the patients data and opinions from
colleague doctors.

Recent work explores the use of ChatGPT in the simulated
“Ophthalmic Knowledge Assessment Program” OKAP examination.
ChatGPT achieved an accuracy of 59.4% on the OpthoQuestions
testing set compared to a 74% accuracy by human on the Basic and
Clinical Science Course (BCSC) test set (13). Another research study
reported that ChatGPT attained 46% accuracy in answering
OpthoQuestions for the preparation of board examinations (44).
Compared to human performance on the testing set, ChatGPT
exhibited slightly lower performance (55). However, ChatGPT’s
performance is noteworthy and could be further enhanced with the
use of updated versions of ChatGPT. The latest versions of ChatGPT
can be trained with the most recent oncology data, ensuring higher
accuracy and relevance in healthcare. The recent version of ChatGPT
(v. 3.0) demonstrated limitations in controlling a question’s difficulty
as well as its cognitive level. This limitation should be considered for
future versions of ChatGPT applications.

In a most recent study, it was revealed that ChatGPT’s
performance in offering recommendations for cancer treatment
deviated from NCC guidelines (56). This is a major concern that needs
to be addressed in the near future. Although, ChatGPT largely
adhered to the NCC guidelines, instances of partial deviation should
be addressed in upcoming versions of the ChatGPT application.

ChatGPT could be future of the Al technology due to its features.
However, we need to evaluate and monitor it while using for the
communication of the eye cancer. Therefore, potential bias must
be eliminated to provide equal information to all populations.
ChatGPT shows limitations to answer the queries on the updated
information (57). ChatGPT is trained on the data collected prior to
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2021, and emerging information on eye cancer is not accurate and its
accuracy may be increased due to its training on the data collected to
date. While ChatGPT version 4.0 has addressed this deficiency to
some extent, there is a continued need for consistent enhancements
in future versions. A recent study reports that none of the existing
studies explored the proposal of AI model to diagnose the
Retinoblastoma (58). Common types of Retinoblastoma diagnosis
were based on the clinical examination and special signs (59). One of
the leading works used AI and Machine learning ML models to
analyze the images and numerical data (60). At this stage, the
interpretation of results is a very sensitive task in cancer research.
Therefore, ChatGPT could be incorporated to make interpretation
easier in studies involving the data regarding ocular cancer.
Additionally, AT models may be used in the future to detect and refer
ocular oncologies, specifically focusing on the lesions where treatment
is required.

The emphasis on telemedicine applications extends to ocular
cancer. Recent work highlights the considerations for implementing
teleophthalmology in Brazil as a future research direction (61).
Incorporating ChatGPT application with other technologies may give
rise to favourable approaches for physicians and patients in oncology.

A large volume of unstructured information in the form of
electronic health records (EHRs) is rather difficult to analyze using
traditional techniques (62). ChatGPT has the potential to revolutionize
oncology by analyzing vast amounts of information, uncovering
trends and patterns that might elude human detection. This innovative
tool could enable physicians in oncology to make more precise
decisions regarding diagnosis, treatment, and cancer prevention,
leading to highly personalized treatment plans tailored to individual
patients’ needs. Moreover, the strategic integration of ChatGPT with
EHRs could significantly reduce the workload of frontline healthcare
workers in oncology, providing crucial support and alleviating
workforce shortages, particularly during times of crisis (63). Due to
increased concerns about data security and privacy among Al
ChatGPT users, it could be integrated with blockchain technology to
ensure data consistency and protect medical data, thereby providing
traceable and secure usage in oncology medicine (64). Furthermore,
for the advancement of medical research in oncology, ChatGPT could
become a faster and more reliable source for searching medical
information and tracking the progress in the research field.

Teleconsultants benefit from ChatGPT application as they can
receive timely information regarding medical conditions, symptoms,
treatment and medication (49). This may help teleconsultants
understand patients’ concerns, needs and expectations. In
telemedicine, routine tasks include scheduling appointments,
sending reminders, and refilling prescriptions. ChatGPT helps
explore the virtual patient-physician interaction. A virtual assistant
based on ChatGPT may be developed to assistant healthcare
professionals in telemedicine to triage patients, and provide remote
guidance for home care (65). However, we have observed that
participants in such studies may encounter several issues while using
the AI application. For example, Caruccio et al. (49) reported that
during traditional consultations, patients communicate with
physicians who highly prioritize the privacy and confidentiality of
their interactions. However, a physician using the ChatGPT
application may inadvertently create ambiguity for patients, who
have a legitimate right to know whether they are interacting with an
AT application or a teleconsultant. Moreover, patients’ privacy and
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security could potentially be compromised when physicians input
sensitive information such as conditions, age, sex, and other factors
into the AI system for suggestions. Consequently, significant ethical
concerns regarding data privacy, security, accountability, and liability
may impose limitations on the utilization of ChatGPT in
telemedicine. During the COVID-19 pandemic, ocular oncology
faced new challenges with a focus on preventing SARS-CoV-2
exposure. Telemedicine stands out as a major option, setting new
standards for ocular treatment during unprecedented times (66).
However, a major challenge is to implement the safety measures for
healthcare workers and patients to enhance ocular cancer diagnosis
and treatment practices.

We noted “unknown” causes for several ocular cancers (25, 27),
highlighting areas for future research. Additionally, the ‘Did not
reveal’ status under the treatment for choroidal metastasis (28),
suggests a lack of consensus or insufficient information regarding
treatments, identifying a critical area for further research
and development.

4 Conclusion

This paper presents an overview of literature detailing the
challenges associated with the ocular cancer and explores ways to
overcome them using information obtained from the ChatGPT
application. This narrative review identified several significant
types of ocular cancer, exploring their causes, treatments, and
future directions. The strengths and limitations of the ChatGPT
application were thoroughly examined in this paper. Furthermore,
this review highlighted the challenges associated with ocular
cancer. Public health education, telemedicine and remote support
through ChatGPT are recommended approaches. Additionally,
further research and development in ChatGPT can aid in the
prevention of complex eye diseases, such as malignant tumors
inside the human eye. Early detection and standardized ocular
cancer treatment significantly reduce the risk of developing
this disease.

ChatGPT has promising role in managing ocular cancer, offering
advantages such as early detection, patient education, treatment plans
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Anonymizing at-home fitness:
enhancing privacy and motivation
with virtual reality and try-on
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Introduction: This study aimed to address privacy concerns associated with video
conferencing tools used in home-based exercise training. To that end, a method
that could anonymize participants’ appearances and exercise environments during
at-home fitness sessions was proposed.

Methods: This method combines virtual reality for 3-D human-model rendering
using key-points tracking with a virtual try-on system enhanced by UV mapping
and instance segmentation. To validate the proposed method, we conducted
a user study by recruiting participants to assess effectiveness of virtual reality
and virtual try-on in terms of privacy protection, self-confidence, and coaching
satisfaction.

Results: Experimental results demonstrated the effectiveness and improved user
experience of using virtual reality or virtual try-on in remote fitness, particularly
in enhancing privacy protection and self-confidence with statistical significance.
However, no significant differences were noted in coaching satisfaction.

Discussion: These findings confirmed the efficacy of our proposed approach. We
believe that the proposed approach can significantly contribute to the future of
remote fitness training, offering a more secure and engaging environment for
users, thereby potentially increasing adherence to fitness regimens and overall
physical wellbeing.

KEYWORDS

smart applications, fitness apps, virtual reality exercise, virtual try-on, physical health,
physical activity

1 Introduction

Exercise can improve physical appearance. It is also widely recognized as an essential
factor for enhancing and maintaining health in the long term. However, the proportion
of individuals engaging in insufficient physical activity remains high worldwide, rendering
them more susceptible to non-communicable diseases (1, 2). Furthermore, people in most
countries faced restrictions of physical activity during the COVID-19 pandemic, resulting
in significant reduction of overall physical activity levels (3-5). Although these restrictions
have started to ease, physical activity levels of people have not recovered fully (6, 7).

In light of these concerns, home-based exercise programs have gained attention as
potential alternatives as they can improve accessibility and save time. Home-based exercise
is a useful solution for busy individuals who struggle to balance work and physical activity.
For instance, home-based exercise has already been proven to be effective for various
groups, such as female caregivers with limited time for exercise (8), frail individuals (9),
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and geriatric patients with cognitive impairments (10). In response
to this demand, various online platforms have emerged and shared
exercise videos that can be followed at home, benefiting many
users. There is evidence that patients who undergo training using
recorded exercise videos following COVID-19 hospitalization show
encouraging cardiovascular, respiratory, and functional outcomes
(11). In addition, home-based exercises can provide clinical
benefits to individuals with severe SARS-CoV-2 infection (12).
However, participants in these home-based exercise programs
show a tendency to experience difficulty when first attempting
such exercises.

Video conferencing technology has gained attention in home-
based exercise training as it can provide real-time feedback
coaching and supervised exercise programs. Exercise training
using video conferencing can also provide motivation and offer
personalized exercise programs that overcome distance and time
constraints. Online exercise programs can provide guidance for
independent workouts and monitor continuous exercise, enabling
individuals to exercise conveniently from their own residences.
Moreover, exercise becomes possible anytime and anywhere with
internet connectivity, thus greatly mitigating limitations of time
and location.

Home-based exercise training programs often rely on screen
sharing for delivering exercise instructions. However, due to
privacy concerns, this method may not be considered ideal. This
is because exercise videos can contain personal information and
sharing videos from home-based training sessions could potentially
lead to unintended exposure of such details. In light of the growing
popularity of video conferencing tools, recent research has focused
on understanding vulnerabilities and risks associated with data
privacy in this context (13, 14). Furthermore, other recent studies
(15, 16) have highlighted privacy concerns among participants
in home-based fitness training, which can lead to reluctance in
video sharing.

Individuals participating in home-based exercise training often
need to expose their clothing and appearance to others, potentially
evoking Social Physique Anxiety (SPA). SPA is an emotional
response that arises from concerns about others scrutinizing or
judging their physical appearance (17). This anxiety is often
triggered when individuals feel their physique does not match
societal ideals of an “ideal body” (17). Elevated levels of SPA often
correlate with lower adherence to physical activity and decreased
participation rates in such programs (18). These individual
psychological factors, including privacy concerns, social pressure,
and self-consciousness, can make exercise participants hesitant
to share their videos, with many preferring not to share their
videos for these reasons (16). However, interventions aimed at
reducing SPA might significantly enhance motivation and promote
behaviors that encourage physical activity (17). Additionally, the
concept of self-presentational efficacy (SPE) expectancy, defined
as a subjective likelihood of successfully of conveying desired
impressions to others, has been identified as a key factor influencing
both exercise behavior and SPA (19). Elevating SPE expectancy
could potentially be an effective strategy to encourage engagement
in physical activity. It directly addresses SPA challenges in home-
based exercise programs and aligns with findings that link SPA and
SPE to physical activity participation (20).
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In support of these findings, Lee et al. (21) have provided
compelling evidence on benefits of using avatars in video
conferencing. Their study demonstrated that avatars, rather
than actual appearances, could enhance participant confidence
and engagement. Their findings reveal that using avatars can
foster better interactions, alleviate anxiety about appearances and
behaviors, and promote increased concentration and willingness
to engage in virtual communication. Similarly, observable changes
in physical activity (PA) have been noted in virtual environments
based on the selection of avatars. For example, it has been found
that overweight children randomly allocated to avatars depicting
a typical body size demonstrate enhanced performance in a PA-
centric video game (22). This cohort also displayed heightened
exercise motivation and a more favorable disposition toward PA
compared to their counterparts assigned to obese avatars. Likewise,
women assigned to slender avatars during engagement in a tennis
exergame exhibited heightened PA compared to those assigned to
obese avatars (23). These findings are reproducible within men
cohorts, wherein an association exists between increased PA and
allocation to slim rather than overweight avatars (24). This aligns
with the notion that modifying virtual self-representation, such as
through avatars, could be an innovative approach to manage SPA
and improve exercise adherence. From this perspective, this paper
presents a method to explore potential solutions for promoting
exercise participation and addressing privacy concerns associated
with home-based exercise training.

This study primarily focused on privacy concerns associated
with video conference technology used in home-based exercise
training programs. Additionally, we aimed to improve privacy
protection while exploring approaches to reduce the burden
caused by exposing the exercise environment and process, with
the goal of enhancing exercise motivation. To achieve this,
we first identified vulnerabilities of current video conference
technologies used and proposed alternatives to address privacy
concerns. Furthermore, we identified factors contributing to
perceived burden in an exercise environment and process
to suggest mitigation strategies. By doing so, we seek to
find safe and effective methods to utilize video conference
technologies in home-based exercise training while simultaneously
ensuring privacy protection and promoting user engagement
during exercise.

This study used a novel approach that could leverage VR
technology (3D human-model rendering based on 3D key-points
tracking) and virtual try-on network (UV mapping-enhanced
instance-segmentation-based virtual try-on network: UVI-VTON)
to mitigate constraints associated with user privacy protection
effectively while alleviating the burden experienced by users in
the context of screen sharing for educational purposes. The
remainder of this manuscript is organized as follows. Section 2
presents a review of related research from perspectives of VR-
based conference and VR-based exercise. Section 3 introduces
applications of VR and UVI-VTON in home-based exercise
training. Section 4 presents an empirical study evaluating the
usability of the proposed approach. Sections 5 describes statistical
analysis results and discussion of the usability survey. Section 6
then summarizes key findings of this study and suggests some
future research directions.
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2 Related work

This study was inspired by existing research incorporating VR
technologies, which could be broadly categorized into two groups:
VR and VTON.

2.1 Virtual reality

Currently, VR technology is gaining attention as a means
of promoting and assisting physical activity. The use of VR
in exercise has potential to generate more favorable effects
on physiological, psychological, and rehabilitative outcomes of
individuals than conventional exercise methodologies (25). Prior
to the COVID-19 pandemic, these studies were already underway,
showcasing the efficacy of virtual reality interventions. For
instance, a comparative study between virtual reality game
exercises and ball exercises has highlighted superior benefits of
VR games in enhancing balance abilities of older adults (26).
Arlati et al. have introduced VR-based SocialBike, tailored to
improve clinical outcomes in older adults (27). Furthermore, a
study focusing on individuals with cardiovascular diseases has
demonstrated significant enhancements in body composition, lipid
profile, and eating patterns through cardiac rehabilitation within
a virtual reality environment in comparison with conventional
rehabilitation methods (28).

Since the onset of the COVID-19 pandemic, there has been a
resurgence of interest in this research domain. Previous research
has indicated that virtual reality exercise and fitness apps can be
used as effective strategies for enhancing physical and mental
wellbeing during the pandemic period (29). Additionally, during
COVID-19 lockdowns, empirical studies have demonstrated
that the use of smart applications, including live streaming
exercise classes and virtual reality fitness programs, has a positive
impact by promoting physical activity (30). The necessity of
replacing outdoor exercise with a viable alternative has been
increasingly emphasized since the COVID-19 outbreak. VR
has stood out as a pivotal alternative to outdoor exercise,
demonstrating a substantial capacity to improve cognitive
function and mitigate motor disabilities (31). In particular, there
have been active discussions on the necessity and effectiveness
of alternative exercises in academic circles for individuals
facing difficulties with outdoor activities, such as older adults
(32), patients with post-COVID-19 condition (33), patients
recovering from COVID-related pneumonia (34), physically
inactive individuals during the COVID-19 lockdown (30),
and patients diagnosed with Parkinson’s disease (35). In
addition, both specialized and gaming VR can be effective
with
VR showing potential for improving balance in patients with

in treating upper-extremity impairments, specialized
neurological conditions (36). In contrast to studies focusing
on individuals with specific physical limitations, the study by
Ng et al. (37) investigated the impact of VR- or augmented
reality (AR)-enhanced training on physical activity in healthy
individuals through a meta-analysis to. It demonstrated that
VR intervention had substantial effects on physical activity
levels, minor effects on performance, but no effects on

psychological outcomes.
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2.2 Virtual try-on network

VTONSs leverage advanced computer-vision and machine-
learning techniques to simulate the process of virtually trying on
clothing items. By overlaying virtual garments on a user’s body,
individuals can visualize how different clothing items would look
on them without actually wearing them. Recent advancements in
deep-learning-based VTONSs have shown significant improvements
in clothing synthesis performances. For instance, context-driven
virtual try-on network (C-VTON) (38) employs discriminators
specific to different types of contextual information, allowing
enhanced clothing synthesis quality. The dual-branch collaborative
transformer (DBCT) (39) utilizes a transformer-based architecture
and cross-modal information to improve the virtual try-on process.
To address the alignment of target garments to corresponding body
parts, a novel global appearance flow estimation model has been
proposed, which warps clothing spatially (40). The Dress Code
dataset (41) containing images of diverse categories of clothes has
also been introduced. This dataset enables the generation of high-
resolution try-on images. These virtual try-on technologies have
been utilized for virtual fitting in online shopping. Several studies
have investigated their impacts. Research has shown that attitudes
of consumers toward virtual try-on can influence their online
purchasing behaviors (42). Furthermore, a review of literature has
shown a wide range of psychological (cognitive, emotional, and
social) and behavioral consequences associated with virtual try-on
in the context of shopping (43).

3 Methods

The aim of this study was to develop a methodology utilizing
deep-learning-based models to safeguard the privacy of individuals
engaging in home-based exercises and to encourage exercise
participation. Specifically, the methodology consisted of two key
features: (1) VR (3D human-model rendering based on 3D key-
points tracking); and (2) virtual try-on network (UVI-VTON). The
3D human model rendering was designed for real-time motion
tracking and avatar rendering based on images of individuals
engaged in movement. It was generated by predicting joint
positions of users using deep-learning algorithms and mapping
them to a prebuilt human model. The UVI-VTON was developed
to enhance video generation speed compared to the conventional
virtual try-on network, enabling real-time video generation while
improving video quality. It could generate an image of the user
wearing different clothing, allowing them to exercise without being
self-conscious about their appearance.

To evaluate the effectiveness and usability of this methodology,
we conducted experiments and a usability survey. Experiments
involved testing performances of deep-learning models used in
real-world scenarios. The usability survey involved evaluating
user experiences of the methodology, including user satisfaction
and feedback assessments on coaching effectiveness from the
perspectives of privacy protection and motivation. In this
section, we will describe each of these components in detail,
including methods used, results obtained, and implications for
future development.
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3.1 VR: 3D human-model rendering

The skinned multi person linear (SMPL) model widely used
in computer vision was employed as the 3D human model to
construct human shapes. The SMPL model comprised a 3D body
mesh that could transform shapes of the joints and muscles of
a person to resemble their actual appearance depending on body
shape and key points. The SMPL model could be rendered from
estimated parameters based on real-time image frames. Estimated
SMPL parameters could then be used with deep-learning-based
3D key-points estimation models. This instance 3D key points
estimation model has been discussed in various ways in the field of
computer vision. As shown in Figures 1A, B, HRNet was adopted
(44) to detect and track 3D key points of a person from a single
image frame.

The SMPL model represents the shape of a person without
clothing. Using the generated model as an avatar can potentially
make users feel uncomfortable and unpleasant. In this research,
to create a more comfortable and confident representation of
the user, the avatar representing the user tried on clothing.
Furthermore, various clothing designs were implemented with the
ability for color selection to reflect individuality of the user to
achieve effects discussed in a previous study (45). This demonstrate
that increased avatar personalization can lead to greater body
ownership, presence, and emotional responses. As shown in
Figures 1C, D, the SNUG model (46) was adopted to try on clothes
over vertices of the SMPL mesh. This model utilizes physical
loss to depict dynamic aspects of clothing by taking into account
movement speed of the human body, resulting in a more realistic
representation of garments. Three types of top and two types
of bottom apparel were applied to the SMPL model (47) using
this approach.

3.2 UVI-VTON: user image regenerated
with reference garments using generative
adversarial network

For training the UVI-VTON, we captured movements of
subjects performing yoga and weight training. These two exercise
types were used in our home-based training application. One
experimental group composed of 14 males and 7 females who
performed weight training. Another experimental group consisted
of 6 males and 14 females engaged in yoga, resulting in the
collection of exercise videos from a total of 41 participants. Each
participant executed 10 prescribed movements specified in Table 1
for a single exercise category, i.e., either yoga or weight training. For
each exercise movement, participants alternated between wearing
four sets of upper- and lower-body clothing and performed exercise
movements iteratively. This process resulted in a total of 40 sets of
exercises (1 exercise category x 10 movements x 4 clothing sets)
performed by each participant. As shown in Figure 2, these scenes
were captured using a setup of eight synchronized cameras (GoPro
Hero5) positioned to face the subject, with each video recorded
at 30 frames per second. The resulting dataset contained a total
of 20,606,496 image frames (8 cameras X 2,575,812 image frames
extracted from the exercise videos of 41 people) that captured
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activities of the 41 participants across the 8 cameras. This dataset
was used to train the model.

UVI-VTON
segmentation predictor, a try-on network for the top (TON-T),

consisted of three main components: a
and a try-on network for the bottom (TON-B). The segmentation
predictor generated a segmentation image from the raw image,
where areas for wearing top and bottom garments were indicated
explicitly. This segmentation image was utilized by the two try-on
networks to try on respective clothing items.

As shown in Figure 3A, the UV field was extracted from
the raw image (I"™) using Densepose (48), enabling pixel-
level recognition of human body parts in the image and
estimation of their 3D positions and orientations, which were
then visualized as density maps. Subsequently, the segmentation
predictor applied segmentation maps to this UV field, generating
a segmentation image I°®) that delineated a total of 12
distinct body parts: top, bottom, head, neck, left arm, right
arm, left hand, right hand, left leg, right leg, left foot, and
right foot.

As shown in Figure 3B, the top garment (G™) was processed
through the garment warping network (GWN), resulting in a
warped top-garment image (Ié,zljmm) that was fed to TON-T.
Additionally, the raw image (I"*") was segmented to produce
the semantic segmentation image (I°%¥), generating parts for
I;zfn) in the
process of trying on the top. Both these images were used as inputs
to TON-T. Applied inputs were then synthesized through TON-T,
resulting in the predicted top-replaced image (I;‘Z 4)- This process

top
I pred

preservation (I;i‘gsm) and skin parts for regeneration (

could simulate a person trying on the top garment to produce

wherein the person appeared to be wearing the replaced top.
To try on G', semantic segmentation was utilized and divided

into three masks: a mask for G'? (M ‘op

garment
skin (M fop

skin
mask (Mf,‘;ﬁsm) consisting of the bottom, head, both hands, both
legs, and both feet. The GWN was used to warp G to match

the shape of M;;I:men I was divided into

), a mask for upper-body

) consisting of both arms and neck, and a preservation

.. top
1> resulting in Ty,

preserved parts (I;Zf;m) determined by M}%’SEW and regenerated
skin parts (Istifn) of the upper body defined by M “op

<kin- Consequently,

I}t)ifsm, Iﬁ,ffn, and I;fmw were combined as inputs to TON-T to
. top
predict I pred’

TON-B had the same pipeline as TON-T, with the only
difference being the reference garments (top or bottom) that users
tried on. Similarly, the bottom garment (G'"°™) was processed

through the GWN, resulting in a warped bottom-garment image
0,

(I%9ttom ) that was then fed to TON-B. Additionally, I;P was

garmen red

segmented by I°®® to generate parts for preservation (I}l,’fggf‘f) and
[bottom
skin

the bottom. Both these images were then used as inputs to TON-

skin parts for regeneration ( ) in the process of trying on

B. These inputs were then synthesized through TON-B, resulting

in the predicted top-and-bottom-replaced image (I;;I; g bmmm). This

process simulated a person trying on the top and bottom garments,

.. top, bott . .
resulting in I ‘Z y 1™ wherein the person appeared to be wearing

the replaced top and bottom apparel.
To try on G""™ semantic segmentation was utilized and

divided into three masks: a mask for G0 (Mggﬁfg;’,‘”), a mask

for lower-body skin (Mf]fi;mm) consisting of both legs, and a
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FIGURE 1

Procedure for 3D human modeling with cloth. Given the raw frame (A), the detected 3D key points (B) are mapped to a 3D human model (C)
constructed using SMPL model (47). Sub