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Abstract

Cardiovascular prevention quidelines are based on robust evidence, yet their implementation in primary
healthcare remains inconsistent due to systemic barriers, workload pressures and insufficiently adapted
tools. The 2025 European consensus emphasizes the need for multidisciplinary teamwork, digital innovation
and equity-focused strategies to strengthen prevention across diverse healthcare systems. Translating these
recommendations into actionable, context-specific approaches is essential to close the evidence-practice gap
and improve population cardiovascular outcomes.

Key words: primary healthcare, cardiovascular diseases, implementation science, preventive health services,
guideline adherence
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Highlights

workload challenges.

strategies.

+ Cardiovascular prevention guidelines remain under-implemented in primary care due to systemic barriers and
+ The 2025 European consensus calls for multidisciplinary teamwork and equity-driven approaches in prevention

« Digital health tools and context-specific adaptation are essential for improving cardiovascular risk management.
+ Closing the evidence—practice gap can enhance population-level cardiovascular outcomes across healthcare systems.

Introduction: From guidelines
to everyday practice

The past 2 decades have witnessed a proliferation of cardio-
vascular prevention guidelines produced by national, Euro-
pean and global professional societies. Their scientific quality
is rarely questioned; most are grounded in robust evidence
and formulated through rigorous consensus processes. Yet,
many of these recommendations cannot be implemented eq-
uitably at scale in real-world practice. As the frontline of pre-
vention and long-term management of cardiovascular disease
(CVD), primary healthcare has a pivotal role, but systemic
and structural barriers frequently constrain implementation
efforts. The paradox is striking. Even though we now possess
unprecedented knowledge about reducing cardiovascular
risk, incorporating this evidence into routine clinical care
continues to pose a significant challenge. The COVID-19
pandemic underscored the fragility of preventive services
and amplified existing inequities.! Although the acute dis-
ruptions have eased, persistent health inequalities — driven
by structural determinants — remain a key obstacle to im-
proving cardiovascular outcomes.

Several factors underpin this gap. Primary care clini-
cians face heavy caseloads, limited consultation times and
competing priorities. Guidelines, frequently designed with
hospital-based populations in mind and without adequate
consultation with primary care providers, may not fully
account for the complexity of multimorbidity or the social
determinants of health that shape outcomes in the com-
munity.2 Moreover, the lack of standardized tools for
continuous professional feedback and quality improve-
ment limits effective implementation.® The consequence
is a pattern of underdiagnosis, therapeutic inertia and wide
disparities in preventive care across Europe.

Against this backdrop, the 2025 scientific statement jointly
issued by the European Association of Preventive Cardi-
ology, the European Society of Cardiology (ESC) Council
for Cardiology Practice, the Association of Cardiovascular
Nursing and Allied Professions, WONCA (World Organiza-
tion of National Colleges, Academies and Academic Associa-
tions of General Practitioners/Family Physicians) Europe,
and European Rural and Isolated Practitioners Association
(EURIPA) represents a critical step forward.? By explicitly ad-
dressing the realities of primary care, it seeks to harmonize

recommendations, highlight implementation gaps and pro-
mote system-level engagement. Its central message is clear:
Cardiovascular prevention cannot succeed without stronger
integration of guidelines into the daily practice of general
practitioners, nurses and allied professionals.

Why is implementation
so difficult?

Despite decades of progress in cardiovascular medicine,
translating preventive recommendations into primary care
remains fraught with obstacles. One of the most persis-
tent is the structural fragmentation of healthcare systems
across Europe. Such gaps are difficult to overcome, since
they reflect structural differences in how health systems
are organized. While complete harmonization across
countries is unlikely, progress may come from shared
principles and adaptable coordination models.

At the same time, primary care professionals carry a work-
load that continues to expand in volume and complexity. Ris-
ing numbers of older patients with multimorbidity, coupled
with limited workforce growth, leave general practitioners
and nurses with little time to address prevention systemati-
cally. Large multicountry programs consistently document
these shortfalls, including suboptimal risk factor control
and persistent care gaps in patients with multimorbidity.*>

Another major challenge lies in the limited availabil-
ity of locally adapted tools that fit into the daily routines
of family practice. Risk calculators, decision support sys-
tems and patient education resources often remain inac-
cessible, overly complex or poorly integrated into elec-
tronic health records. This limits their use during short
consultations and reduces their relevance in resource-
constrained environments.

Finally, clinicians face a paradox of abundance. The sheer
volume of guidelines produced by multiple professional
bodies, each with nuanced recommendations, creates
confusion rather than clarity.® Without concise, opera-
tional guidance adapted to primary care realities, preven-
tive cardiology risks remaining aspirational rather than
actionable,” a conclusion echoed by EUROASPIRE V/VI*
and AFFIRMO,® which highlight the gap between recom-
mendations and everyday delivery of care.
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Key messages of the consensus

The 2025 consensus highlights that prevention cannot
be delivered by physicians alone. Multidisciplinary and
team-based models are the foundation of effective cardio-
vascular risk management. General practitioners, nurses,
dietitians, pharmacists, psychologists, and community
health workers each bring complementary expertise that
can improve adherence and continuity of care. The most
tangible pathway to scaling prevention across European
health systems is shifting from a physician-centered
to a team-centered approach. Digital innovation is an-
other defining feature of the statement. Integrating tele-
medicine and decision support into everyday workflows
offers the potential to extend the reach of primary care,
particularly in underserved or remote regions. Technol-
ogy should be regarded as an enabler rather than a substi-
tute for clinical judgment. The challenge is to ensure that
digital tools are interoperable, user-friendly and accessible
across settings with variable resources. Ongoing training
in digital literacy for healthcare staff is essential to maxi-
mize the benefits of these innovations.

The document draws special attention to vulnerable
populations. People with multimorbidity, migrants and
residents of rural or deprived communities often experi-
ence systematic disadvantages in access to timely preven-
tion.® The consensus sets a benchmark for more inclusive
cardiovascular health strategies by explicitly acknowledg-
ing these groups. It frames prevention as a biomedical issue
and a matter of equity and social responsibility. Including
clinical illustrations such as chronic venous disease, el-
evated lipoprotein(a) and inflammatory rheumatic disor-
ders exemplifies the need for broader thinking in primary
care. These examples highlight conditions that cut across
specialties, often overlooked in standard prevention frame-
works, yet highly relevant to everyday practice.’ Their se-
lection signals a call to widen the lens of cardiovascular
prevention and adapt strategies to the complex realities
of patients in primary care.? The consensus also empha-
sizes the importance of ongoing professional development
to keep abreast of new scientific evidence and improve
communication skills, cultural competence and motiva-
tional interviewing — core elements of effective preventive
counseling across diverse populations.

Implications for general
practitioners

For general practitioners, the challenge is translating rec-
ommendations into the constraints of a brief consultation
and keeping pace with the increasing complexity of evolv-
ing guidance, which reinforces the need for continuous
professional development. With only 10-15 min avail-
able, including the time required to review prior history
and document decisions, preventive cardiology must often

be reduced to its most pragmatic elements. While longer
consultations would be preferable, realistic prioritization
and alignment with patient expectations remain essential.
This requires focusing on tools and approaches that can
be used efficiently, without adding excessive burden to al-
ready crowded agendas.

Risk assessment remains the cornerstone of prevention.
Instruments such as SCORE2 or mobile-based calculators
allow rapid cardiovascular risk estimation and seamlessly
integrate into electronic health records. Their most sig-
nificant value lies in enabling clinicians to stratify patients
quickly, identify those requiring intensified intervention
and open conversations about behavior change. To be ef-
fective, these tools must be simple, reliable and embedded
into clinical routines rather than existing as standalone
resources.t’

Equally important is the emphasis on shared decision-
making and personalization of therapy, yet these processes
are time-intensive and difficult to achieve fully within
the constraints of short consultations. Preventive care
gains credibility and durability when it reflects patient
values and priorities. General practitioners who engage
patients in goal setting, acknowledge barriers and tailor
interventions are more likely to achieve sustainable be-
havior changes and treatment adherence.

The role of the general practitioner must also be under-
stood within a broader team context. Nurses, pharmacists
and link workers can take responsibility for education,
follow-up and care coordination. By redistributing tasks
across a multidisciplinary team, preventive strategies be-
come more feasible and less dependent on the physician
alone.!! This team-based approach is essential to bring
guidelines to life in the day-to-day practice of primary
care.!? It is important to note that digital literacy and ad-
equate training in decision support tools are prerequisites
for successful implementation, ensuring that technologies
reduce, rather than increase, the workload of physicians.

The evidence-practice gap

The promise of cardiovascular prevention remains only
partially realized, with wide gaps between evidence and
routine practice. Persistent regional inequalities across
Europe illustrate the challenge. In some countries, struc-
tured prevention programs and strong primary care sys-
tems have delivered measurable progress, while in oth-
ers, resource limitations and fragmented services have left
high-risk populations without consistent support. Such
variation reflects not only differences in funding but also
disparities in health literacy, workforce capacity and politi-
cal commitment to prevention.

Even where guidelines are well disseminated, clinical
targets remain poorly achieved. Rates of optimal control
for low-density lipoprotein cholesterol, blood pressure
and glycemia are consistently inadequate. This failure



is not simply the result of patient non-adherence but also
of therapeutic inertia, insufficient follow-up and the ab-
sence of systematic monitoring within primary care.!®
The consequence is that millions of Europeans live with
preventable cardiovascular risk that remains unaddressed
despite clear evidence on how to reduce it.

Compounding the problem is the lack of reliable indica-
tors to assess implementation in real-world practice. Most
health systems can report prescription volumes or hospital
outcomes, yet very few collect data on whether preventive
strategies are delivered during primary care consultations.
Without suitable ways to assess implementation, quality
improvement efforts risk lacking direction and account-
ability. However, indicators alone are unlikely to provide
the solution unless co-designed with practitioners and
embedded in supportive systems. The development and
integration of standardized processes and outcome mea-
sures within electronic health systems are urgently needed
to close this gap.1*

Closing the evidence—practice gap requires a stronger
focus on real-world evidence and practice-based research.
Embedding pragmatic trials and observational stud-
ies in everyday primary care would provide the insights
needed to adapt guidelines, overcome barriers and deliver
prevention that is both evidence-based and feasible in daily
clinical work.'> Equally important is patient participation
in the co-design of prevention strategies, where patients
act not simply as recipients of care but also as partners
in developing, testing and refining interventions that fit
their life realities.!®

The rural primary care setting

The specificity of the rural primary care setting deserves
a more profound analysis. Rural primary care teams face
persistent barriers to following CVD prevention guide-
lines, including workforce shortages, brief consultations
and competing acute demands that crowd out structured
prevention.? Limited on-site diagnostics and referral
bottlenecks (e.g., natriuretic peptide testing and echo-
cardiography access) delay risk stratification and timely
treatment initiation. Fragmented information flows and
poor interoperability of electronic systems hinder the use
of decision support, audits and shared records across dis-
persed services.!”

Guidelines are often lengthy and hospital-centric, offer-
ing insufficiently tailored, feasible steps for multi-morbid,
older patients commonly seen in rural practice. Socio-
economic determinants — lower health literacy, travel
costs and limited access to nutritious food — compound
adherence challenges and widen prevention gaps. Time
constraints and digital literacy gaps reduce uptake of risk
tools (e.g., SCORE2/QRISK) and undermine shared deci-
sion-making during short visits. Telehealth and remote
monitoring could mitigate distance barriers, but added
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data processing and workflow burden can offset benefits
without resourcing. Policy-level enablers (e.g., European
Health Data Space; national CVD strategies) require lo-
cal funding and adaptation to become usable in small
practices.

Overall, practical, concise and context-adapted guidance
— embedded into interoperable IT with team-based path-
ways — is essential to close rural implementation gaps.'®'8
Community collaborations, such as those involving local
schools, employers and municipalities, can expand pre-
vention efforts beyond clinics and help create healthier
rural environments. A short, structured self-care coach-
ing intervention combined with assessment of caregiver
contribution is beneficial in rural settings.!”

A system-level perspective

Sustainable cardiovascular prevention depends not
only on clinical knowledge but also on the organization
of health systems. What is required are prevention mod-
els that are simple, scalable and financially sustainable.'®
Strategies must focus on streamlined pathways that can be
delivered consistently across diverse settings, from urban
centers to rural practices with limited resources.

European and global health policies provide a framework
for such efforts. The European Health Data Space promises
to improve data interoperability and facilitate monitor-
ing of preventive care. Initiatives such as the European
Commission’s Healthier Together strategy and the World
Health Organization’s (WHO) commitment to Univer-
sal Health Coverage underline the importance of equity
in prevention. These frameworks highlight the need for
patient-centered, transparent and accountable systems.

Yet, international declarations alone are insufficient.
Translation into local practice requires strong national
strategies, adequate funding and political will. Primary
care providers must be supported by reimbursement
schemes, workforce planning and digital infrastructure
that make prevention practical and sustainable. Policy
strategies that enable integrated healthcare and build
strong multidisciplinary healthcare networks to enhance
interprofessional communication and referral pathways
are also crucial to implementing recommendations in pri-
mary care settings.'

Cardiovascular prevention will remain fragmented and
uneven without alignment between global ambitions and
national implementation.

Innovations and the future
of prevention

The future of cardiovascular prevention in primary care
may be shaped by innovations that extend beyond tradi-
tional models of care. Remote monitoring and telehealth
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are already transforming the management of chronic con-
ditions.?® Continuous tracking of blood pressure, heart
rate or rhythm through wearable devices enables earlier
detection of deterioration and more timely interventions.?!
Artificial intelligence applied to these data streams offers
the possibility of personalized risk prediction and decision
support that adapts to the complexity of multimorbidity
often encountered in general practice.

At the same time, personalized medicine must move be-
yond genomics to encompass psychosocial and cultural de-
terminants of health. Effective prevention depends on bi-
ological risk and behaviors shaped by family dynamics,
education, employment, and community environments.
Recognizing and integrating these determinants into risk
assessment and management strategies can make preven-
tive care more relevant and sustainable.??

Community resources represent another frontier for
innovation. Link workers, peer support groups and cul-
turally adapted education programs help bridge gaps
between clinical advice and lived reality.?® Religiosity
and spirituality, too often overlooked in biomedical dis-
course, may provide resilience, reduce stress and encour-
age adherence to healthy behaviors. Incorporating such
dimensions does not replace evidence-based medicine
but enriches it, anchoring prevention in the context of pa-
tients’ lives.?*

Taken together, these innovations point to a future
in which prevention is more technologically sophisticated
and more human-centered. The challenge will be inte-
grating digital advances with social and cultural realities,
ensuring equitable access and meaningful outcomes.?®

Call to action

The implementation of cardiovascular prevention in pri-
mary care represents a dual challenge that is both medi-
cal and societal. Success requires the rigorous application
of evidence-based medicine combined with explicit recog-
nition of the social, cultural and economic determinants
that shape health behaviors and access to services. Without
an integrated perspective, guidelines risk remaining scien-
tifically robust but operationally ineffective, with limited
impact on population-level outcomes.

Strengthening the evidence base specific to primary care
is a critical priority. Recommendations relying on hospital-
based studies do not adequately capture the multimorbid-
ity, diagnostic uncertainty, and socioeconomic diversity
characteristic of community populations. Pragmatic trials,
practice-based research networks and real-world evidence
are necessary to evaluate preventive interventions’ feasibil-
ity, effectiveness and scalability within everyday consulta-
tions. In parallel, sustained investment in education and
professional development is required to equip clinicians
with the competencies to deliver high-quality prevention
in settings constrained by time and resources. Guidelines

must evolve toward simplicity and operational clarity, pro-
viding concise and actionable recommendations bridging
the research and practice gap.

International collaboration remains central to prog-
ress. Professional societies, policymakers and patient or-
ganizations should work collectively to promote coherent
standards while allowing adaptation to national and local
contexts. Equity must be the guiding principle, ensuring
that vulnerable populations are prioritized in implementa-
tion strategies.2¢

The consensus statement provides a critical platform.
The next step is to translate shared aspirations into coor-
dinated action that strengthens primary care and mitigates
the global burden of CVD. A transition from aspiration
to implementation requires naming specific levers that can
be activated without adding complexity to already pres-
sured primary care. At system level, embedding concise
and context-adapted preventive steps into existing elec-
tronic workflows — rather than creating parallel processes
— is essential to make adherence feasible during brief con-
sultations. Implementation can further be enabled through
financing schemes that allow redistribution of preventive
tasks within multidisciplinary primary care teams, and
through co-design of care pathways with patients and com-
munities to ensure cultural fit, equity and uptake across
heterogeneous settings.

Use of Al and Al-assisted technologies

Not applicable.
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Abstract

The rising prevalence of chronic diseases presents a major challenge to healthcare systems worldwide,
particularly within primary care. While advances in diagnostics and therapeutics have improved disease
management, traditional care models often neglect the individual contexts and lived experiences of patients.
Personalized medicine (PM) offers a paradigm shift from standardized treatment approaches toward patient-
specific care, integrating biological, behavioral and psychosocial dimensions to optimize outcomes. This
editorial synthesizes findings from the Regions4PerMed (Horizon 2020) project, encompassing focus groups,
stakeholder surveys and best practice analyses across 20 European countries. Stakeholders from government,
academia, patient organizations and healthcare practice, identified key barriers to PM implementation, includ-
ing fragmented data systems, insufficient clinician training and limited patient engagement. Cross-border
data exchange standards, integration of real-world evidence (RWE) and sustainable funding mechanisms
emerged as critical enablers of progress.

The transition from concept to practice requires aligning policy, technology and human factors. Personalized
care extends beyond genomics and precision therapies to encompass communication, motivation and shared
decision-making. Training healthcare professionals in holistic competencies, enhancing digital literacy and
promoting trust in data-driven systems are essential for successful adoption. By reframing personalization
as both a scientific and relational endeavor, PM can strengthen chronic disease care through more adap-
tive, patient-centered models. Coordinated action across policy, education and technology domains is vital
to embed personalization into everyday clinical practice and ensure sustainable, equitable healthcare delivery
across Europe.

Key words: health policy, patient-centered care, primary health care, chronic disease, personalized medicine
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Highlights

ment precision, response and long-term outcomes.

+ Personalized medicine advances chronic disease management through patient-specific strategies, improving treat-

+ Cross-border data sharing, real-world evidence (RWE) integration and sustainable funding models are vital for
the successful implementation of personalized medicine in Europe.

+ Coordinated health policies, clinician education and active patient engagement are essential to translate personal-
ized medicine into clinical practice and enhance healthcare quality.

Introduction

The growing burden of chronic diseases poses a major
challenge to healthcare systems, particularly in primary
healthcare. While medical progress has improved diagnos-
tics and treatments, care delivery often overlooks patients’
individual contexts. There is a clear shift from a “one size
fits all” model toward patient-specific strategies, including
targeted therapies, to achieve optimal outcomes.!"? Person-
alized medicine (PM) reflects this shift, focusing on differ-
ences between patients with the same disease and matching
treatments to subgroups to improve precision and effective-
ness, while also predicting individual therapy responses.

However, implementing PM faces systemic and practi-
cal barriers. Stakeholder consultations across 20 European
countries highlighted the need for cross-border data ex-
change standards, better integration of real-world evidence
(RWE) into decisions and sustainable funding. Successful
implementation demands coordination between health pol-
icy, healthcare system capacity and patient organizations.®

This editorial examines the practical implications of PM,
drawing on studies involving stakeholders from govern-
ment, patient organizations, academia, clinical practice,
and law at national and international levels. Personalized
care goes beyond technology; it requires a deep under-
standing of the individual within the healthcare ecosys-
tem. Key areas shaping the PM agenda include: evolving
definitions, medical data systems, health policy, economic
sustainability, clinical training, patient engagement, and
dissemination of reliable information.

We also address barriers such as inadequate training and
lack of incentives, as well as potential solutions: holistic
care models, increased research investment, and devel-
opment of interactive tools for self-monitoring and share
decision-making. By addressing these challenges, PM can
shift from concept to practice, enhancing outcomes for
patients with chronic diseases.

The increasing prevalence of chronic diseases — such
as cardiovascular conditions, diabetes and chronic respi-
ratory illnesses — has become a defining feature of global
health in the 21%t century.*® These conditions account for
most morbidity, mortality and healthcare expenditures
worldwide. Significant advances have been made in phar-
macotherapy, diagnostics and clinical guidelines. Yet

despite these developments, a critical disconnect persists
between the biomedical management of chronic illness
and the broader lived experience of patients.®

Personalized medicine has emerged as a promising para-
digm to bridge this gap. Initially rooted in genomics and
biomarker-driven treatment, the field has gradually ex-
panded its scope to include a more comprehensive under-
standing of the patient. According to Epstein and Street,
patient-centered communication goes beyond a clinical
technique to represent a moral obligation.” In this context,
personalization must encompass not only biology, but also
behavior, beliefs and biopsychosocial environments.

The findings presented in this editorial are grounded
in multiple qualitative and mixed-method studies conducted
within the framework of the Regions4PerMed (Horizon
2020) project. One study employed focus group methodol-
ogy, bringing together stakeholders including representa-
tives of Polish government institutions, patient advocacy
organizations and financial bodies to explore barriers and
facilitators to implementing PM.® Another research phase
involved a semi-structured survey of 85 respondents from
20 countries. Participants included policy officers, project
managers, scientists, physicians, and legal advisors, offer-
ing diverse perspectives on PM implementation challenges
and enablers at micro-, meso- and macro-regional levels.
The 3" component drew from the findings of the conference
Health Technology in Connected & Integrated Care, held
under the Horizon 2020 project “Interregional Coordination
for a Fast and Deep Uptake of Personalized Health” (Re-
gions4PerMed).® The event brought together experts from
academia, industry and regional and governmental health
policy institutions across the EU. Best practice brochures
developed within the project were also analyzed to summa-
rize the current state of PM implementation across Europe.
Analysis of European studies indicates that the implemen-
tation of eHealth and mHealth in chronic disease care re-
quires not only technological readiness but also adaptation
to patients’ skills and motivation. Barriers include low levels
of digital literacy among older adults, a lack of user-friendly
interfaces and fragmented legislation. Overcoming these
obstacles calls for the training of healthcare professionals,
the integration of data systems and the development of so-
lutions tailored to patient needs. Consultations with stake-
holders from 20 European countries revealed the necessity
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of developing cross-border data exchange standards, im-
proving the integration of RWE into decision-making pro-
cesses, and creating sustainable funding mechanisms. Ef-
fective implementation of PM requires coordinated action
between health policy, healthcare system capacity and pa-
tient organizations. Focus group discussions emphasized
that PM should balance technological advancement with
socio-economic realities. Participants pointed out that inter-
national guidelines, such as those from the American Diabe-
tes Association (ADA), already incorporate personalization
by adapting treatments and prevention strategies to comor-
bidities, economic status and patient preferences. These
complementary methods — focus groups, semi-structured
surveys and analysis of best practice materials — were ap-
plied to capture both the depth and diversity of stakeholder
perspectives on PM implementation across Europe.

This editorial synthesizes those findings and situates
them within the broader discourse on personalized pri-
mary care. We examine how theoretical models of behav-
ior and health regulation intersect with practical consider-
ations in the clinical setting, and we propose directions for
transforming personalization from an abstract ideal into
a functional component of everyday practice.

Reframing chronic disease care:
Why personalization matters

The burden of chronic diseases continues to rise glob-
ally, placing increasing demands on primary healthcare
systems. While medical advancements have contributed
significantly to the improved management of chronic ill-
nesses, the human aspect of care — the unique needs, pref-
erences and life contexts of individual patients — is too often
overlooked. This disconnection between biomedical prog-
ress and holistic patient-centered care has led to growing
interest in integrating PM into everyday clinical practice.

In recent years, the concept of PM has evolved beyond
its molecular and genomic origins to include psychoso-
cial, behavioral and environmental factors that shape
health trajectories. Nowhere is this shift more needed
than in the care of patients with chronic conditions, who
often face not only the physiological burden of illness but
also the psychological and social challenges of living with
a long-term diagnosis. As the first and usually most con-
tinuous point of contact for these patients, the primary
care setting is uniquely positioned to implement personal-
ized care models beyond clinical protocols.

Personalization in practice:
What does it mean?

Personalized care in chronic disease management should
not be confused with highly technical precision medicine.
While genomic data, biomarkers and advanced diagnostics

13

have a role, personalized care at the primary care level in-
volves recognizing the patient’s lived experience and align-
ing interventions with their values, beliefs and capabilities.

This means asking “What is the matter with the pa-
tient?” and “What matters to the patient?”. It means explor-
ing motivation, readiness to change, perceived control over
health, and social support systems — all of which influence
behavior and outcomes. For example, systematic reviews
confirm that a higher sense of coherence is positively as-
sociated with health-promoting behaviors — including
physical activity and healthy eating — and negatively associ-
ated with risk behaviors.” Moreover, population-based data
analyses indicate that better subjective health perception,
regardless of objective disease status, is linked to improved
health behaviors such as normal weight, proper sleep and
regular exercise.l® Recognizing and responding to these
factors requires time, empathy, and often a rethinking
of how clinical encounters are structured. Tools such
as motivational interviewing, brief behavioral interven-
tions and risk stratification models can support clinicians
in integrating personalization into routine visits.!* As evi-
denced by findings from both the focus group discussions
and stakeholder surveys, real-world examples of personal-
ized care are already emerging across Europe. For instance,
national initiatives in primary care in Poland, Germany
and Italy have introduced personalized lifestyle coaching
combined with remote monitoring tools for patients with
diabetes and heart failure. These programs use mobile
health applications and telemonitoring systems to track
symptoms and treatment adherence, enabling clinicians
to dynamically adjust care plans based on real-time patient
feedback.>*® However, the most critical ingredient is clini-
cian awareness — an openness to understanding the person
behind the patient.

The data dilemma: Integration,
protection and validity

Effective personalized care depends on the thoughtful
collection and use of patient data. However, significant
obstacles remain. In our studies, stakeholders expressed
concerns about data fragmentation, limited system interop-
erability and a lack of standardization. The ethical dimen-
sion is equally important — particularly about data security,
privacy and the potential misuse of health information.!?

Participants also noted that personalized therapies of-
fer great promise but often apply to narrowly defined pa-
tient populations, making it difficult to generate robust,
generalizable evidence. Cross-border collaboration and
harmonization of legal frameworks were seen as essential
steps to enable data-driven personalization that is safe,
trustworthy and beneficial for patients across diverse
healthcare systems.!?

Recent studies also highlight how artificial intelli-
gence (AI)-driven predictive models can enhance data
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interpretation and support early intervention in chronic
disease management, further strengthening the potential
of personalized care pathways.'*15

Systems in transition:
Policy, regulation and the role
of evidence

The successful implementation of PM depends heav-
ily on coherent health policies and political will.'® Our
findings, based on qualitative focus group discussions and
cross-national survey data collected from policymakers
and healthcare stakeholders in 20 European countries, re-
vealed that the regulatory landscape across Europe remains
fragmented, characterized by lengthy legislative cycles
and inconsistent funding structures. These factors delay
the translation of innovative practices into routine care.

A recurring recommendation from our respondents was
the need to scale up the dissemination of RWE and best
practices. This would demonstrate the value of personal-
ized care and support advocacy efforts aimed at integrating
personalization into national health strategies. Structural
reforms — such as the appointment of case managers or pa-
tient navigators — were also cited as promising enablers
of change.

Financing the future: Economic
models for personalized medicine

The economic sustainability of PM is a central concern.
On the one hand, PM offers the potential for long-term
cost savings by avoiding ineffective treatments and reduc-
ing hospitalizations. Conversely, the high costs of specific
targeted therapies — especially for small patient subgroups
— pose challenges to reimbursement and equity.!”

Stakeholders emphasized the importance of rigorous
cost-effectiveness analysis and flexible funding models.
Public payers and insurers should be equipped to evaluate
the value of innovation in terms of clinical efficacy and
through the lens of quality of life and long-term outcomes.
Furthermore, respondents emphasized that successful pi-
lot programs must be adequately supported beyond their
initial funding cycles to ensure a sustainable impact.

The practitioner’s role:
From specialist knowledge
to holistic competence
A transformative approach to clinician education is es-

sential for realizing personalized care. Many medical pro-
fessionals are still trained primarily in disease-specific
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silos, with limited exposure to behavioral science, patient
communication and interprofessional collaboration. This
makes it difficult to engage patients as active participants
in their care.

Our findings suggest that medical training should em-
phasize holistic competencies —including empathy, active
listening and cultural sensitivity — as foundational skills
for all healthcare professionals. Personalized medicine
is not just a clinical model, but a relational one, requiring
a mindset shift as much as a skillset expansion.'8

Empowered patients:
Engagement, education
and digital trust

Personalization also requires a new kind of patient who
is informed, engaged and confident in navigating digital
health tools. Respondents highlighted the need to strengthen
digital literacy, ensure transparency in data use, and in-
volve patients in the design of tools and services.!® Find-
ings from qualitative and quantitative studies also pointed
to the growing role of distance monitoring in chronic dis-
ease management. Participants noted that digital tools, such
as mobile health apps and wearable sensors, can enhance
patient engagement by providing continuous feedback and
enabling more responsive, personalized interventions.>*#

Patients should also be educated about the potential ben-
efits of data sharing,?° as public support for the implemen-
tation of personalized medicine policies (PMPs) in routine
care is crucial — not only due to the high financial costs
involved but also because of the potential diversion of re-
sources from other healthcare services.”!

When patients are empowered with information and
feel their voices are heard, they are more likely to ad-
here to treatment, participate in self-care and experience
greater satisfaction. Building trust in the digital ecosystem
— through robust data protection, clear communication
and co-creation strategies — is integral to the personaliza-
tion agenda.

Spreading the word:
Why dissemination is not optional

A frequently overlooked component of PM implemen-
tation is the dissemination of knowledge. Our research
indicates that public awareness of personalized care re-
mains limited, particularly outside academic and specialist
settings. Strategic communication — via traditional media,
digital platforms and community engagement — is essen-
tial to foster acceptance and demand.??

Stakeholders stressed the importance of sharing suc-
cess stories and scientific findings with the broader pub-
lic, including patients and caregivers. Widening access
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to understandable, evidence-based information is key
to building a supportive environment for personalized
innovation.

Conclusions

As the epidemiological landscape shifts toward the pre-
dominance of chronic diseases, the importance of person-
alized care in primary care settings becomes increasingly
evident. Our findings, together with those of others, point
toward a future in which medical practice is scientifically
informed, emotionally intelligent, socially conscious, and
behaviorally adaptive.

Personalized care is not a luxury reserved for cutting-
edge institutions — it is a necessity that can and should be
embedded into everyday practice. The first step toward
that future is to recognize the diversity of patients — not
only in their diagnoses, but also in their experiences, values
and capacities. The second is to build systems and develop
skills that translate this recognition into practice.

Moreover, findings from qualitative studies and patient
narratives highlight the necessity of integrating emotional,
cognitive and relational dimensions into care planning
— especially in the context of increasingly complex needs
among individuals with chronic conditions.?>?* Ad-
dressing these needs requires empathy and communica-
tion, as well as digital technologies that enable real-time
health monitoring, information exchange and shared
decision-making.3

Strategies grounded in a holistic, biopsychosocial ap-
proach — supported by technological solutions and embed-
ded within secure and regulation-compliant (e.g., General
Data Protection Regulation (GDPR)) information systems
— have the potential to significantly improve treatment
adherence, satisfaction with care and health outcomes.®

If we are to improve outcomes for people living with
chronic illness, we must begin not just with protocols, but
with people. In the European context, where healthcare
systems and policies remain diverse yet increasingly in-
terconnected, these insights highlight the shared need for
harmonized, patient-centered strategies in chronic disease
management.

Use of Al and Al-assisted technologies

Not applicable.
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Abstract

Background. Human monkeypox s a zoonotic disease with increasing global prevalence. Although several
studies have identified its potential risk factors, findings remain inconsistent, highlighting the need for
a systematic evaluation.

Objectives. To systematically investigate risk factors associated with human monkeypox infections using
meta-analysis.

Materials and methods. A comprehensive search of PubMed, Scopus, Web of Science, Embase, and
The Cochrane Library databases was conducted on all records up to February 19, 2024. Eligible studies as-
sessing risk factors for monkeypox were included. Odds ratios (ORs) and 95% confidence intervals (95% Cls)
were calculated, and heterogeneity was evaluated using I’ statistics.

Results. Of the 1,844 articles identified, 9 studies met the inclusion criteria after screening, no publication
bias was identified, and the meta-analysis results showed strong robustness. Human immunodeficiency virus
(HIV) infection significantly increased monkeypox risk (OR = 2.21, 95% CI: 1.13—4.34, p = 0.02, I’ = 93%).
Concurrent sexually transmitted infections (STIs) were also a significant risk factor (OR = 1.84, 95% Cl:
146-2.33), as was body mass index (BMI) higher than 30 kg/m? (OR = 1.18, 95% CI: 0.19-7.53, p = 0.86),
lower economic status (OR = 0.33, 95% (I: 0.01-9.36, p = 0.52), education level (OR = 0.74, 95% CI:
0.30-1.79,p=0.50), or men who have sex with men (MSM) status (OR = 1.22,95% CI: 0.84—1.75,p =0.29).

Conclusions. HIV infection and concurrent STls significantly increase monkeypox risk, underscoring the need
fortargeted prevention, including screening and risk reduction strategies in vulnerable populations, particu-
larly MSM.

Key words: meta-analysis, risk assessment, virus, human monkeypox, literature search
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Highlights

targeted public health interventions.

and monkeypox screening programs.

transmission.

+ HIV infection significantly elevates risk of human monkeypox: Meta-analysis reveals HIV-positive individuals
have more than double the risk of monkeypox infection (odds ratio (OR) = 2.21), highlighting an urgent need for

« Concurrent sexually transmitted infection (STIs) are strongly linked to higher honkeypox susceptibility: Individuals
with STIs face significantly increased monkeypox risk (OR = 1.84), reinforcing the importance of integrated STI

+ Sociodemographic factors show no significant association with monkeypox risk: BMI, income, education level,
and men who have sex with men (MSM) status did not show statistically significant associations, suggesting that
biological risk factors may outweigh sociodemographic ones.

» Systematic review supports focused prevention for vulnerable populations: Findings emphasize the need for preven-
tion strategies targeting high-risk groups, particularly those with HIV or STTIs, to curb rising global monkeypox

Background

Human monkeypox is a sporadic zoonotic disease caused
by the monkeypox virus (MPXV), a double-stranded DNA
virus belonging to the orthopoxvirus genus.> The clini-
cal presentation of monkeypox shares similarities with
smallpox but is generally less severe, with key symptoms
including fever, severe headaches, swollen lymph nodes,
back pain, muscle aches, and fatigue.® Within 1-3 days
of the onset of fever, a characteristic rash typically devel-
ops, predominantly affecting the face and limbs. At this
stage, individuals become contagious.

Monkeypox virus transmission occurs through direct
contact with bodily fluids, lesions on the skin or mucous
membranes, contaminated objects, or respiratory drop-
lets from infected individuals.* Two distinct genetic clades
of MPXV have been identified: the Central African clade,
which is associated with more severe disease, and the West
African clade. The first human case of monkeypox was
reported in 1970 in a 9-year-old boy from the Democratic
Republic of the Congo. Historically, human monkeypox was
endemic to regions in West and Central Africa.! However,
in recent years, the incidence has been increasing.® In 2022,
amajor outbreak occurred, involving more than 30 countries
outside of Africa, including the UK, Spain, Portugal, Ger-
many, Italy, the USA, and Canada.>® This outbreak, the larg-
est recorded outside Africa, prompted significant concern
and led the World Health Organization (WHO) to declare
a Public Health Emergency on July 23, 2022.”

As of September 2023, more than 90,000 cases of mon-
keypox had been confirmed globally, with over 30,000
reported in the USA.® Studies indicate that monkeypox
primarily spreads rapidly among men who have sex with
men (MSM), rendering this group particularly vulnerable
to infection.’ The modified vaccinia virus Ankara (MVA),
an attenuated non-replicating orthopoxvirus, is currently
the preferred vaccine for reducing the risk of human mon-
keypox infections.!® However, the global supply of vaccines

falls significantly short of meeting the demand, particu-
larly given the large population of MSM worldwide.’
Monkeypox continues to be a significant and ongoing
threat to public health. The 2022 outbreak emphasized
the urgent need to identify risk factors, particularly to safe-
guard vulnerable groups, including LGBTQ populations.
Despite this urgency, existing studies are characterized
by inconsistent findings, significant heterogeneity and
the absence of standardized methodologies, which have
hindered the development of effective prevention and
treatment strategies. Furthermore, most research to date
has been limited to descriptive epidemiology, lacking com-
prehensive analyses of potential risk factors. These limita-
tions underscore the necessity of a systematic review and
meta-analysis to consolidate available evidence, identify
critical risk factors and provide actionable insights for
improving clinical practice and public health responses.

Objectives

Based on current evidence, we hypothesized that hu-
man immunodeficiency virus (HIV) infection and other
sexually transmitted infections (STIs) are significant risk
factors for human monkeypox, particularly in vulnerable
groups. To test this hypothesis, we designed this study
to systematically analyze existing evidence and address
2 key research questions: 1) What are the main risk factors
for human monkeypox infections? 2) Do these risk factors
vary across different populations?

Materials and methods
Search strategies

To comprehensively evaluate the scientific evidence re-
lated to the risk assessment of human monkeypox infections,
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anintegrated literature search strategy was developed in strict
adherence to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines on data-
bases, including PubMed, Scopus, Web of Science, Embase,
and The Cochrane Library, covering records from the in-
ception of each database to February 19, 2024. The search
strategy was formulated using controlled vocabulary (MeSH
terms) and free-text terms. For PubMed, the search strat-
egy was as follows: (#1) (((Monkeypox[MeSH Terms]) OR
(Mpox[MeSH Terms])) OR (Orthopoxvirus infections[MeSH
Terms])) OR (Monkeypox virus[MeSH Terms])) OR (Human
Monkeypox[MeSH Terms])); (#2) ((Human Infection) OR
(Human Illness)) OR (Infectious Disease)) OR (Infection);
(#3) (Risk Factors[MeSH Terms]) OR (Epidemiology[MeSH
Terms])) OR (Disease Surveillance[MeSH Terms])) OR (Public
Health[MeSH Terms])) OR (Epidemiological Studies[MeSH
Terms]); (#4) ((Risk Assessment) OR (Risk Evaluation)) OR
(Risk Analysis)); (#5) ((#1) AND (#2)) AND (#3)) AND (#4).
The detailed search strategy is shown in Supplementary
Table 1. Logical operators and Boolean connectors were used
for other databases, ensuring consistent search terms tailored
to their respective syntaxes. Corresponding Chinese search
terms were used for Chinese-language databases.

To ensure a comprehensive search, the reference lists
of relevant studies and review articles were manually
screened to identify additional eligible literature that may
have been missed during the electronic database search.
Grey literature was excluded to ensure methodological
rigor. To handle duplicates, we employed systematic de-
duplication using bibliographic management software, fol-
lowed by manual verification to identify studies recorded
in multiple databases.

Literature inclusion criteria

Studies were included if they met the following crite-
ria: 1) Original research on the risk assessment of human
monkeypox infections, including but not limited to epi-
demiological studies, case-control studies, cohort studies,
randomized controlled trials (RCTs), and observational
studies; 2) Research providing quantitative data on risk
factors, epidemiological characteristics, clinical mani-
festations, or treatment outcomes of monkeypox infec-
tions; 3) Peer-reviewed and published articles; 4) Studies
published in English or Chinese to ensure comprehensive
coverage of relevant research; 5) Studies with clear research
design and methodology, including explicit research ob-
jectives, well-defined sample selection criteria, and robust
data collection and analysis methods.

Literature exclusion criteria

Studies were excluded based on the following criteria:
1) Articles not subjected to peer review, including preprints,
conference abstracts, expert opinions, and review articles;
2) Research not directly relevant to the study objectives,
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such as studies focused solely on the basic science of MPXV,
animal models or non-human infection cases; 3) Studies
with incomplete data or unclear findings; 4) For duplicate
studies identified across multiple databases, only 1 version
of the most complete study was retained.

Literature screening and data extraction

During the initial phase of literature screening, 2 re-
searchers independently reviewed the titles and abstracts
of the retrieved publications. Studies unrelated to the re-
search topic were excluded based on the above inclusion
and exclusion criteria. For publications that passed this
preliminary screening, a full-text review was conducted
to evaluate whether each study met the final inclusion
criteria for analysis.

In the data extraction phase, 2 researchers indepen-
dently extracted relevant information from each study
using a standardized template comprising details such
as the authors, publication year, study design, participant
characteristics, and other essential data. Any disagree-
ments during the data extraction process were resolved
through open discussion or consultation with a 3™ re-
searcher to ensure accuracy and consistency.

Quality and bias risk assessment
of included literature

We evaluated the quality and risk of bias for the included
studies using the Newcastle—Ottawa scale (NOS), a tool
commonly used for observational studies. For cross-sec-
tional studies, the assessment included checking how well
the sample represented the population, whether the sample
size was justified, how non-respondents were addressed
and how exposure was measured. The comparability
of studies was based on adjustments for important factors
like age, sex and socioeconomic status. The outcome sec-
tion focused on how the results were assessed and whether
the statistical tests used were appropriate.

For case-control studies, the assessment looked at how
cases and controls were defined and selected, whether they
were comparable, and how exposure was measured. It also
checked if the same method was used to measure exposure
for both cases and controls and if non-responses were cor-
rectly handled.

Each study was given a score from 0 to 9. Scores of 6-9
indicated high quality, 4—5 meant moderate quality and
3 or less denoted low quality. Two reviewers carried out
the assessments independently, and any disagreements
were resolved by discussion or with help from a 3" reviewer.
This process ensured a consistent and fair evaluation.

Statistical analyses

A comprehensive meta-analysis was conducted to
quantify the primary outcomes and effect sizes related
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to monkeypox infection risk assessment. Data analysis was
performed using the Rv. 4.3.1 (R Foundation for Statistical
Computing, Vienna, Austria). Combined odds ratios (ORs)
and 95% confidence intervals (95% ClIs) were calculated
to estimate the pooled effect sizes. Heterogeneity among
studies was evaluated using the I? statistic, where an 1
value greater than 50% indicated substantial heterogene-
ity. A random-effects model was specified for all analyses,
as it was anticipated that the studies would exhibit consid-
erable variability in terms of participants, interventions,
study designs, and outcome measures, which, in turn, sug-
gests that the true effect size might differ across studies.
Funnel plots and Egger’s regression tests were employed
to assess potential publication bias. Statistical significance
was determined at p < 0.05 for all analyses.

Results
Search results
The initial database search identified 1,844 articles.

After removing duplicates (n = 267), 1,577 records were
screened based on their titles and abstracts. Of these, 1,334

Y. Wang, J. Wang. Risk assessment of human monkeypox infections

articles were excluded as they were unrelated to the re-
search objectives. Subsequently, 237 articles with acces-
sible full texts were subjected to a thorough review in line
with the inclusion and exclusion criteria. At this stage,
190 articles were excluded due to the absence of key data
or because the data could not be extracted. Additionally,
36 studies involving animal experiments and 2 stud-
ies of poor quality were excluded. Ultimately, 9 stud-
ies met the inclusion criteria*®*11-16 and were included
in the meta-analysis (Fig. 1).

Basic characteristics and quality
assessment of literature

Most of the included studies were cross-sectional in de-
sign, while 1 was classified as a case-control study. Their
sample sizes varied significantly, ranging from 72 to 8,088
participants. The median age of participants across
the studies was 18 to 45 years, with the majority being
male. The quality assessment of the included literature
yielded scores ranging from 6 to 8, reflecting a moderate-
to-high overall quality, and confirming that the studies
met the quality standards required for inclusion in this
analysis.

. ) ) ) Fig. 1. Flowchart of the literature
Identification of new studies via databases and registers screening process, showing
the number of studies identified,
excluded and included
5 Records identified from: Records removed
= PubMed/Scopus/ before screening:
P Cochrane Library/ DuEIicate records
€ /Embase/Web of Science (n =267)
2 databases (n =1,844)
\ 4
Records screened Records excluded after
—»
(n=1,577) reading abstracts (n = 1,334)
\ 4
o
g Reports sought for retrieval _ | Full text unavailable
e (n=243) | (n=6)
G
i '
R Reports excluded:
Eefc;r:;%asessed for eligibility »| No critical data available or data
cannot be extracted (n = 190)
Animal experimental research
l (n =36)
=) Low-quality literature (n = 2)
§ Reports of included studies
© (n=9)
| £
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Weight
Study logOR SE(logOR) Odds Ratio OR 95%-Cl (random)
Garneau 2023 1.1314 0.5481 ——> 3.10 [1.06; 9.08] 24.6%
Jiao 2023 -1.2040 0.4863 0.30 [0.12; 0.78] 26.2%
Nazmunnahar 2023 0.5822 1.0058 I y 1.79 [0.25; 12.85] 14.6%
Triana-Gonzalez 2023 -0.0619 0.0330 0.94 [0.88; 1.00] 34.6%
Random effects model £> 1.03 [0.38; 2.76] 100.0%
[ I | I 1
0.1 05 1 2 5
Heterogeneity: /1? = 72%, t°> = 0.7, p = 0.01
Test for overall effect (random effects): z = 0.05 (p = 0.96)
Fig. 2. Meta-analysis of the association between age and monkeypox risk. Pooled odds ratio (OR) and 95% confidence interval (95% Cl) were calculated.
The size of the boxes represents the study weight, and the diamond indicates the overall effect size
Weight
Study logOR SE(logOR) Odds Ratio OR 95%-Cl (random)
Garneau 2023 0.9933 0.6174 —-é——'— 2.70 [0.81;9.06] 56.7%
Nazmunnahar 2023 -0.9138 0.9306 = E 0.40 [0.06; 2.48] 43.3%
Random effects model _—  — 1.18 [0.19; 7.53] 100.0%

[
0.1
Heterogeneity: 1>=66%, 1°=1.2, p =0.09
Test for overall effect (random effects): z = 0.18 (p = 0.86)

Fig. 3. Meta-analysis of the impact of body mass index (BMI) >30 kg/m? on monkeypox risk. Pooled odds ratio (OR) and 95% confidence interval (95% Cl)

were calculated

Meta-analysis results
Age

This section examines whether demographic factors, such
as age, contribute significantly to the risk of monkeypox
infection. To assess the impact of age as a predictive factor
for the risk of monkeypox infections, this meta-analysis
included 4 studies covering various regions, populations
and research designs. The analysis revealed high statistical
heterogeneity (I> = 72%, p = 0.01), which may indicate signifi-
cant differences among the studies in terms of methodol-
ogy, population characteristics, geographical locations, and
age group categorization. The combined data showed that
the overall effect size for age (OR = 1.03, 95% CI: 0.38-2.76,
p = 0.96) did not demonstrate statistical significance (Fig. 2).
The high heterogeneity observed across the included studies
(I> = 72%) suggests substantial variability in study design,
population characteristics and age group categorizations.

Body mass index >30 kg/m?

This meta-analysis synthesized the results of 2 stud-
ies to explore the potential impact of body mass index

(BMI) >30 kg/m? on the risk of monkeypox infections.
The studies showed significant heterogeneity in the in-
cluded literature (I*> = 66%, p = 0.09). The overall effect
size (OR =1.18,95% CI: 0.19-7.53, p = 0.86) suggested that
BMI > 30 kg/m? did not constitute a significant risk factor
for monkeypox infections (Fig. 3). The analysis revealed
substantial heterogeneity (I* = 66%), potentially reflecting
differences in sample sizes and study populations.

Economic status

Economic status was assessed to determine whether
lower income levels increase susceptibility to monkeypox.
Results from 2 studies were synthesized when the meta-
analysis was adopted to assess the potential impact of eco-
nomic status on monkeypox infection risk. The heteroge-
neity test indicated the significant heterogeneity between
the included studies (I*> = 84%, p = 0.01). The combined
overall effect size (OR = 0.33, 95% CI: 0.01-9.36, p = 0.52)
revealed that compared to higher economic status, lower
economic status did not significantly increase the risk
of monkeypox infections (Fig. 4). The high heterogene-
ity observed (I? = 84%) underscores the variability in how
economic status was defined and measured across studies.
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Weight
Study logOR SE(logOR) Odds Ratio OR 95%-Cl (random)
Jiao 2023 —-2.7646 0.8785 —r—- 0.06 [0.01; 0.35] 51.5%
Nazmunnahar 2023 0.6508 1.0604 1.92 [0.24; 15.32] 48.5%
Random effects model 0.33 [0.01; 9.36] 100.0%

01 051 2 10
Heterogeneity: I? = 84%, = 4.9,p =0.01
Test for overall effect (random effects): z = -0.65 (p = 0.52)

Fig. 4. Meta-analysis of the association between lower economic status and monkeypox risk. Pooled odds ratio (OR) and 95% confidence interval (95% Cl)

were calculated

Weight
Study logOR SE(logOR) Odds Ratio OR 95%-Cl (random)
Nazmunnahar 2023 0.6658 0.4724 1.95 [0.77; 4.91] 30.4%
Oeser 2023 -0.5516 0.3336 —4—5—— 0.58 [0.30; 1.11] 36.4%
Yinka-Ogunleye 2023 -0.9163 0.4077 ——HF—— 0.40 [0.18; 0.89] 33.2%
Random effects model —_— = 0.74 [0.30; 1.79] 100.0%

0.2
Heterogeneity: = 71%, = 0.5, p =0.03

Test for overall effect (random effects): z = -0.67 (p = 0.50)

Fig. 5. Meta-analysis of the role of education level in monkeypox risk. Pooled odds ratio (OR) and 95% confidence interval (95% Cl) were calculated

Education level

This meta-analysis combined the results of 3 stud-
ies to explore the potential impact of education level
on the risk of monkeypox infections. The heterogeneity
test revealed significant differences among the included
studies (I2 = 71%, p = 0.03). The combined overall effect
size (OR = 0.74, 95% CI: 0.30—1.79, p = 0.50) revealed that
the education level did not constitute a significant risk fac-
tor for monkeypox infections (Fig. 5). Although education
level was analyzed to evaluate its role in monkeypox risk,
the significant heterogeneity (I = 71%) may arise from
variations in educational systems and participant aware-
ness in different regions.

Men who have sex with men

This meta-analysis synthesized the results of 4 studies
to explore the potential impact of MSM on the risk of mon-
keypox infections. The heterogeneity test revealed significant
heterogeneity among the included studies (I* = 88%, p < 0.01).
The combined overall effect size (OR = 1.22, 95% CI: 0.84—
1.75, p = 0.29) indicated that the MSM did not significantly
increase the risk of monkeypox infections (Fig. 6), likely due
to differences in clinical presentations, symptom recognition
and healthcare access within this population.

Human immunodeficiency virus infections

The association between HIV infection and monkeypox
risk was explored. This meta-analysis synthesized the results
of 7 studies to explore the potential impact of HIV infections
on the risk of monkeypox infections. The heterogeneity test
indicated the high heterogeneity among the included stud-
ies (I = 93%, p < 0.01). The combined overall effect size
(OR =2.21,95% CI: 1.13-4.34, p = 0.02) demonstrated that
HIV infections significantly increased the risk of monkey-
pox infections (Fig. 7). Despite high heterogeneity (I* = 93%),
the findings consistently demonstrate a significant increase
in risk, highlighting the impact of immune suppression.

Other concurrent sexually transmitted infections

This meta-analysis combined the results of 4 studies to dis-
cuss the potential impact of other concurrent STTs on the risk
of monkeypox infections. The heterogeneity test revealed rela-
tively low heterogeneity among the included studies (I* = 32%,
p =0.22). The combined overall effect size (OR = 1.84, 95% CI:
1.46-2.33, p < 0.01) indicated that other concurrent STTs sig-
nificantly raised the risk of monkeypox infections (Fig. 8).
The influence of concurrent STIs on monkeypox risk, with
the relatively low heterogeneity (I* = 32%), suggests that dam-
aged mucosal barriers may facilitate viral transmission.
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Weight
Study logOR SE(logOR) Odds Ratio OR 95%-Cl (random)
Garneau 2023 04055  0.6777 ; 150 [0.40;5.66]  6.6%
Jiao 2023 04055  0.1013 —— 150 [1.23;1.83]  43.5%
Martins-Filho 2023 -0.0131  0.0088 : 0.99 [0.97;1.00]  49.9%
Random effects model e 1.22 [0.84;1.75]  100.0%
| | | | |
02 05 1 2 5

Heterogeneity: 1° = 88%, t> < 0.1, p < 0.01
Test for overall effect (random effects): z = 1.05 (p = 0.29)

Fig. 6. Meta-analysis of the association between men who have sex with men (MSM) status and monkeypox risk. Pooled odds ratio (OR) and 95%
confidence interval (95% Cl) were calculated

Weight
Study logOR SE(logOR) Odds Ratio OR 95%-Cl (random)
Garneau 2023 0.5878 0.5509 ——H— 1.80 [0.61; 5.30] 12.2%
Jiao 2023 -0.4292 0.3456 — 0.65 [0.33; 1.28] 15.1%
Martins-Filho 2023 -0.1625 0.0476 0.85 [0.77; 0.93] 17.7%
Oeser 2023 1.7084 0.4577 —'— 5.52 [2.25; 13.54] 13.5%
Triana—Gonzalez 2023  1.3083 0.2207 — 3.70 [2.40; 5.70] 16.6%
Yinka—-Ogunleye 2023 1.6429 0.7610 ——+— 5.17 [1.16; 22.98] 9.5%
Zucker 2023 1.3762 0.3134 — 3.96 [2.14; 7.32] 15.5%
Random effects model < 2.21 [1.13; 4.34] 100.0%
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Heterogeneity: /% = 93%, 2 = 0.7, p < 0.01
Test for overall effect (random effects): z = 2.31 (p = 0.02)

Fig. 7. Meta-analysis of the association between human immunodeficiency virus (HIV) infection and monkeypox risk. Pooled odds ratio (OR) and 95%
confidence interval (95% Cl) were calculated

Weight
Study logOR SE(logOR) Odds Ratio OR 95%-Cl (random)
Jiao 2023 0.4731 0.1121 ——'—v— 1.60 [1.29; 2.00] 46.6%
Nazmunnahar 2023 0.7930 0.1633 —i—f— 2.21 [1.60; 3.04] 32.1%
Triana-Gonzalez 2023 0.0677 0.5184 + : 1.07 [0.39; 2.96] 5.1%
Zucker 2023 0.8198 0.2653 ——#—— 2.27 [1.35; 3.82] 16.3%
Random effects model > 1.84 [1.46; 2.33] 100.0%

0.5 1 2
Heterogeneity: /2 = 32%, t> < 0.1, p = 0.22

Test for overall effect (random effects): z =5.08 (p < 0.01)

Fig. 8. Meta-analysis of the association between concurrent sexually transmitted infections (STls) and monkeypox risk. Pooled odds ratio (OR) and 95%
confidence interval (95% Cl) were calculated
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Publication bias

A funnel plot was constructed to assess potential publica-
tion bias. The analysis revealed some studies lying outside
the funnel, with noticeable asymmetry (Supplementary
Fig. 1). To further evaluate publication bias quantitatively,
Egger’s test was applied. This regression-based method ex-
amined the relationship between effect size estimates and
their standard errors (SEs). The results indicated minimal
publication bias among the included studies.

Sensitivity analysis

Sensitivity analysis was performed to evaluate the robust-
ness of the results. By sequentially excluding each study
and reassessing the individual contributions, minimal
changes were observed in the combined effect size and
its CI, demonstrating consistent findings (Supplementary
Fig. 2,3). These results suggest that the study findings are
robust and reliable.

Discussion

This study provides a comprehensive and robust risk
assessment of human monkeypox infections, distinguish-
ing itself from previous research by integrating diverse
datasets in a meta-analysis. Unlike earlier studies, which
primarily focused on descriptive epidemiology or isolated
populations, this work consolidates findings across mul-
tiple regions and populations, providing a global perspec-
tive on risk factors. Additionally, the analysis incorporated
stringent quality assessments and addressed heterogene-
ity through advanced statistical modeling. Importantly,
the findings challenge previous assumptions about the in-
fluence of socioeconomic and demographic factors, while
reinforcing the roles of HIV infection and concurrent ST1s
as significant risk factors. For instance, the data revealed
that age, BMI > 30 kg/m?, lower economic status, educa-
tion level, and MSM status did not significantly increase
the risk of monkeypox infections. However, HIV infec-
tions and the presence of other STIs were significantly
associated with an elevated risk of monkeypox infections.
Overall, this study refines the understanding of monkey-
pox transmission dynamics and provides important insight
into informing targeted public health strategies.

The risk assessment for human monkeypox infections
is a complex issue influenced by various demographic
and behavioral factors. Garneau et al.® reported that
age >40 years was not a risk factor for hospitalization
in patients with monkeypox infections. Similarly, Jiao
et al.” conducted a large cross-sectional survey among
young MSM in China and found no significant relationship
between age and the perception of monkeypox infection
risk. In contrast, another study demonstrated a significant
association between perceived monkeypox infection risk
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and sociodemographic attributes, with younger age groups
more likely to perceive moderate-to-high risk.!®* This was
attributed to their greater engagement with internet-based
communication and increased health awareness in the dig-
ital era. Consequently, the age range of 18—35 years may not
constitute a risk factor for monkeypox infections,*# which
aligns with the findings of our study, where age ranging
from 18 to 45 years was not identified as significant risk
factor for human monkeypox infections.

Some research suggests that BMI is a key factor in as-
sessing the risk of viral infections, as obesity is linked to in-
creased severity of infectious diseases.!” However, in this
study, a BMI > 30 kg/m? was not a significant risk factor for
monkeypox infections. This may be attributed to the inclu-
sion of individuals with only mild obesity, which may not be
sufficient to significantly increase susceptibility to infection.
Additionally, Cénat et al.® indicated that low-income popula-
tions face higher risks of viral infections due to limited access
to healthcare services, overcrowded living conditions and
poor nutrition. Similarly, individuals with lower education
levels may have reduced awareness of preventive measures
or engage in behaviors that increase viral exposure.??2 While
economic status and education level are important determi-
nants of viral infections, the findings of this study revealed
that neither factor significantly influenced the risk of mon-
keypox infections, and we hypothesized that this could be
attributed to enhanced efforts in promoting awareness of hu-
man monkeypox prevention and other viral infections.

Data from the WHO showed that as of May 9, 2023,
the monkeypox outbreak had spread to 111 countries or re-
gions, with 87,314 cases reported globally. A distinctive fea-
ture of this outbreak was that most infections occurred
in the MSM group. In contrast, the risk of monkeypox infec-
tions among the general population remains relatively low,
suggesting MSM could represent a potential risk group.?
However, our meta-analysis findings indicated that MSM
status was not a significant risk factor for monkeypox in-
fections. This discrepancy may arise from the variability
in the clinical presentation of monkeypox among confirmed
MSM cases. Many cases exhibit atypical symptoms, with
genital and perianal rashes often appearing as the first
symptom, or even progressing to empyesis before systemic
symptoms develop. These atypical presentations could lead
to misdiagnoses within the MSM group, ultimately contrib-
uting to an insignificant risk assessment in this population.?*

In the risk assessment of human monkeypox infections,
HIV infections emerge as significant contributory fac-
tors. During the 2022 monkeypox outbreak, approx. 95%
of global cases occurred among MSM, with 40% of these
cases involving individuals with HIV infections. Surveys
have revealed that HIV-positive MSM, primarily aged 18—
40 years, are often sexually active, with some reporting more
than 3 partners for oral or anal sex and engaging in group
or heterosexual sexual activities. While it remains uncon-
firmed whether monkeypox is transmitted sexually, the de-
tection of the virus in the semen of male patients suggests
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the potential for sexual transmission.?>?¢ Individuals with
lower CD4* T-cell counts and uncontrolled HIV viral loads
exhibit more severe symptoms of monkeypox. In the USA,
although HIV-positive individuals account for only 38%
of monkeypox cases, they represent up to 94% of monkey-
pox-related deaths. These observations strongly support
the notion that HIV infection is a significant risk factor for
human monkeypox infections.?” In this study, HIV infection
was found to significantly increase the risk of monkeypox
infection, consistent with findings from previous research.
This increased risk can be attributed to 2 primary factors:
the more pronounced clinical presentation of monkeypox
in individuals with HIV and the immunosuppression asso-
ciated with HIV infection, which reduces immune defense
and increases susceptibility to monkeypox.28%°

The presence of concurrent STIs further exacerbates
the risk of human monkeypox transmission. Studies have
demonstrated that monkeypox can occur in individuals with
as little as 1 sexual encounter or those who are sexually ac-
tive, with the risk amplified among MSM. Additionally, 41%
of monkeypox patients reported a recent history of other
STIs, such as chlamydia, gonorrhea or syphilis. These
findings underscore the necessity of screening individuals
diagnosed with monkeypox for HIV and other STIs.?43°
The results of this study confirmed that concurrent STIs
significantly increased the risk of monkeypox infection.
This is likely because STIs can damage the skin barrier
or mucosal surfaces, facilitating viral entry and spread.
Based on these findings, prevention and control measures
for human monkeypox should emphasize reducing high-risk
behaviors, such as having multiple sexual partners among
MSM, and actively screening for HIV and other STIs.

Lastly, vaccination is key to preventing monkeypox,
especially in vulnerable groups such as MSM. However,
the limited global supply of vaccines shows the need for
other preventive measures alongside treatment strategies.
Vaccines like the MVA can lower the risk of infection, but
they are often unavailable in regions with new outbreaks.
Early and regular screening for monkeypox, combined
with proper management of HIV, is essential to reduce
severe cases. Public health efforts should include edu-
cational campaigns to help MSM and the general public
understand monkeypox symptoms and how it spreads.
Vaccination programs should focus on high-risk groups,
including MSM and people with HIV, while addressing
vaccine shortages through better planning and interna-
tional cooperation. Increasing access to antiviral treat-
ments and setting up systems to track outbreaks would
also help control the spread of monkeypox.

Limitations

However, this study has some limitations. The included
studies primarily focused on specific regions and popula-
tions, such as MSM groups in developed countries, limit-
ing the generalizability of our findings to other regions
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or demographic groups. Regional differences in healthcare
systems and cultural factors may influence monkeypox
transmission and risk factors. Additionally, small sample
sizes in some studies, particularly for BMI, socioeconomic
status and education level, reduced statistical power and
may have contributed to nonsignificant results. Variability
in study quality, as assessed with the NOS, and signifi-
cant heterogeneity observed in certain analyses highlight
the need for larger, high-quality studies involving diverse
populations to validate these findings.

Conclusions

This study demonstrated that age, BMI > 30 kg/m?, lower
economic status, education level, and MSM status were
not significant risk factors for human monkeypox infec-
tion, whereas HIV infection and concurrent STIs were
identified as significant risk factors. Therefore, prevention
and control measures for human monkeypox should focus
on advocating reduced high-risk behaviors, such as limit-
ing multiple sexual partners within the MSM population,
and actively screening for HIV and other STIs. These find-
ings provide valuable insights for implementing targeted
and effective interventions to prevent and manage mon-
keypox infections.

Future research should focus on larger multicenter
studies to validate these findings across diverse popu-
lations and geographic regions. Longitudinal studies
are also needed to explore the long-term relationships
between HIV, other STIs and monkeypox, particularly
in immunocompromised populations. Additionally, ef-
forts to standardize study designs and data collection
methods would help reduce heterogeneity and improve
comparability across studies. Taken together, the find-
ings from this study could serve as a valuable reference
to improve prevention and treatment strategies for human
monkeypox infections.
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Abstract

Background. Noninvasive ventilation (NIV) is an important treatment modality in the management
of chronic obstructive pulmonary disease (COPD) by reducing respiratory distress, improving gas exchange
and reducing exacerbations without the need for intubation and invasive airways.

Objectives. To synthesize data from randomized controlled trials (RCTs) and perform a meta-analysis
to understand the beneficial effects of NIV across different COPD stages.

Materials and methods. A systematic literature review was performed using MEDLINE (PubMed) and
Cochrane Register of Controlled Trials (CENTRAL) al databases for RCTs that involved the administration
of NIV vs usual treatment (oxygen supplementation, pharmacological agents, nasal cannulation) in patients
with stable COPD, acute exacerbations of COPD (AECOPD), and post-exacerbation COPD (PECOPD). Mortality,
exacerbation and intubation rates, and arterial blood gases (PaC0, and Pa0, levels) were assessed in both
groups. RevMan software was used to assess the risk of bias and calculate the pooled odds ratio (OR), mean
differences (MDs) and subgroup analyses with a random-effects model.

Results. A total of 51 RCTs were included in the meta-analysis with information from 3,775 patients. Meta-
analysis of the data showed that there was a significant decrease in mortality outcomes (p < 0.001), intubation
frequency (p < 0.001) and PaCO; levels (p < 0.001) but no significant improvement in exacerbation frequency
(p=0.12) and Pa0, levels (p = 0.69). Subgroup analyses demonstrated no significant difference between
(OPD stage on mortality outcomes (p = 0.32), PaC0; level (p = 0.12) and Pa0; level (p = 0.64). There was
asignificant decrease in intubation rate in AECOPD patients receiving NIV and a statistically nonsignificant
difference in exacerbation frequency in stable COPD patients using NIV.

Conclusions. The findings of this meta-analysis indicate a substantial overall enhancementin the frequency
of exacerbations and intubations, mortality outcomes, and arterial gas levels among patients in various
stages of COPD. Consequently, it is imperative to identify patients with COPD that are most likely to benefit
from the use of NIV.

Key words: chronic obstructive pulmonary disease, exacerbation, noninvasive ventilation, arterial blood
gases, BiPAP
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Highlights
+ Noninvasive ventilation (NIV) in chronic obstructive pulmonary disease (COPD) alleviates dyspnea, optimizes
arterial blood gases, and cuts exacerbation rates without requiring intubation.
+ Acute-exacerbation benefits of NIV include reduced mortality, fewer complications and shorter hospital stays
— while benefits in stable COPD (no flare-ups in 4 weeks) show mixed evidence.
+ Pooled randomized controlled trial (RCT) meta-analysis across COPD stages rigorously evaluated NIV’s efficacy
from mild to severe disease, offering a unified evidence base.
+ Meta-analysis outcomes revealed significant improvements in arterial gas exchange, enhanced survival and lower
frequencies of exacerbations and intubations among COPD patients.
Introduction exacerbation history to guide COPD management deci-

Chronic obstructive pulmonary disease (COPD), en-
compassing emphysema and chronic bronchitis, is a com-
mon, progressive disorder characterized by irreversible
airflow limitation resulting from damage to both the air-
ways and the lung parenchyma.? Globally, COPD remains
aleading cause of morbidity and mortality, responsible for
an estimated 3.1 million deaths in 2021, with the heaviest
burden observed in low- and middle-income countries.?
Beyond its mortality toll, COPD significantly impairs
daily functioning and quality of life, and drives substan-
tial healthcare utilization through recurrent exacerba-
tions that often necessitate hospitalization and intensified
pharmacotherapy.*

Key risk factors for COPD encompass cigarette smok-
ing; exposure to ambient air pollution; a history of child-
hood asthma; and a;-antitrypsin deficiency, a rare genetic
disorder.* These insults provoke pathological remodeling
of the lung parenchyma, including destruction of alveolar
walls, that impairs gas exchange, precipitating hypoxemia
and hypercapnia, and in severe cases leading to acute hy-
percapnic respiratory failure (AHRF).>° Resultant hypox-
emia and systemic inflammation manifest as respiratory
symptoms (dyspnea, fatigue, wheezing, cough, and chest
tightness) and drive extrapulmonary complications, nota-
bly pulmonary hypertension and right heart failure, as well
as adverse effects on endocrine, gastrointestinal, neuro-
muscular, and musculoskeletal systems.”8

Stable COPD refers to a state where symptoms are man-
ageable and not worsening. Acute exacerbation of COPD
(AECOPD) is a sudden worsening of COPD symptoms.
Post-exacerbation COPD (PECOPD) describes the recovery
phase after an acute exacerbation. The diagnosis of COPD
is based on symptom assessment, imaging tests, pulmo-
nary function tests (spirometry), and physical examina-
tions. The Global Initiative for Chronic Obstructive Lung
Disease (GOLD) has developed diagnostic criteria, includ-
ing a post-bronchodilator forced expiratory volume (FEV;)/
forced vital capacity (FVC) ratio <0.7. The GOLD criteria
also classify the severity of airflow limitations into various
stages and are used with patient-reported outcomes and

sions.? Treatment plans for COPD aim to improve quality
oflife, alleviate symptoms and prevent disease progression.
Pharmacological management of acute COPD exacerba-
tions typically includes systemic corticosteroids, inhaled
short-acting bronchodilators, and antibiotics when there
is clinical or microbiological suspicion of bacterial in-
fection.”1® Adjunctive ventilatory support, preferentially
noninvasive ventilation (NIV) in cases of hypercapnic re-
spiratory failure, can avert the need for invasive mechani-
cal ventilation, which is reserved for NIV failure or con-
traindications. However, systemic corticosteroids, while
accelerating recovery and reducing relapse rates, carry
risks of hyperglycemia, fluid retention and steroid-induced
myopathy, and repeated high-dose bronchodilator use may
precipitate tachycardia, tremor and tolerance. Pulmonary
rehabilitation, although pivotal for restoring functional
capacity and reducing future exacerbations, often struggles
with poor adherence, transport barriers and limited pro-
gram availability. Invasive mechanical ventilation requires
endotracheal intubation or tracheostomy and increases
the risk of ventilator-associated pneumonia, barotrauma
and prolonged weaning difficulties in COPD patients.
Noninvasive ventilation is an alternative to invasive
ventilation techniques in which ventilator support (pres-
sure-supported airflow) is provided through a noninva-
sive interface such as a nasal, oronasal or full-face mask
to ventilator muscles. It is a comfortable alternative to intu-
bation and avoiding immobility, and is used for managing
conditions like acute COPD exacerbations and cardiogenic
pulmonary edema-related respiratory failure. It reduces
complications like ventilator-associated pneumonia and
sinusitis by eliminating the need for sedation and endotra-
cheal intubation, thereby minimizing hospital and inten-
sive care unit (ICU) stays. Bi-level positive airway pressure
(BiPAP), continuous positive airway pressure (CPAP) and
negative pressure ventilation (NPV) are the most common
types of NIV. BiPAP delivers 2 pressure levels for improved
ventilation and airway stability, while CPAP provides con-
stant pressure, typically used for milder respiratory issues
and sleep apnea. The American Thoracic Society and Eu-
ropean Respiratory Journal guidelines recommend the use
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of BiPAP for acute-on-chronic respiratory acidosis second-
ary to COPD exacerbations. Studies have shown that NIV
has reduced mortality outcomes in patients with acute
exacerbations and decreased complications and length
of hospital stay.1113

Previous meta-analyses have shown mixed results re-
garding the benefits of NIV in stable COPD patients (gener-
ally defined as no exacerbation in last 4 weeks). In general,
long-term or domiciliary NIV use resulted in a decrease
in mortality and improved quality of life, whereas out-
comes such as hospital admissions and gas exchange were
variable.!%* Effects of NIV in AECOPD patients were as-
sociated with lower deaths, intubation rates, and hospital
stays in a meta-analysis by Osadnik et al.” In a meta-anal-
ysis comparing NIV with usual care in PECOPD patients,
the exacerbation frequency was decreased when NIV was
employed, with no significant differences in mortality rates
or arterial gases.’> Thus, the beneficial effects of NIV in pa-
tients in different COPD stages are heterogeneous in terms
of outcomes which can limit its applicability.

Objectives

This study aims to systematically synthesize and criti-
cally analyze the available literature on NIV across all
GOLD stages of COPD, quantifying its effects on mortal-
ity, hospital length of stay, exacerbation frequency, arterial
blood gas parameters, and health-related quality of life
in both acute exacerbations and stable disease, while com-
paring different NIV modalities, initiation timings and
ventilator settings by patient phenotype, and ultimately
developing an evidence-based clinical framework to guide
optimal NIV selection, timing and management in acute
and chronic COPD.

Materials and methods

Study selection or inclusion/exclusion
criteria

We included randomized controlled trials (RCTs) that
compared any type of NIV device (BiPAP, nocturnal) or ad-
ministration device (full face, oronasal or nasal mask) with
usual therapy such as oxygen supplementation, long-term
oxygen therapy (LTOT), pharmacological treatment (anti-
biotics, bronchodilators, steroids, theophylline, mucolytic
agents, etc.), or sham NIV for our analysis. We included
adult patients (>18 years) with various phases of COPD,
including stable COPD, PECOPD and AECOPD in our
analysis. Patients diagnosed with COPD as per the Global
Initiative for Chronic Obstructive Lung Disease (GOLD)
system that uses the FEV,;/FVC ratio <0.7 were included.
Exclusion criteria included non-randomized studies and
prospective and retrospective study designs.

29

Information sources

We conducted a systematic literature search of MED-
LINE (PubMed) and Cochrane Register of Controlled Tri-
als (CENTRAL) in November 2024, encompassing the pe-
riod of 1990-2024.

Search strategy

We conducted comprehensive searches of PubMed, Em-
base and the Cochrane Library from inception through
May 2025 using both free-text keywords — “non-invasive
ventilation,” “NIV,” “non-invasive positive pressure venti-
lation,” “BiPAP,” “VPAP,” “chronic obstructive pulmonary
disease,” “pulmonary disease,” and “pulmonary emphy-
sema” — and their corresponding Medical Subject Head-
ings (MeSH) terms. Titles and abstracts of all retrieved
records were screened for relevance, and full texts of po-
tentially eligible studies were reviewed in detail. To ensure
completeness, we also examined the reference lists of in-
cluded articles for additional reports (Table 1).

Data extraction process

Data extraction was performed using a standardized,
pre-piloted form to capture key study characteristics and
outcomes: study identifiers (authors, publication year), de-
sign (e.g. randomized trial, cohort study), intervention and
comparator details, duration of follow-up, COPD phase
(stable vs exacerbation), participant demographics (mean
age), exacerbation frequency and severity, and arterial par-
tial pressure of carbon dioxide (PaCO,) levels.

Data items

We analyzed the following outcomes — mortality, ex-
acerbation frequency, endotracheal intubation rates, and
arterial blood gas parameters (PaCO, and PaO,) — com-
paring patients receiving NIV with control groups. Article
screening and data extraction were performed by a single
reviewer using the predefined extraction form to ensure
consistency and completeness of the collected data.

Risk of bias assessment

We used the Cochrane Collaboration’s risk of bias tool
to assess the methodological quality of the included stud-
ies.!® This tool includes the following criteria: randomiza-
tion, allocation concealment, blinding and completeness
of follow-up. The risk of bias for each item was graded
as high, low or unclear risk.

Quantitative data synthesis

We performed the meta-analysis and statistical calcula-
tions were performed using Review Manager (RevMan, v. 5;
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Table 1. Search strategy

Search terms |

Search term 1 (#1)

Search term 2 (#2)

Searchterm 3 (#3)  #1 and #2

(“pulmonary disease, chronic obstructive’[MeSH Terms] OR “pulmonary disease, chronic obstructive’[MeSH Terms] OR “pulmonary
disease, chronic obstructive’[MeSH Terms] OR ((‘chronic”[All Fields] OR “chronical”[All Fields] OR “chronically"[All Fields] OR
“chronicities"[All Fields] OR "chronicity”[All Fields] OR “chronicization[All Fields] OR “chronics[All Fields]) AND (‘respiratory tract
diseases'[MeSH Terms] OR "respiration disorders[MeSH Terms])) OR “pulmonary disease, chronic obstructive’[MeSH Terms] OR
“pulmonary disease, chronic obstructive’[MeSH Terms] OR “pulmonary emphysema’[MeSH Terms]))

J. Yang et al. NIV and COPD

MeSH terms and keywords

(“Noninvasive Ventilation"[MeSH Terms] OR “Continuous Positive Airway Pressure’[MeSH Terms] OR (“BiPAP”[All Fields] OR
“CPAP"[AIl Fields] OR (“positive pressure respiration’[MeSH Terms] OR (“positive pressure’[All Fields] AND “respiration’[All Fields])
OR“positive pressure respiration”[All Fields] OR (“positive[All Fields] AND “pressure[All Fields] AND “ventilation"[All Fields]) OR
“positive pressure ventilation"[All Fields] OR “intermittent positive pressure ventilation"[MeSH Terms] OR (“intermittent”[All Fields]
AND “positive pressure[All Fields] AND “ventilation"[All Fields]) OR “intermittent positive pressure ventilation"[All Fields]) OR
(“non-invasive"[All Fields] AND (“positive pressure respiration’[MeSH Terms] OR (“positive pressure”[All Fields] AND “respiration’[All
Fields]) OR “positive pressure respiration[All Fields] OR (“positive”[All Fields] AND “pressure”[All Fields] AND “ventilation”[All Fields])
OR“positive pressure ventilation”[All Fields] OR “intermittent positive pressure ventilation”[MeSH Terms] OR (“intermittent"[All
Fields] AND “positive pressure”[All Fields] AND “ventilation”[All Fields]) OR “intermittent positive pressure ventilation”[All Fields])) OR
(("noninvasive"[All Fields] OR “noninvasively[All Fields] OR “noninvasiveness’[All Fields]) AND (“positive pressure respiration’[MeSH
Terms] OR (“positive pressure”[All Fields] AND “respiration’[All Fields]) OR “positive pressure respiration”[All Fields] OR (“positive’[All
Fields] AND “pressure”[All Fields] AND “ventilation”[All Fields]) OR “positive pressure ventilation"[All Fields] OR “intermittent positive
pressure ventilation”[MeSH Terms] OR (“intermittent[All Fields] AND “positive pressure’[All Fields] AND “ventilation”[All Fields]) OR
“intermittent positive pressure ventilation"[All Fields]))))

MeSH — Medical Subject Headings.

The Nordic Cochrane Center, Cochrane Collaboration, Co-
penhagen, Denmark). Binary outcomes such as mortality, exac-
erbation, and intubation rates were reported as odds ratios (OR)
with corresponding 95% confidence intervals (95% Cls). Meta-
analyses for binary outcomes were done using a random-effects
model (Mantel-Haenszel method). Continuous outcomes such
as PaCO, and PaO, levels were reported as mean differences
(MDs) with associated 95% Cls using the random-effects model
(inverse variance method). Heterogeneity in the included stud-
ies was evaluated using I statistic, with small heterogeneity for
12 values of <25%, moderate heterogeneity for I>values of 25%
to 50% and high heterogeneity for I? values >50%.!” Forest plots
were constructed and p < 0.05 was statistically significant.
Subgroup analyses were also performed according to stage
of COPD (stable COPD, PECOPD and AECOPD) and type
of control treatment or comparator (pharmacological treat-
ment + oxygen, LTOT, high-flow nasal cannula (HFNC),
or only pharmacological treatment). Publication bias was as-
sessed using Egger’s test and a funnel plot, where the log OR
for each study was plotted against its standard error (SE) for
the mortality outcome. The vertical line indicates the pooled
OR representing the overall summary effect size.

Results
Identification of studies

A total of 874 records were identified through database
searching. After removing 345 duplicates and irrelevant
records, 581 titles and abstracts were screened. Of these,
236 RCTs were assessed for eligibility. However, 185 RCTs
were excluded due to reasons such as inappropriate com-
parator, intervention, condition, or population, missing

required outcomes, or duplicate data. The selection process
is illustrated in Fig. 1. Table 2 shows the results of search
strategy and Hits for COPD and NIV literature review.

Study characteristics

A total of 51 RCTs, comprising 3,775 participants, met
the inclusion criteria. These included patients with stable
COPD (n = 1,187), PECOPD (n = 1,314) and acute exacer-
bation of AECOPD (n = 1,274). The RCTs compared noc-
turnal or domiciliary NIV to other COPD treatments, such
as LTOT, oxygen supplementation, pharmacologic thera-
pies, HFNC, standard nasal cannula, or sham interventions.
Participants were male and female across different COPD
stages, with varying baseline PaCO, levels, presence of hy-
percapnia, history of recent exacerbations, and differing
durations of NIV administration and follow-up. Most studies
used BiPAP systems for NIV delivery, administered via nasal,
full-face or oronasal masks. Detailed information on inter-
ventions and control groups is provided in Table 3.18-

Characteristics of participants

The included studies involved patients with stable COPD
(19 studies), PECOPD (14 studies) and AECOPD (18 stud-
ies). Across all studies, the mean age of participants was
over 60 years. In most studies, baseline PaCO, levels ex-
ceeded 6 kPa, and the majority of patients presented with
hypercapnia (Table 4).18-6

Bias assessment

The results of the risk of bias evaluation are presented
in Fig. 2. Overall, the studies demonstrated a high risk
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K " . Table 2. Search strategy and hits for chronic obstructive pulmonary
Records identified .Addlt‘lc.)nal records disease (COPD) and noninvasive ventilation (NIV) literature review
through database identified through

searching other sources ) | Search | Hits
(n=874) (n=0) #1 MeSH descriptor: [Pulmonary Disease, 8385
Chronic Obstructive] explode all trees
Y
0 MeSH descriptor: [Pulmonary Emphysema] explode 409
Records after duplicates removed all trees
n=>581
( ) ("chronic obstructive airway disease”):ti,ab,kw (Word
#3 - 199
l variations have been searched)
Records screened Records excluded 4 (“‘chronic obs'trgctlve lung disease”):ti,ab,kw (Word 8617
(n =581) (n = 345) variations have been searched)
#5 #1or#2or#3 or#4 14621
l 46 MeSH descriptor: [Noninvasive Ventilation] explode 580
Full-text articles assessed Full-text articles excluded, all trees
for eligibility with reasons (n = 185): ¥ MeSH descriptor: [Continuous Positive Airway 1929
(n =236) Incorrect comparator, Pressure] explode all trees
condition, outcome,
population, protocol, #3 (BiPAP):ti,ab,kw (Word variations have been searched) 478
Studies included and intervention #9 (CPAP):ti,abkw (Word variations have been searched) = 5890
in quantitative syr)thesis 10 ("bilevel positive airway pressure”):ti,abkw 589
(me;ca—ar;ag/sw) (Word variations have been searched)
n=
41 (“positive pressure ventilation”):ti,ab,kw 2366
Fig. 1. Flow chart for identification and inclusion of studies in the meta- (Word variations have been searched)
analysis according to Preferred Reporting Items for Systematic and Meta- #12 #60r#7 or #8 or #9 or #10 or #11 9033
Analyses (PRISMA)
#13 #5and #12 433

MeSH - Medical Subject Headings.

Table 3. Details of intervention and control groups of the studies included in the meta-analysis

Intervention Control
NIV (BiPAP) + usual care
NIV (BiPAP) + usual care

NIV (ICU ventilator in NIV mode)

Study name
Avdeev, 1998'8
Barbe et al., 1996 '°
Barrett et al,, 20222
Bhatt et al, 20132

oxygen + bronchodilators + steroids + theophylline
salbutamol + prednisolone + oxygen
extracorporeal carbon dioxide removal (ECCO,R)
domiciliary NPPV (oronasal mask/nasal pillows, BiPAP) usual therapy

oxygen, bronchodilators, antibiotics, diuretics,
respiratory stimulants, corticosteroids

nasal high flow (NHF)

Bott et al.,, 199322 NPPV + usual care

Braunlich et al, 20192 NIV

oxygen, subcutaneous heparin, antibiotics,

24
Brochard et al., 1995 bronchodilators

NIV (ARM 25)

Budweiser et al,, 20072 NIV (BiPAP, Twin Air®, Smart Air®) + pharmacological treatment

NIV (BiPAP and facial mask)

usual pharmacological agents
sham NIV
standard care + LTOT

Carrera et al.,, 20092
Casanova et al,, 2000%
Celikel et al,, 199828
Cheung et al, 2010%
Clini et al,, 1998%

Clini et al,, 20023

nocturnal nasal NPPV (nasal mask)
continuous NIV + usual care
nocturnal NIV (BiPAP) placebo home NIV
Nocturnal NIV + LTOT LTOT
nocturnal NPPV (BiPAP, nasal mask) + LTOT LTOT

oxygen + pharmacological treatment

Collaborative Research
Group of Noninvasive
Mechanical Ventilation

for Chronic Obstructive
Pulmonary Disease, 200532

oxygen via nasal cannula + pharmacological

NIV (oronasal mask, BiPAP) + pharmacological treatment
treatment

Cortegiani et al,, 2020*
del Castillo et al., 20033*
DeBacker et al, 20113°

Dickensoy et al., 2002%°

Duiverman et al.,, 2008%”

NIV (full-face or oronasal mask)
NIV (BiPAP, mask)
nocturnal NIV pharmacological treatment
NIV (BiPAP) + usual care

nocturnal NPPV (BiPAP, nasal/oronasal mask)

high flow nasal therapy (HFNT)
oxygen + pharmacological treatment
pharmacological treatment
oxygen + pharmacological treatment

pulmonary rehabilitation
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Intervention

Control

Study name

Duiverman et al,, 201138
Funk etal.2011%°
Garrod et al.,, 2000%°
Gay et al, 1996
Hedsund et al,, 2023*
Jing etal, 2019%
Khilnani et al., 2010%*
Kéhnlein et al, 20144
Kramer et al., 1995%

Liu et al, 20054

Liu et al, 2023
Majorski et al., 20214
Martin-Marquez et al,, 2014°°
Matsuka et al., 2006°'
McEvoy et al,, 20192
Meecham-Jones et al., 1995°3
Murphy et al, 2017
Plant et al., 2001%°
Rezaei et al,, 2020°°
Samaria., 2009*

Shebl et al., 20158

Sin et al,, 2007°°

Struik et al,, 2014%°
Strumpf et al,, 1991
Tan et al,, 2020%2

Tan etal, 2024

Thys et al., 200264
Tsolaki et al., 2008%°
Vargas et al,, 2017%
Xiang et al, 20075

nocturnal NPPV + rehabilitation
nocturnal NIV (BiPAP)

nocturnal NPPV + exercise training program (BiPAP, nasal mask)

nocturnal NIV (BiPAP, nasal mask)
long-term NIV + standard of care
NIV (VPAP)
NIV (BiPAP)

nocturnal NPPV (nasal/face mask) + pharmacological treatment

NIV (BiPAP) + pharmacological treatment + oxygen

NIV (BiPAP, face mask) + pharmacological treatment + oxygen

NPPV (BiPAP)
portable NIV device

nocturnal NIV (BiPAP) + training program

NIV (BiPAP) + oxygen + pharmacological treatment
nocturnal NIV + usual care + LTOT

nocturnal NIV (BiPAP) + oxygen therapy

nocturnal NIV + home oxygen therapy
NIV (BiPAP) + oxygen + pharmacological treatment

NIV (VPAP)

NIV (BiPAP) + oxygen + pharmacological treatment
nocturnal NPPV (BiPAP) + pharmacological treatment
NIV (VPAP, nasal/oronasal mask)
nocturnal NIV + standard treatment
nocturnal NIV (BiPAP, nasal mask)

NIV (BiPAP, oronasal mask)

NIV (BiPAP, oronasal mask)

NIV (BiPAP) + supplemental oxygen
NIV (BiPAP, face mask)

NIV (face mask)

home NPPV + standard treatment

rehabilitation
no NIV
exercise training program
sham NIV
standard of care
HFNC
oxygen + pharmacological treatment
pharmacological treatment
oxygen + pharmacological treatment
pharmacological treatment + oxygen
transnasal high-flow humidified oxygen therapy
no NIV device
training program
oxygen + pharmacological treatment
usual care + LTOT
oxygen therapy
home oxygen therapy
oxygen + pharmacological treatment
high-oxygen nasal cannula
oxygen + pharmacological treatment
pharmacological treatment
sham treatment
pharmacological treatment + LTOT
oxygen + pharmacological treatment
NFNC oxygen therapy
HFNC oxygen therapy
supplemental oxygen + pharmacological treatment
LTOT + pharmacological treatment
standard oxygen therapy

standard treatment

Zhou et al,, 200168
Zhou et al, 2017%°

NIV (BiPAP, nasal/face mask) + oxygen + pharmacological treatment pharmacological treatment

nocturnal NIV + pharmacological treatment LTOT + pharmacological treatment

NIV - noninvasive ventilation; BiPAP — bilevel positive airway pressure; NPPV — noninvasive positive pressure ventilation; VPAP - variable positive airway

pressure; LTOT - long-term oxygen therapy; HFNC — high flow nasal cannula.

Random sequence generation (selection bias)

Allocation concealment (selection bias)

Blinding of participants and personnel (performance bias)
Blinding of outcome assessment (detection bias)
Incomplete outcome data (attrition bias)

Selective reporting (reporting bias)

Other bias

50%

0% 25% 79%  100%

.Luw tisk of hias DUncIearrisk of hias

B High risk of bias

Fig. 2. Risk of bias summary for studies included in the meta-analysis
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Table 4. Characteristics of the included randomized controlled trials (RCTs)

Patient characteristics

Study name

COPD type Length of follow-up

Avdeev, 19988 AECOPD male and female, acute respiratory failure, mean age 65 years N/A
Barbe et al, 1996 ° AECOPD Male, 68 +2 years, acute respiratory failure N/A
Barrett et al,, 2022%° AECOPD male and female, =18 years, hypercapnia pH < 7.3 N/A
Bhatt et al. 20132 stable COPD male and female, mean age: 69.4 years, no exacerbations in last 4 weeks, 6 weeks, 3 and
! PaCO, < 52 mm Hg 6 months
Bott et al.,, 199322 AECOPD male and female, <80 years, acute exacerbation of COPD At least 30 days
Braunlich et al, 2019% stable COPD male and female, mean age: 65.3 years, no ezzxacerbanons in last 4 weeks, 12 weeks
BMI'< 30 kg/m
Brochard et al., 1995% AECOPD male and female, acute exacerbation with respiratory acidosis N/A
Budweiser et al, 20072 PECOPD male and female, mean age: 65 years, PaCO, > 50 mm hg after treatment 6 months
of exacerbation, PaCO, 59 mm Hg
Carrera et al.,, 20092 AECOPD male and female, 67 +9 years, N/A
Casanova et al, 20007 stable COPD male and female, mean age: 66.6 years, no exacerbations in last 3 months, 12 months
mean PaCO,: 6.8 kPa
Celikel et al., 19982 AECOPD male and female, hypercapnic acute respiratory failure N/A
2 male and female, mean age: 70.3 years, acute respiratory failure and
Cheung et al, 2010 PECOPD treatment with pharmacological agents, PaCO, 7.5 kPa 12 months
Clini et al, 1998% stable COPD male and female, mean age: 66 yeaéiénfpsxacerbatlon in last 4 weeks, PaCO,: 36 months
Clinietal, 20023 stable COPD male and female, <75 years, no exacerbation in last 4 weeks, PaCO, > 6.6 kPa 24 months
Collaborative Research
Group of Noninvasive
Mechanical Ventilation AECOPD male and female, <85 years, pH>7.25 N/A
for Chronic Obstructive
Pulmonary Disease, 200532
- 5 male and female, mean age: 75 years, acute hypercapnic respiratory failure
Cortegiani et al., 2020 PECOPD and exacerbation, PaCO, > 55 mm Hg N/A
del Castillo et al,, 20033 AECOPD male and female, acidotic hypercapnic respiratory failure, mean age: 67 years N/A
3 male and female, mean age: 65.6 years, persistent hypercapnia
DeBacker etal, 2011 PECOPD PaCO, > 6 kPa, hospitalized due to exacerbation 12 months
Dickensoy et al., 2002%° AECOPD male, mean age: 65 years N/A
Duiverman et al.,, 2008%” stable COPD male and female, 40-76 years, no exacerbation in last 4 weeks, PaCO, > 6 kPa 24 months
Duiverman et al, 20117 stable COPD male and female, mean age: 62 years, no exacerbation in last 4 weeks, 24 months
PaCO, > 6 kPa
Funk et al. 2011% PECOPD male and female, mean age: 63}ye§rs, requiring invasive or noninvasive N/A
mechanical ventilation, PaCO, 94 mm Hg
Garrod et al, 20009 stable COPD male and female, 38-84 years, no exacerbations in last 4 weeks, mean 8 weeks
PaCO, 6.1 kPa
Gay et al, 1996 stable COPD male and female, mean age: 67.6 years, BMI < 30 kg/m? PaCO, > 6 kPa 3 months
Hedsund et al, 2023 PECOPD male and female, mean age: 72 years, admission with acute hypercapnic 12 months
respiratory failure, PaCO, 9 kPa
Jing et al, 2019 PECOPD male and female, mean age: 74 years, intubated for exacerbation, N/A
PaCO, 53 mm Hg
Khilnani et al, 2010% AECOPD male and female, AECOPD leading to hypoxemia and respiratory acidosis N/A
pH < 7.35, mean age: 60 years
Kdhnlein et al, 2014% stable COPD male and female, mean age: 63.2 years, no exacerbations in last 4 weeks, 12 months
PaCO, 7.8 kPa
Kramer et al., 19954 AECOPD male and female, respiratory distress, pH < 7.35 N/A
Liu et al, 2005 AECOPD acute exacerbation, pH 7.25-7.35, mean age: 70 years N/A
Liu et al, 2023% PECOPD male and female, mean age: 69 years, AECOPD and type Il respiratory failure N/A
PaCO, 53 mm Hg
Majorski et al, 20214 stable COPD male and female, mean age: 67 years, no exacerbation in last 4 weeks, N/A
PaCO, 42kPa
Martin-Marquez et al, 2014 stable COPD male and female, mean age: 6F23C>éea6rs7, EIPw;lcaIIy stable for last 3 months, 3 months
h 0.




34

Table 4. Characteristics of the included randomized controlled trials — cont

J. Yang et al. NIV and COPD

Study name | COPD type | Patient characteristics | Length of follow-up
Matsuka et al., 2006 AECOPD male and female, pH < 7.35, mean age: 67 years N/A
5 male and female, mean age: 68 years, stable hypercapnic respiratory failure
McEvoy etal., 2019 stable COPD it TRt 2 E0k 1.2 [ 6 months
Meecham-Jones et al., 1995 stable COPD male and female, mean age: 65.9 years, stable clinical state, PaCO, 7.4 kPa 6 months
- male and female, mean age: 66 years, acute decompensated hypercapnic
Murphy etal, 2017 FECDRD exacerbations of COPD, PaCO, 7.9 kPa 12 momis
Plant et al., 2001%° AECOPD male and female, mean age: 69 years, tachypnoea, pH 7.25-7.35 N/A
Rezaei et al, 2020% PECOPD male and female, mean agle: 60 years, moderate-to-severe COPD N/A
exacerbation, PaCO, 64 mm Hg
Samaria, 2009°7 AECOPD NA N/A
Shebl et al, 2015% stable COPD male and female, mean age: 65.5 years, no exacerbation in last 4 weeks, T
PaCO, 7.3 kPa
Sin et al,, 2007°° stable COPD male and female, mean age: 65.4 years, PaCO, 5.8 kPa 3 months
Struik et al,, 2014%° PECOPD male and female, mean age: 63.4 years, PaCO, 7.8 kPa 12 months
Strumpf et al, 19916 stable COPD male and female, mean age: 65.6 years, no exacerbation in last 1T week, 6 months
PaCO, 6.2 kPa
Tan et al, 20202 PECOPD male and female, mean age: 69 years, hypercapnic respiratory failure with N/A
invasive ventilation, PaCO, 51 mm Hg
Tan et al, 20245 PECOPD male and female, mean age: 71 years, hypercapnic respiratory failure, N/A
PaCO, 62 mm Hg
Thys et al, 20025 AECOPD male and female, mean age: 73 years, acute respiratory distress, N/A
PaCO, 57 mm Hg
Tsolaki et al, 2008% stable COPD male and fema\e, mean age: 66 years, no gxacerbatloms in last 4 weeks, 12 months
chronic hypercapnic respiratory failure, PaCO, 54 mm Hg
Vargas et al, 20176 PECOPD male and female, mean age: 64 years, patients intubated for at least 48 h, 3 months
PaCO, > 45 mm Hg
Xiang et al,, 2007%” PECOPD male and female, severe COPD and hospitalized, PaCO, > 55 mm Hg 24 months
Zhou et al, 20018 AECOPD Male and female, mean age: 64 years, respiratory failure, PaCO, > 55 mm Hg N/A
Zhou et al, 201799 stable COPD male and female, mean age: 67:7 years, clinically stable and chronic 3 months
hypercapnia, PaCO, 8 kPa

AECOPD - acute exacerbation of chronic obstructive pulmonary disease; stable COPD - stable chronic obstructive pulmonary disease;
PECOPD - pulmonary embolism with chronic obstructive pulmonary disease; BMI — body mass index; N/A — not applicable.

of detection and performance bias. This was primarily
due to the inherent differences between NIV devices and
their comparators, including interface types (e.g., nasal
or oronasal masks), and the practical inability to blind par-
ticipants and personnel to the intervention. These limita-
tions may have influenced subjective and patient-reported
outcomes. However, the funnel plot showed relative sym-
metry (Fig. 3), and Egger’s test returned a p-value of 0.324,
exceeding the conventional significance threshold of 0.05,
suggesting a low risk of publication bias.

Meta-analysis results

The overall risk of mortality was significantly lower
in the NIV group compared to the control group
(OR = 0.67, 95% CI: 0.52-0.85, p < 0.001), with low
heterogeneity observed across studies (I> = 20%). How-
ever, when stratified by COPD stage, the difference
in mortality was not statistically significant (p = 0.32).
Mortality outcomes were reported across all COPD

subgroups, each exhibiting low-to-moderate heteroge-
neity (I> range: 0-35%). The highest heterogeneity was
observed in the AECOPD subgroup (I* = 35%), possibly
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The vertical line represents the summary effect size (pooled risk ratio)

Fig. 3. Funnel plot for overall publication bias for studies included
in the meta-analysis
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NIV Control Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% ClI
1.1.1 Stable COPD
Braunlich 2019 2 50 2 44 1.4% 0.88([0.12,6.49]
Casanova 2000 4 26 4 26 2.3% 1.00[0.22, 4.51] I E—
Clini 1998 13 28 11 21 37% 0.79[0.25, 2.45]  E—
Clini 2002 8 43 8 47 3.9% 1.11 [0.38, 3.28] B —
Duiverman 2011 L] a7 L] 35 2.8% 0.94 [0.25, 3.57] I E—
Kohnlein 2014 12 102 Kh 93 6.7% 0.27 [0.13, 0.56] —
McEvoy 2019 40 72 46 72 7.5% 0.71[0.36,1.38] S
Shebl 2015 1 15 1 15 0.7% 1.00[0.06, 17.62]
Tsolaki 2008 2 27 2 22 1.3% 0.80[0.10,6.19)]
Zhou 2017 0 57 1 58 0.6% 0.33[0.01,8.35]
Subtotal (95% CI) 457 433 30.9% 0.62 [0.43,0.90] <&
Total events 87 111
Heterogeneity: Tau®= 0.00; Chi*=7.62, df =9 {F=057); F=0%
Test for averall effect: 2= 2.53 (P =0.01)
1.1.2 PECOPD
Budweiser 2017 24 a9 18 41 6.4% 0.41[0.19,0.88] E—
Cheung 2010 5 14 7 11 20% 0.32 [0.06, 1.64] —
Cortegiani 2020 ] 39 2 40 1.9% 3.45[0.65, 18.29] —
Hedsund 2023 g 28 L 27 31% 2.08[0.59, 7.30] 1
Jing 2018 5 20 L 22 2.5% 1.13[0.27, 4.69] I
Murphy 2017 16 57 19 59 6.1% 0.82[0.37,1.82] A
Struik 2014 30 101 29 100 8.4% 1.03 [0.56, 1.90] 1
Tan 2020 5 432 7 44 3.2% 0.71[0.21, 2.46] 1
Tan 2024 8 112 11 113 4.8% 0.71[0.28,1.85] — 1
Vargas 2017 7 71 11 72 4.4% 0.61[0.22,1.67] 1
Subtotal (95% CI) 583 529 42.7% 0.81 [0.57,1.14] &
Total events 115 114
Heterogeneity: Tau®= 0.05; Chi*=10.64, df=9 (P =0.30); F=15%
Test for averall effect Z=1.19 (P=0.23)
1.1.3 AECOPD
Avdleev 1988 3 29 8 g 1.0% 0.01[0.00,0.16] ¥&——
Barbe 1996 0 14 0 10 Mot estimable
Barrett 2022 4 g 2 g 1.3% 2.80[0.36, 21.73]
Erochard 1995 4 43 12 42 3.2% 0.26 [0.08, 0.88] EE—
Celikel 1898 ] 15 1 15 0.5% 0.31[0.01, 8.28]
Caollaborative 2005 5 100 g 91 3.6% 0.55[0.17,1.73] I
Dickensoy 2002 1 17 2 17 0.9% 0.47[0.04,5.72]
Khilnani 2010 3 20 2 20 1.5% 1.59[0.24,10.70]
Liu 2004 1 18 3 18 1.0% 0.29[0.03, 3.14]
Matsuka 2006 7 30 7 30 3.4% 1.00[0.30, 3.31] S
Plant 2011 12 118 24 118 6.6% 0.44[0.21,0.94] —
Samaria 2009 4 20 g 20 2.5% 0.38 [0.09,1.54] —
Thys 2002 2 10 1 10 0.9% 225017, 28.77]
Subtotal (95% CI) 443 409 26.4% 0.50 [0.28, 0.89] <>
Total events 4B 78
Heterageneity: Tau®= 0.32; Chi*=16.86, df=11 (F =011}, F=35%
Test for overall effect. Z=2.35(P=0.02)
Total {95% Cl) 1483 1371 100.0% 0.67 [0.52,0.85] ¢
Total events 248 303
e 2 - - - - -— -— R - ! ] ] ]
Heterogeneity: Tau®= 0.09; Chi*= 38.65, df=31 (P=0.16); F=20% h.D1 I]f1 110 1IZIIIII

Test for averall effect: Z= 3.24 (P < 0.001)

Favours NIV Favours Control

Test for subaroup differences: Chif=2.29, df=2 (P=0.32), F=12.8%

Fig. 4. Forest plot for mortality outcomes: A. Stable chronic obstructive pulmonary disease (COPD) patients; B. Post-exacerbation COPD (PECOPD) patients;

C. Acute exacerbation COPD (AECOPD) patients

due to variations in follow-up duration (Fig. 4). The fun-
nel plot for mortality outcomes demonstrated approxi-
mate symmetry, suggesting a low risk of publication bias,

which was supported by Egger’s test results: stable COPD
(p=0.136), PECOPD (p = 0.211) and AECOPD (p = 0.141)
(Supplementary Fig. 1).
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NIV Control Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Avileev 1998 3 28 8 29 51% 0.30[0.07,1.29] -
Barbe 1996 14 0 10 0 Mot estimable
Barrett 2022 0 18 1 9 1.0% 0.15[0.01,4.16] *
Bott 1993 0 30 2 30 11% 0.19[0.01, 4.08] *
BErochard 1995 11 43 Kh 42 11.3% 0.121[0.05,0.32] e —
Carrera 2008 L] a7 13 38 8.0% 0.30[0.09, 0.96] — =
Celikel 1988 1 15 2 15 1.7% 0.46[0.04,5.75]
Collahorative 2005 6 100 17 91 1M1% 0.28[0.10,0.74] —
de Castillo 2003 1 20 3 21 1.9% 0.32[0.03,3.32]
Dickensoy 2002 2 17 T 17 3.4% 0.19[0.03,1.11] — 7T
Khilnani 2010 3 20 12 20 4 B% 0.121[0.03,0.54] —
Kramer 1995 1 11 8 12 1.9% 0.05 [0.00, 0.54] ¢
Liu 2005 2 18 8 18 3.5% 0.16[0.03, 0.89] Y S
Matsuka 2006 3 30 10 30 5.3% 0.22[0.05,0.91] e —
Plant 2011 18 118 32 118 255% 0.48[0.25,0.92] —
Samaria 2009 4 20 11 20 5.4% 0.20[0.05,0.83] e —
Thys 2002 0 7 a ] 0.6% 0.01[0.00,0.36) ¥—
Zhou 2001 7 30 17 30 8.6% 0.23[0.08, 0.71] e
Total (95% CI) 563 545 100.0% 0.25[0.18, 0.34] »
Total events a1 197
Heterageneity: Tau®= 0.00; Chi*=13.13, df=16 (P = 0.66); F=0% f f f i
Test for overall effect: Z2=8.38 (P < 0.001) 0.01 0.1 10 100
: : : Favours NIV Favours Control
Fig. 5. Forest plot for intubation in AECOPD patients
NIV Control 0Odds Ratio (Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
Braunlich 2019 7 a0 11 44 456% 0.49[0.17,1.40]
Casanova 2000 13 20 16 24 322% 0.93[0.27, 3.24]
Duiverman 2008 15 18 25 27 1349% 0.40[0.06, 2.68] =
Tsolaki 2008 1 27 2 22 8.3% 0.38[0.03, 4.55]
Total (95% CI) 115 117 100.0% 0.57 [0.28,1.16] <=
Total events 36 54
e 2 — . - - — — CE— L 1 1 1

Heterogeneity: Tau®= 0.00; Chi*=0.90, df=3 (P=0.83); F= 0% 70 01 10 100

Test for overall effect: Z=1.94 (F=0.12)

Favours MV Favours Control

Fig. 6. Forest plot for exacerbation in stable chronic obstructive pulmonary disease (COPD) patients

In patients with AECOPD, NIV significantly reduced
the risk of intubation compared to the control group
(OR = 0.25, 95% CI: 0.18-0.34, p < 0.001). This analysis,
based on 18 trials, showed no heterogeneity (I = 0%), sug-
gesting consistency in patient characteristics and study
conditions (Fig. 5). The funnel plot appeared symmetri-
cal, and Egger’s test confirmed a low risk of publication
bias (p = 0.173) (Supplementary Fig. 2). In patients with
stable COPD, the exacerbation rate did not differ signifi-
cantly between the NIV and control groups (OR = 0.57,
95% CI: 0.28-1.16, p = 0.83), based on data from 4 stud-
ies. The low heterogeneity (I> = 0%) likely reflects similar
patient profiles and consistent definitions of stable COPD
(i.e., no exacerbations within the last 4 weeks). One trial?’
(Casanova et al.) showed a nonsignificant result, possi-
bly due to a slightly different definition of stability (no
exacerbations in the past 3 months). The type of control
intervention did not influence the direction of the results
(Fig. 6). The funnel plot suggested a low risk of publication

bias (Supplementary Fig. 3). Continuous outcomes, such
as PaCO, and PaO, levels, were analyzed across COPD
subgroups, reported as changes in arterial blood gases
from baseline to follow-up. Noninvasive ventilation was
associated with a significantly greater reduction in PaCO,
levels compared to the control group (MD = —-0.36, 95% CI:
—0.63 to —0.09; p < 0.001), although high heterogeneity was
observed (I = 95%). When stratified by COPD subgroup,
trials involving Acute exacerbation chronic obstructive
pulmonary disease (AECOPD) patients demonstrated
a significant reduction in PaCO, with NIV (MD = -0.79,
95% CI: —1.19 to —0.40; p < 0.001; I> = 89%), while trials
in stable COPD and PECOPD populations did not show
statistically significant benefits. The high heterogeneity
likely reflects variations in patient characteristics, control
interventions and follow-up durations (ranging from 3
to 12 months) (Fig. 7). The funnel plot appeared symmetri-
cal, suggesting a low risk of publication bias, which was
supported by Egger’s test for the stable COPD subgroup
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NIV Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 Stable COPD
Bhatt 2013 01 0.687 15 0091 0673 12 3.5% 0.01 [-0.51, 0.52] 1
Braunlich 2019 -0.56 0.874 a1 -0.373 0.84 51 38% -019[0.52,015] —_—
Casanova 2000 0.058 0.897 17 0.002 1.3 19 31% 0.06 [-0.70,0.81] e
Clini 1998 6.9 0.8 28 6.5 0.4 21 3.8% 0.40[0.03,0.77] —
Clini 2002 -0.415 0.694 36 -0.006 0.866 42 38% -0.41[-0.76,-0.06] —
Duiverman 2008 -0.445 0607 24 -0101 0584 30 39% -0.35[-0.67,-0.03] —
Duiverman 2011 -0.2 0.489 24 0.2 0.966 32 38% -040[0.76,-0.04] _
Garrod 2000 -0173 0.69 17 -0.147 0.58 20 37% -0.03[-0.44,0.39] S
Kohnlein 2014 -1.266 1.015 32 -0.366  1.429 26 33% -0.80[1.55,-0.29] —_—
Majorski 2021 156 0.573 38 0653 0.213 38 410% 0.91[0.71,1.10] _—
Martin-Marquez 2014 -0.819 061 14 -0.302 0.77 15 36% -052[1.02,-0.01]
McEwoy 2019 -0.124 0.806 45 0023 0.761 29 38% -0145[-0.51,022] R
Shehl 2015 -1.08 048 15 -0.213 0.093 15 389% -087[1.11,-0.62] _—
Sin 2007 -0.485 0.769 9 0133 0596 8 33% -062[1.27,0.03] —
Strumpf 1991 0167 1 4 0444 1.21 3 15%  -0.28[1.96,1.41]
Tsolaki 2008 -1.266 0.147 24 0 0 0 Not estimable
Zhou 2017 -1.478 1.057 42 -0.447 0964 a7 3.7% -1.03[1.45 -0.61]
Subtotal (95% CI) 435 408 56.5%  -0.26 [-0.61, 0.08] Ea
Heterogeneity: Tau®= 0.42; Chi®=185.60, df= 14 (P = 0.001); F=92%
Testfor overall effect. Z=1.51 (P=0.13)
2.1.2 PECOPD
Cheung 2010 -1.399 1.329 8 -1.066 1.58 B 1.7% -0.33[1.90,1.23]
DeBacker 2011 -1.46 0.4 156 -0641 0.2983 15 398% -0.82[1.07,-0.57] -
Funk 2011 -0.93 0.667 13 026 0533 13 36% -1.19[1.65,-0.73] —_—
Jing 2018 1.04 1.027 20 06 0.48 22 36% 0.44 [-0.05,0.93] T
Liu 2023 -1.076 0179 36 -1645 0196 36 41% 0.57 [0.48, 0.66] -
Murphy 2017 -0.784 1.086 3 -0307 1275 27 3.4% -048[-1.08,0.14] — =T
Rezaei 2020 -0.8 0412 15 -059 0.0173 15 40% -0.21[0.42,-0.00] -
Struik 2014 -1.283  1.14 a1 -0.y09 1.084 52 37% -057[1.01,-0.14] —
Subtotal (95% CI) 189 186 27.9% -0.32[-0.86,0.23] —~etii—
Heterogeneity: Tau®= 0.55; Chi*=197.72, df=7 (P < 0.001), F= 96%
Test for overall effect: Z=1.13 (P = 0.26)
2.1.3 AECOPD
Carrera 2009 -2.133 08 37 -1.067 0.13 38 389% -1.07 [1.33,-0.80] —
Celikel 1988 -0.806 0.227 15 -0.467 0173 15 40% -0.44 058, -0.29] =
Khilnani 2010 -3.427 0.853 20 -2.883 0.4 20 37% -054[0.96,-0.13] —_—
Thys 2002 -1.6 048 10 -0.4867 0.107 10 38% -1.13[1.44,-083] —
Subtotal (95% CI) 82 83 156% -0.79[-1.19,-0.40] B
Heterogeneity: Tau?=0.14; Chi*=27.84, df=3 (P < 0.001); F= 89%
Test for overall effect: Z=3.93 (P = 0.001)
Total (95% CI) 706 677 100.0% -0.36 [-0.63,-0.09] -
Heterogeneity: Tau®= 0.45; Chi®= 594.949, df= 27 (P < 0.001} ; I*= 95% '2 '1 ) 1' ‘,'!

Test for overall effect. Z= 2.66 (P <0.001)
Test for subgroup differences: Chi*=4.25,df=2(P=012), F=52.9%

Favours NIV Favours Caontrol

Fig. 7. Forest plot for PaCO; levels: A. Stable chronic obstructive pulmonary disease (COPD) patients; B. Post-exacerbation COPD (PECOPD) patients; C. Acute
exacerbation COPD (AECOPD) patients

(p =0.119) (Supplementary Fig. 4). No significant difference
in PaO, levels was observed between the NIV and control
groups in trials involving stable COPD and PECOPD pa-
tients (MD = 0.14, 95% CI: —0.55 to 0.84; p = 0.69) (Fig. 8).
High heterogeneity (I> = 100%) was likely attributable
to differences in patient characteristics, ventilator set-
tings, comparator treatments, and follow-up durations.
The subgroup analysis did not reveal a statistically sig-
nificant difference (p = 0.64). The funnel plot appeared
symmetrical (Supplementary Fig. 5), indicating a low
risk of publication bias, which was confirmed by Egger’s
test for the stable COPD subgroup (p = 0.159). Subgroup
analyses based on the type of control treatment revealed
a significant reduction in mortality when the comparator

was pharmacological therapy combined with oxygen
supplementation (OR = 0.38, 95% CI: 0.17-0.83; p = 0.02;
2 = 42%) or pharmacological therapy alone (OR = 0.34,
95% CI: 0.20-0.57; p < 0.001; I? = 0%) (Fig. 9). However, no
significant reduction in mortality was observed when NIV
was compared with LTOT or HENC. The funnel plot for
control-treatment subgroups (Supplementary Fig. 6) dis-
played high symmetry, suggesting a low likelihood of pub-
lication bias. Similar effects were observed for PaCO,
levels (Fig. 10), with a significant reduction associated
with NIV compared to pharmacological treatment com-
bined with oxygen (MD = -0.72, 95% CI: -1.34 to -0.10,
p = 0.02, I2 = 88%) and pharmacological treatment alone
(MD = -0.85, 95% CI: -1.02 to —0.68, p < 0.001, I? = 0%).



38 J. Yang etal. NIV and COPD
Control NIV Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
3.1.1 Stable COPD
Bhatt 2013 -0.194 1.4 15 -0.789 1.429 12 44% 0.59 [-0.48, 1.67] T
Braunlich 2018 0107 2.1 51 0.187 0 0 Mot estimable
Casanova 2000 -0.053 0.587 16 -0.051 0.566 19 48% -0.00[-0.39, 0.38] T
Clini 1998 6.5 0.4 28 6.5 0.5 21 4.8% 0.00 [-0.40, 0.40] =
Clini 2002 0175 0.654 36 -0.144 1.05 42 48% 0.32 [[0.06, 0.70] ™
Duiverman 2008 0.6 1.377 24 -0.2 1.154 32 47% 0.80[0.12,1.48] —
Duiverman 2011 0.438 0.803 24 -0.009 0.89 30 48% 0.45[-0.03, 0.93] =
Garrod 2000 0.34 0532 17 -0.211 0.763 20 48% 0.55[0.13,0.97] =
Gay 1996 -0.603 1.36 4 0322 0522 6 41% -083[2.32 047 T
Majorski 2021 -0.707 0.027 38 0053 088 38 49% -0.76[1.04,-0.48] -
Martin-Marquez 2014 0714 1.023 14 0,436 0.868 15 47% 0.28 [-0.41, 0.97) -
McEvoy 2019 -0.271 1.205 42 0.032 1.0 28 48% -0.30[0.83,0.22) -7
Meecham-Jones 1995 051 048 9 005 0.233 5 48% 0.46[0.09,0.83] =
Shebl 2015 0.947 0.283 15 0146 0173 15 49% 0.80[0.63, 0.87] =
Sin 2007 -0.06 1.453 9 -0183 1.186 8  42% 0.12[1.13,1.38] I
Strumpf 1991 -0.567 0.725 4 -0.267 0.933 3 42% -0D.30[1.57,087 T
Tsolaki 2008 0.734 0107 24 -044 0.04 22 49% 1A71.13,1.23) .
Subtotal {95% CI) 370 317 74.6% 0.25[-0.13,0.63] »
Heterogeneity: Tau®=0.49; Chi*= 332.47, df=15 (P < 0.001); F=95%
Testfor overall effect: Z=1.30(P=0.19)
3.1.2 PECOPD
Cheung 2010 -1.69 3.47 14 -204 332 11 2.8% 0.35[2.32, 3.02 e
Cortegiani 2020 -0.467 3.94 28 -0.083 273 24 37% -037[218,1.43 —_—T
Funk 2011 0.27 0.667 13 -1.203 0.43 13 48% 1.47[1.01,1.94)] -
Liu 2023 1.87 0.003 36 3172 0103 36 49% -1.30[1.34,-1.27) s
Murphy 2017 0931 1.502 32 0934 1722 26 46% -0.00[-0.84,0.84] b
Struik 2014 -0.019 1.985 46 0488 2129 52  46% -0.51[F1.320.31) T
Subtotal (95% CI) 170 162 254% -0.08[-1.42,1.26] -1
Heterogeneity: Tau®= 2.40; Chi*=152.04, df= 5 (P < 0.001); P=97%
Testfor overall effect Z=012 (P=0.91)
Total (95% CI) 540 479 100.0% 0.14 [-0.55, 0.84] ?
Heterogeneity: Tau®= 2,57, Chi*=7614.50, df= 21 (P < 0.001); F=100% 14 =2 o é

Test for overall effect: 2= 0.40 (P = 0.69)
Test for subdroup differences: Chi*=0.22, df=1 (P =064), F=0%

4
Favours Control Favours NIV

Fig. 8. Forest plot for PaO, levels: A. Stable chronic obstructive pulmonary disease (COPD) patients; B. Post-exacerbation COPD (PECOPD) patients

The funnel plot (Supplementary Fig. 7) displayed a high
degree of symmetry across various control treatments,
indicating a low risk of publication bias.

Discussion

This paper provides an updated synthesis of the evidence
for using NIV instead of usual care to manage different
stages of COPD. Important outcomes such as mortality,
exacerbations, intubation, and arterial gas levels (e.g. PaCO,
and PaO, were assessed to determine the long- and short-
term effects of NIV on patients at different stages of COPD.
The findings of this study emphasize the importance of NIV
in reducing mortality and morbidity, as well as the inci-
dence of adverse events such as exacerbations and intuba-
tions, in COPD patients. Although several trials and meta-
analyses have demonstrated the beneficial effects of NIV
on survival, hospital admissions and length of stay, as well
as improving quality of life, there are challenges associ-
ated with NIV devices that limit their applicability. These
include mask leaks, difficulty wearing the device, mask
discomfort, and severe hypoxia. Therefore, it is necessary

to understand which patient baseline characteristics are
most likely to benefit from NIV, the ideal length of treat-
ment and continuous monitoring protocols, and training
on the appropriate use of devices and ventilator settings.
The risk of bias assessment using the Cochrane tool
revealed high performance and detection biases. Blind-
ing of personnel and participants was not possible,
as NIV devices and interfaces differ from usual care.
Such treatments as pharmacological interventions and
sham treatments may not always be feasible. This intro-
duces an inherent bias when subjective outcomes such
as quality of life and symptom assessment are measured.
Therefore, this study only included objective measure-
ments such as mortality, intubation and exacerbation
rates, and arterial blood gases, which are not subject
to bias and provide more reliable results regarding the ef-
ficacy of NIV. Our study showed that NIV use across dif-
ferent COPD stages decreases mortality. However, there
was no significant difference in mortality outcomes be-
tween PECOPD patients receiving NIV or usual care.
The effect of NIV on COPD varies between patients
with stable COPD and those with PECOPD. Some
meta-analyses have reported nonsignificant differences
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NIV Control Odds Ratio QOdds Ratio
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Barbe 1996 0 14 0 10 Mot estimable

Brochard 1995 4 43 12 42 4.8% 0.26[0.08, 0.88] —_—

Celikel 1998 0 15 1 15 0.8% 0.31[0.01, 8.28]

Dickensaoy 2002 1 17 2 17 1.4% 0.47[0.04,5.72]

Liu 2005 1 18 3 18 1.5% 0.29[0.03, 3.14]

Matsuka 2006 7 30 7 30 5.0% 1.001[0.30, 3.31] S E—

Plant 2011 12 118 24 118 9.6% 0.44[0.21,0.94] -

Thys 2002 2 10 1 10 1.3% 225017, 29.77]

Subtotal (95% CI) 294 269 25.7% 0.38 [0.17,0.83] -~

Total events an 58

Heterogeneity: Tau*= 047, Chi*=12.06, df=7 (P=010); F= 42%

Test for averall effect. Z=2.42 (P=0.02)

1.1.2LTOT

Clini 1998 13 28 11 21 5.4% 0.79[0.25, 2.45] 1T

Clini 2002 g 43 8 47 5.8% 1.11[0.38, 3.28] I E—

McEvoy 2019 40 72 46 72 109% 0.71[0.36, 1.38] I

Struik 2014 a1 29 100 120% 1.03[0.56, 1.80] .

Tsolaki 2008 2 27 2 22 2.0% 0.80[0.10,6.19]

Zhou 2017 0 a7 1 58 0.8% 0.33[0.01,8.35]

Subtotal (95% CI) 328 320 36.8% 0.87 [0.60, 1.28] <4

Total events 93 97

Heterogeneity: Tau®= 0.00; Chi*=1.26, df =5 (P=0.94); F= 0%

Test for averall effect: Z=0.70 (F = 0.49)

1.1.3 HFNC

Braunlich 2018 2 a0 2 44 2.0% 0.88[0.12,6.49]

Jing 2018 ] 20 L} 22 37% 1.13[0.27, 4.69] I —

Tan 2020 ] 42 T 44 4.7% 0.71[0.21, 2.46] . E—

Tan 2024 8 12 11 113 7.0% 0.71[0.28, 1.85] 1

Subtotal {95% CI) 224 223 17.5% 0.80 [0.42, 1.50] P 2

Total events 20 25

Heterogeneity: Tau®= 0.00; Chi*=0.33, df= 3 (P = 0.95); F= 0%

Test for overall effect: Z=0.70 (P = 0.48)

1.1.4 Pharmacological treatment

Budweiser 2017 24 83 18 41 8.2% 0.41[0.18, 0.88] —_—

Kohnlein 2014 12 102 N 93 9.7% 0.27[0.13, 0.56] —

Shehl 2015 1 15 1 15 1.0% 1.00[0.06,17.62]

Subtotal (95% CI) 216 149  20.0% 0.34 [0.20, 0.57] <>

Total events 37 a0

Heterogeneity: Tau®=0.00; Chi*=1.18,df=2 (P=0.55); F=0%

Test for overall effect: Z=4.03 (P = 0.001)

Total (95% CI) 1062 961 100.0% 0.59 [0.43, 0.79] &

Total events 180 230

Heterageneity: Tau*=0.10; Chi*= 25.86, df= 20 (P=0.17); F= 23% =E| 01 011 150 1IJD=

Testfor overall effect: Z= 3.49 (P < 0.001)

Favaours MV Favours Control

Test for subqgroun differences: Chi*=1027, df=3 (P=002), F=70.8%

Fig. 9. Forest plot for mortality in intervention group stratified by type of control treatment

in mortality outcomes among patients with stable COPD
and PECOPD. However, other studies, including our analy-
sis, have demonstrated a mortality benefit in patients with
stable COPD.!*7° This benefit may be attributed to per-
sistent hypercapnia commonly observed in stable COPD
patients, in contrast to PECOPD patients, where hyper-
capnia may be transient and often accompanied by ad-
ditional complications. In patients with AECOPD, NIV

was found to significantly reduce mortality rates, which
could be linked to a reduced need for intubation — thus
minimizing the risk of prolonged hospital and ICU stays
and associated infections. The exacerbation rate among
patients with stable COPD was significantly lower with
NIV compared to usual care. Although this analysis in-
cluded only a limited number of studies (n = 4), it pro-
vides preliminary evidence that long-term or chronic use
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Fig. 10. Forest plot for PaCO; levels in intervention group stratified by type of control treatment

of NIV may help reduce exacerbation frequency in COPD
patients. A greater reduction in PaCO, levels in stable
COPD patients likely contributes to improved alveolar
ventilation and respiratory muscle function, particularly
in cases of chronic hypercapnia, which may predispose
patients to fewer exacerbations. Consistent with previous
meta-analyses and the GOLD report, our findings dem-
onstrated a significant improvement in PaCO; levels in all
patients receiving NIV compared to usual care. However,
no significant improvement was observed in PaO, levels
between the 2 groups. The beneficial effect of NIV in low-
ering PaCO, is attributed to enhanced alveolar ventilation,
increased tidal volume and reduced respiratory muscle
fatigue as a result of the positive airway pressure delivered
by NIV devices, which facilitates more effective CO, elimi-
nation.>!7! However, destruction of alveolar units and
underlying lung pathology can impair oxygen diffusion
into the bloodstream, thereby limiting the impact of NIV
on arterial oxygenation and often necessitating supple-
mental oxygen. Moreover, because several studies included
oxygen supplementation or LTOT in the standard treat-
ment arms, the differences in PaO, levels between NIV

and comparator groups were often attenuated, rendering
the effect of NIV on oxygenation statistically nonsignifi-
cant. Subgroup analyses revealed that NIV significantly
reduced both mortality and PaCO, levels when compared
to pharmacological or standard oxygen therapy. In con-
trast, differences were nonsignificant when compared
to LTOT and HENC therapy. These findings may be attrib-
uted to the superior ventilatory support provided by NIV,
which enhances alveolar ventilation and facilitates CO,
clearance — mechanisms not fully addressed by oxygen
or pharmacologic therapy alone. Notably, HFNC delivers
heated and humidified oxygen while also generating low-
level positive airway pressure, promoting CO, washout,
which may explain its comparable or potentially superior
efficacy to NIV in certain clinical scenarios.

Limitations

Despite our study proving a comprehensive and cur-
rent review and quantitative evidence on the use of NIV
in COPD patients in different stages, it has certain limita-
tions that require consideration when generalizing these
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results. The high heterogeneity present in the results
of this analysis, particularly for arterial blood gas levels,
PaCO, and PaO, is related to heterogenous patient popula-
tions and baseline demographics. Differences in baseline
PaCO, levels, comorbidities, and severity of COPD can
affect the magnitude of effect of NIV, thereby affecting
the efficacy of NIV. Other factors, such as ventilator pres-
sure settings and duration of application, concomitant
treatments, comparators such as supplemental oxygen
treatment, variable lengths of follow-up between different
studies, also result in heterogeneity. However, analyzing
studies with homogenous populations regarding patient
characteristics results in a limited number of studies in-
cluded in each subgroup, underpowering the study. Dif-
ferences in the definitions of outcomes, such as exacerba-
tion, which are often not specified in the trials, also makes
combining of results challenging. The numbers of exacer-
bations and intubations have not been reported for most
studies prior to the use of NIV. This lack of information
makes it difficult to determine the effectiveness of NIV
in decreasing the frequency of attacks. As discussed above,
the high risk of detection bias makes it necessary to in-
terpret the results with caution as they may not be gen-
eralizable in larger patient populations and the efficacy
of NIV can be overestimated without blinding. To provide
more robust evidence on the use of N1V, it is important
to identify patient subgroups, such as those with hypercap-
nic respiratory failure, certain comorbidities, and stages
of COPD, that are most likely to benefit from NIV use.
Additionally, since the efficacy of NIV depends upon its
correct use and adherence particularly in case of long-
term use, trained personnel are required to administer
it, and patients and their caregivers should be educated
on the proper use of masks to maximize the benefits of-
fered by NIV.

Since NIV devices demonstrated particular benefit
in AECOPD patients by reducing mortality, intubation
rates and PaCO, levels, their integration into clinical prac-
tice appears most justified in this subgroup. Moreover,
the inconsistent effects of NIV on PaO, and PaCO, levels
suggest that NIV may not be the optimal ventilation strat-
egy when oxygenation is the primary therapeutic goal.
Instead, its use should be focused on improving alveolar
ventilation and respiratory muscle function. Understand-
ing the differential effects of NIV across COPD stages
may assist clinicians in selecting appropriate candidates
who are most likely to derive significant benefit from this
intervention.

Conclusions

In this meta-analysis, we demonstrated that NIV devices
reduce mortality, exacerbation frequency and intubation
rates in patients across different stages of COPD, includ-
ing stable COPD, PECOPD and AECOPD. The impact

q

of NIV on gas exchange was variable: NIV significantly
reduced PaCO, levels, but the improvement in PaO, was
not statistically significant. The efficacy of NIV also varied
depending on the COPD stage, with the greatest benefit
observed in patients with AECOPD. The high heteroge-
neity among studies likely reflects differences in patient
populations, baseline characteristics, NIV settings, and
duration of use. These findings highlight the need to in-
dividualize NIV therapy based on patient-specific factors
to optimize clinical outcomes.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.17072868. The package includes
the following files:

Supplementary Fig. 1. Funnel plot for mortality outcome
a) in stable COPD patients b) in PECOPD patients and
¢) in AECOPD.

Supplementary Fig. 2. Funnel plot for intubation in AECOPD
patients.

Supplementary Fig. 3. Funnel plot for exacerbation in
stable COPD patients.

Supplementary Fig. 4. Funnel plot for PaCO, levels
a) in stable COPD patients b) in PECOPD patients and
¢) in AECOPD.

Supplementary Fig. 5. Funnel plot for PaO, level a) in
stable COPD patients b) in PECOPD patients.

Supplementary Fig. 6. Funnel plot for mortality in in-
tervention group stratified by type of control treatment.

Supplementary Fig. 7. Funnel plot for PaCO, levels in in-
tervention group stratified by type of control treatment.

Use of Al and Al-assisted technologies

Not applicable.

ORCID iDs
Jinyu Yang
Lin Chen
Lihong Zhao
Chengyi Liu
Xiujuan Gu
Wanjuan Qi
Lei Wang

https://orcid.org/0009-0000-7137-039X
https://orcid.org/0009-0005-8306-6535
https://orcid.org/0009-0003-5373-6986
https://orcid.org/0009-0003-9650-9556
https://orcid.org/0009-0003-6311-5198
https://orcid.org/0009-0007-2889-480X
https://orcid.org/0009-0002-3057-3961

References

1. YoonHK, Park YB, Rhee CK, Lee JH, Oh YM; Committee of the Korean
COPD Guideline 2014. Summary of the Chronic Obstructive Pulmo-
nary Disease Clinical Practice Guideline Revised in 2014 by the Korean
Academy of Tuberculosis and Respiratory Disease. Tuberc Respir Dis.
2017;80(3):230. doi:10.4046/trd.2017.80.3.230

2. Vestbo J, Hurd SS, Agusti AG, et al. Global Strategy for the Diagno-
sis, Management, and Prevention of Chronic Obstructive Pulmonary
Disease: GOLD Executive Summary. Am J Respir Crit Care Med. 2013;
187(4):347-365. doi:10.1164/rccm.201204-0596PP

3. World Health Organization (WHtO). Chronic obstructive pulmonary
disease (COPD): Fact sheet. Geneva, Switzerland: World Health Orga-
nization (WHO); 2024. https://www.who.int/news-room/fact-sheets/
detail/chronic-obstructive-pulmonary-disease-(copd). Accessed
August 15, 2024.


https://doi.org/10.5281/zenodo.17072868
https://doi.org/10.5281/zenodo.17072868
https://www.doi.org/10.4046/trd.2017.80.3.230
https://www.doi.org/10.1164/rccm.201204-0596PP
https://www.who.int/news-room/fact-sheets/detail/chronic-obstructive-pulmonary-disease-(copd)
https://www.who.int/news-room/fact-sheets/detail/chronic-obstructive-pulmonary-disease-(copd)

)

20.

21.

22.

Agusti A, Celli BR, Criner GJ, et al. Global Initiative for Chronic
Obstructive Lung Disease 2023 Report: GOLD Executive Summary.
Am J Respir Crit Care Med. 2023;207(7):819-837. doi:10.1164/rccm.
202301-0106PP

Millerova H, Maselli DJ, Locantore N, et al. Hospitalized exacerba-
tions of COPD: Risk factors and outcomes in the ECLIPSE cohort.
Chest. 2015;147(4):999-1007. d0i:10.1378/chest.14-0655

Soriano JB, Lamprecht B, Ramirez AS, et al. Mortality prediction in
chronic obstructive pulmonary disease comparing the GOLD 2007
and 2011 staging systems: A pooled analysis of individual patient
data. Lancer Respir Med. 2015;3(6):443-450. doi:10.1016/52213-2600
(15)00157-5

Xiang Y, Luo X. Extrapulmonary comorbidities associated with chronic
obstructive pulmonary disease: A review. IntJChron Obstruct Pulmon Dis.
2024;19:567-578. d0i:10.2147/COPD.S447739

Jo YS. Long-term outcome of chronic obstructive pulmonary dis-
ease: A review. Tuberc Respir Dis. 2022;85(4):289-301. doi:10.4046/
trd.2022.0074

Osadnik CR, Tee VS, Carson-Chahhoud KV, Picot J, Wedzicha JA, Smith BJ.
Non-invasive ventilation for the management of acute hypercapnic
respiratory failure due to exacerbation of chronic obstructive pul-
monary disease. Cochrane Database Syst Rev. 2017;2017(7):CD004104.
doi:10.1002/14651858.CD004104.pub4

. Raveling T, VonkJ, Struik FM, et al. Chronic non-invasive ventilation for

chronic obstructive pulmonary disease. Cochrane Database Syst Rev.
2021;2021(8):CD002878. doi:10.1002/14651858.CD002878.pub3

. RamF, Picot J, Lightowler J, Wedzicha J. Non-invasive positive pressure

ventilation for treatment of respiratory failure due to exacerbations
of chronic obstructive pulmonary disease. Cochrane Database Syst Rev.
2003;2004(1):CD004104.pub2. doi:10.1002/14651858.CD004104.pub2

. Corréa TD, Sanches PR, De Morais LC, Scarin FC, Silva E, Barbas CSV.

Performance of noninvasive ventilation in acute respiratory failure
in critically ill patients: A prospective, observational, cohort study.
BMC Pulm Med. 2015;15(1):144. doi:10.1186/512890-015-0139-3

. Mukherjee R, Nenna R, Turner A. Early ward-based acute noninva-

sive ventilation: A paper that changed practice. Breathe. 2018;14(2):
153-155. doi:10.1183/20734735.001618

. Park SY, Yoo KH, Park YB, et al. The long-term efficacy of domicili-

ary noninvasive positive-pressure ventilation in chronic obstructive
pulmonary disease: A meta-analysis of randomized controlled trials.
Tuberc Respir Dis. 2022;85(1):47-55. doi:10.4046/trd.2021.0062

. HeX,LuoL, MaY, ChenY.Efficacy of domiciliary noninvasive ventila-

tion on clinical outcomes in posthospital chronic obstructive pulmo-
nary disease patients: A meta-analysis of randomized controlled trials.
Ann Palliat Med. 2021;10(5):5137-5145. d0i:10.21037/apm-20-2017

. Higgins JPT, Thomas J, Chandler J, et al., eds. Cochrane Handbook

for Systematic Reviews of Interventions. 2" ed. Chichester, UK: Wiley;
2019. doi:10.1002/9781119536604

Higgins JPT, Thompson SG, Deeks JJ, Altman DG. Measuring incon-
sistency in meta-analyses. BMJ. 2003;327(7414):557-560. d0i:10.1136/
bmj.327.7414.557

. Avdeev SN. Non-invasive ventilation in acute respiratory failure

[in Russian]. Pulmonologia (Mosk). 2005;6:37-54. doi:10.18093/0869-
0189-2005-0-6-37-54

. Barbe F, Togores B, Rubi M, Pons S, Maimo A, Agusti A. Noninvasive

ventilatory support does not facilitate recovery from acute respira-
tory failure in chronic obstructive pulmonary disease. Eur Respir J.
1996;9(6):1240-1245. doi:10.1183/09031936.96.09061240

Barrett NA, Hart N, Daly KJR, et al. A randomised controlled trial
of non-invasive ventilation compared with extracorporeal carbon
dioxide removal for acute hypercapnic exacerbations of chronic
obstructive pulmonary disease. Ann Intensive Care. 2022;12(1):36.
doi:10.1186/513613-022-01006-8

Bhatt S, Peterson M, Wilson J, Durairaj L. Noninvasive positive pres-
sure ventilation in subjects with stable COPD: A randomized trial.
Int J Chron Obstruct Pulmon Dis. 2013;8:581-589. doi:10.2147/COPD.
S53619

Bott J, Carroll MP, Conway JH, et al. Randomised controlled trial
of nasal ventilation in acute ventilatory failure due to chronic obstruc-
tive airways disease. Lancet. 1993;341(8860):1555-1557. doi:10.1016
/0140-6736(93)90696-E

23.

24,

25.

26.

27.

28.

29.

30.

3.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

J. Yang et al. NIV and COPD

Braunlich J, Dellweg D, Bastian A, et al. Nasal high-flow versus non-
invasive ventilation in patients with chronic hypercapnic COPD.
IntJ Chron Obstruct Pulmon Dis. 2019;14:1411-1421. d0i:10.2147/COPD.
$206111

Brochard L, Mancebo J, Wysocki M, et al. Noninvasive ventilation
for acute exacerbations of chronic obstructive pulmonary disease.
NEnglJMed.1995;333(13):817-822.d0i:10.1056/NEJM199509283331301
Budweiser S, Hitzl AP, Jorres RA, et al. Impact of noninvasive home ven-
tilation on long-term survival in chronic hypercapnic COPD: A pro-
spective observational study. Int J Clin Pract. 2007;61(9):1516-1522.
doi:10.1111/j.1742-1241.2007.01427.x

Carrera M, Marin JM, Antén A, et al. A controlled trial of noninvasive
ventilation for chronic obstructive pulmonary disease exacerbations.
J Crit Care. 2009;24(3):473.e7-473.e14. doi:10.1016/j.jcrc.2008.08.007
Casanova C, Celli BR, Tost L, et al. Long-term controlled trial of noc-
turnal nasal positive pressure ventilation in patients with severe
COPD. Chest. 2000;118(6):1582-1590. doi:10.1378/chest.118.6.1582
Celikel T, Sungur M, Ceyhan B, Karakurt S. Comparison of nonin-
vasive positive pressure ventilation with standard medical ther-
apy in hypercapnic acute respiratory failure. Chest. 1998;114(6):
1636-1642. doi:10.1378/chest.114.6.1636

Cheung APS, Chan VL, Liong JT, et al. A pilot trial of non-invasive
home ventilation after acidotic respiratory failure in chronic obstruc-
tive pulmonary disease. Int J Tuberc Lung Dis. 2010;14(5):642-649.
PMID:20392360.

Clini E, Sturani C, Porta R, et al. Outcome of COPD patients perform-
ing nocturnal non-invasive mechanical ventilation. Respir Med. 1998;
92(10):1215-1222. doi:10.1016/50954-6111(98)90424-3

Clini E, Sturani C, Rossi A, et al. The Italian multicentre study on nonin-
vasive ventilation in chronic obstructive pulmonary disease patients.
Eur Respir J. 2002;20(3):529-538. d0i:10.1183/09031936.02.02162001
Collaborative Research Group of Noninvasive Mechanical Ventilation
for Chronic Obstructive Pulmonary Disease. Early use of non-inva-
sive positive pressure ventilation for acute exacerbations of chronic
obstructive pulmonary disease: A multicentre randomized controlled
trial. Chin Med J (Engl). 2005;118(24):2034-2040. PMID:16438899.
Cortegiani A, Longhini F, Madotto F, et al; the HF-AECOPD study
investigators. High flow nasal therapy versus noninvasive ventila-
tion as initial ventilatory strategy in COPD exacerbation: A multi-
center non-inferiority randomized trial. Crit Care. 2020;24(1):692.
doi:10.1186/513054-020-03409-0

Del Castillo D, Barrot E, Laserna E, Otero R, Cayuela A, Castillo Gomez J.
Noninvasive positive pressure ventilation for acute respiratory fail-
urein chronic obstructive pulmonary disease in a general respiratory
ward [in Spanish]. Med Clin (Barc). 2003;120(17):647-651. doi:10.1016/
50025-7753(03)73798-1

De Backer L, Vos W, Dieriks B, et al. The effects of long-term nonin-
vasive ventilation in hypercapnic COPD patients: A randomized con-
trolled pilot study. Int J Chron Obstruct Pulmon Dis. 2011;6:615-624.
doi:10.2147/COPD.522823

Schreiber A, Fusar Poli B, Bos LD, Nenna R. Noninvasive ventilation
in hypercapnic respiratory failure: From rocking beds to fancy masks.
Breathe. 2018;14(3):235-237. d0i:10.1183/20734735.018918
Duiverman ML, Wempe JB, Bladder G, et al. Nocturnal non-invasive
ventilation in addition to rehabilitation in hypercapnic patients with
COPD. Thorax. 2008;63(12):1052-1057. doi:10.1136/thx.2008.099044
Duiverman ML, Wempe JB, Bladder G, et al. Two-year home-based
nocturnal noninvasive ventilation added to rehabilitation in chronic
obstructive pulmonary disease patients: A randomized controlled
trial. Respir Res. 2011;12(1):112. doi:10.1186/1465-9921-12-112

Funk GC, Breyer MK, Burghuber OC, et al. Long-term non-invasive ven-
tilation in COPD after acute-on-chronic respiratory failure. Respir Med.
2011;105(3):427-434. doi:10.1016/j.rmed.2010.09.005

Garrod R, Mikelsons C, Paul EA, Wedzicha JA. Randomized controlled
trial of domiciliary noninvasive positive pressure ventilation and
physical training in severe chronic obstructive pulmonary disease.
Am J Respir Crit Care Med. 2000;162(4):1335-1341. doi:10.1164/ajrc-
cm.162.4.9912029

Gay PC, Hubmayr RD, Stroetz RW. Efficacy of nocturnal nasal venti-
lation in stable, severe chronic obstructive pulmonary disease dur-
ing a 3-month controlled trial. Mayo Clin Proc. 1996;71(6):533-542.
doi:10.4065/71.6.533


https://www.doi.org/10.1164/rccm.202301-0106PP
https://www.doi.org/10.1164/rccm.202301-0106PP
https://www.doi.org/10.1378/chest.14-0655
https://www.doi.org/10.1016/S2213-2600(15)00157-5
https://www.doi.org/10.1016/S2213-2600(15)00157-5
https://www.doi.org/10.2147/COPD.S447739
https://www.doi.org/10.4046/trd.2022.0074
https://www.doi.org/10.4046/trd.2022.0074
https://www.doi.org/10.1002/14651858.CD004104.pub4
https://www.doi.org/10.1002/14651858.CD002878.pub3
https://www.doi.org/10.1002/14651858.CD004104.pub2
https://www.doi.org/10.1186/s12890-015-0139-3
https://www.doi.org/10.1183/20734735.001618
https://www.doi.org/10.4046/trd.2021.0062
https://www.doi.org/10.21037/apm-20-2017
https://www.doi.org/10.1002/9781119536604
https://www.doi.org/10.1136/bmj.327.7414.557
https://www.doi.org/10.1136/bmj.327.7414.557
https://www.doi.org/10.18093/0869-0189-2005-0-6-37-54
https://www.doi.org/10.18093/0869-0189-2005-0-6-37-54
https://www.doi.org/10.1183/09031936.96.09061240
https://www.doi.org/10.1186/s13613-022-01006-8
https://www.doi.org/10.2147/COPD.S53619
https://www.doi.org/10.2147/COPD.S53619
https://www.doi.org/10.1016/0140-6736(93)90696-E
https://www.doi.org/10.1016/0140-6736(93)90696-E
https://www.doi.org/10.2147/COPD.S206111
https://www.doi.org/10.2147/COPD.S206111
https://www.doi.org/10.1056/NEJM199509283331301
https://www.doi.org/10.1111/j.1742-1241.2007.01427.x
https://www.doi.org/10.1016/j.jcrc.2008.08.007
https://www.doi.org/10.1378/chest.118.6.1582
https://www.doi.org/10.1378/chest.114.6.1636
https://pubmed.ncbi.nlm.nih.gov/20392360
https://www.doi.org/10.1016/S0954-6111(98)90424-3
https://www.doi.org/10.1183/09031936.02.02162001
https://pubmed.ncbi.nlm.nih.gov/16438899
https://www.doi.org/10.1186/s13054-020-03409-0
https://www.doi.org/10.1016/S0025-7753(03)73798-1
https://www.doi.org/10.1016/S0025-7753(03)73798-1
https://www.doi.org/10.2147/COPD.S22823
https://www.doi.org/10.1183/20734735.018918
https://www.doi.org/10.1136/thx.2008.099044
https://www.doi.org/10.1186/1465-9921-12-112
https://www.doi.org/10.1016/j.rmed.2010.09.005
https://www.doi.org/10.1164/ajrccm.162.4.9912029
https://www.doi.org/10.1164/ajrccm.162.4.9912029
https://www.doi.org/10.4065/71.6.533

Adv Clin Exp Med. 2026;35(1):27-43

42.

43,

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Hedsund C, Linde Ankjeergaard K, Peick Sonne T, et al. Long-term
non-invasive ventilation for COPD patients following an exacerbation
with acute hypercapnic respiratory failure: Arandomized controlled
trial. Eur Clin Respir J. 2023;10(1):2257993. d0i:10.1080/20018525.
2023.2257993

Jing G, Li J, Hao D, et al. Comparison of high flow nasal cannula
with noninvasive ventilation in chronic obstructive pulmonary dis-
ease patients with hypercapnia in preventing postextubation respi-
ratory failure: A pilot randomized controlled trial. Res Nurs Health.
2019;42(3):217-225. d0i:10.1002/nur.21942

Khilnani G, Saikia N, Banga A, Sharma S. Non-invasive ventilation
for acute exacerbation of COPD with very high PaCO,: A random-
ized controlled trial. Lung India. 2010;27(3):125. doi:10.4103/0970-
2113.68308

Kohnlein T, Windisch W, Kéhler D, et al. Non-invasive positive pressure
ventilation for the treatment of severe stable chronic obstructive pul-
monary disease: A prospective, multicentre, randomised, controlled
clinical trial. Lancer Respir Med. 2014;2(9):698-705. d0i:10.1016/52213-
2600(14)70153-5

Kramer N, Meyer TJ, Meharg J, Cece RD, Hill NS. Randomized, pro-
spective trial of noninvasive positive pressure ventilation in acute
respiratory failure. Am J Respir Crit Care Med. 1995;151(6):1799-1806.
doi:10.1164/ajrccm.151.6.7767523

LiuL, QuiHB, Zheng RQ, Yang Y. Prospective randomized controlled
clinical study of early use of noninvasive positive pressure ventilation
in the treatment for acute exacerbation of chronic obstructive pul-
monary disease [in Chinese]. Zhongguo Wei Zhong Bing Ji Jiu Yi Xue.
2005;17(8):477-480. PMID:16105426.

LiuA, Zhou Y, Pu Z. Effects of high-flow nasal cannula oxygen therapy
for patients with acute exacerbation of chronic obstructive pulmonary
disease in combination with type Il respiratory failure. J Int Med Res.
2023;51(6):03000605231182558. doi:10.1177/03000605231182558
Majorski DS, Magnet FS, Thilemann S, Schmoor C, Windisch W,
Schwarz SB. Portable NIV for patients with moderate to severe
COPD: Two randomized crossover trials. Respir Res. 2021;22(1):123.
doi:10.1186/512931-021-01710-2

Marquez-Martin E, Ruiz FO, Ramos PC, Lopez-Campos JL, Azcona BV,
Cortés EB. Randomized trial of non-invasive ventilation combined
with exercise training in patients with chronic hypercapnic failure
due to chronic obstructive pulmonary disease. Respir Med. 2014;
108(12):1741-1751. doi:10.1016/j.rmed.2014.10.005

Matuska P, Pilarova O, Merta Z, Skrickova J. Non-invasive ventilation
support in patients with acute exacerbation of chronic obstructive
pulmonary disease (COPD) [in Czech]. Vnitr Lek. 2006;52(3):241-248.
PMID:16722155.

McEvoy RD, Pierce RJ, Hillman D, et al. Nocturnal non-invasive nasal
ventilation in stable hypercapnic COPD: A randomised controlled trial.
Thorax. 2009;64(7):561-566. doi:10.1136/thx.2008.108274
Meecham Jones DJ, Paul EA, Jones PW, Wedzicha JA. Nasal pressure
support ventilation plus oxygen compared with oxygen therapy
alone in hypercapnic COPD. Am J Respir Crit Care Med. 1995;152(2):
538-544. doi:10.1164/ajrccm.152.2.7633704

Murphy PB, Rehal S, Arbane G, et al. Effect of home noninvasive ven-
tilation with oxygen therapy vs oxygen therapy alone on hospital
readmission or death after an acute COPD exacerbation: A random-
ized clinical trial. JAMA. 2017;317(21):2177.d0i:10.1001/jama.2017.4451
Plant PK, Owen JL, Elliott MW. Non-invasive ventilation in acute exacer-
bations of chronic obstructive pulmonary disease: Long term survival
and predictors of in-hospital outcome. Thorax. 2001;56(9):708-712.
doi:10.1136/thorax.56.9.708

Rezaei A, Fakharian A, Ghorbani F, Idani E, Abedini A, Jamaati H.
Comparison of high-flow oxygenation with noninvasive ventilation
in COPD exacerbation: A crossover clinical trial. Clin Respir J. 2021;
15(4):420-429. doi:10.1111/crj.13315

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

43

Samaria JK. Need for mechanical ventilation and in-hospital mortal-
ity in patients of acute exacerbation of COPD (AECOPD) on conven-
tional treatment versus noninvasive oositive airway pressure (NIPPV).
In: A41. CHRONIC Obstructive Pulmonary Disease Exacerbations: Epide-
miology and Outcomes. American Thoracic Society 2010 Internation-
al Conference, May 14-19, 2010; New Orleans, USA. American Thorac-
ic Society; 2010:A1515. doi:10.1164/ajrccm-conference.2010.181.1_
MeetingAbstracts.A1515

Eman Shebl R, Abderaboh MM. Bi-level positive airway pressure
ventilation for patients with stable hypercapnic chronic obstruc-
tive pulmonary disease. EgyptJ Chest Dis Tuberc. 2015;64(2):395-398.
doi:10.1016/j.ejcdt.2015.02.004

Sin DD, Wong E, Mayers |, et al. Effects of nocturnal noninvasive
mechanical ventilation on heart rate variability of patients with
advanced COPD. Chest.2007;131(1):156-163. d0i:10.1378/chest.06-1423
Struik FM, Sprooten RTM, Kerstjens HAM, et al. Nocturnal non-inva-
sive ventilation in COPD patients with prolonged hypercapnia after
ventilatory support for acute respiratory failure: A randomised, con-
trolled, parallel-group study. Thorax. 2014;69(9):826-834. d0i:10.1136/
thoraxjnl-2014-205126

Strumpf DA, Millman RP, Carlisle CC, et al. Nocturnal positive-pressure
ventilation via nasal mask in patients with severe chronic obstruc-
tive pulmonary disease. Am Rev Respir Dis. 1991;144(6):1234-1239.
doi:10.1164/ajrccm/144.6.1234

Tan D, Walline JH, Ling B, et al. High-flow nasal cannula oxygen ther-
apy versus non-invasive ventilation for chronic obstructive pulmo-
nary disease patients after extubation: A multicenter, randomized
controlled trial. Crit Care. 2020;24(1):489. d0i:10.1186/513054-020-
03214-9

Tan D, Wang B, Cao P, et al. High flow nasal cannula oxygen therapy
versus non-invasive ventilation for acute exacerbations of chronic
obstructive pulmonary disease with acute-moderate hypercapnic
respiratory failure: A randomized controlled non-inferiority trial.
Crit Care. 2024;28(1):250. doi:10.1186/513054-024-05040-9

Thys F, Roeseler J, Reynaert M, Liistro G, Rodenstein DO. Noninvasive
ventilation for acute respiratory failure: A prospective randomised
placebo-controlled trial. Eur Respir J. 2002;20(3):545-555. d0i:10.1183/
09031936.02.00287402

Tsolaki V, Pastaka C, Karetsi E, et al. One-year non-invasive ventila-
tion in chronic hypercapnic COPD: Effect on quality of life. Respir Med.
2008;102(6):904-911. d0i:10.1016/j.rmed.2008.01.003

Vargas F, Clavel M, Sanchez-Verlan P, et al. Intermittent noninva-
sive ventilation after extubation in patients with chronic respira-
tory disorders: A multicenter randomized controlled trial (VHYPER).
Intensive Care Med. 2017;43(11):1626-1636. doi:10.1007/s00134-017-
4785-1

Xiang PC, Zhang X, Yang JN, et al. The efficacy and safety of long
term home noninvasive positive pressure ventilation in patients with
stable severe chronic obstructive pulmonary disease [in Chinese].
Zhonghua Jie He He Hu Xi Za Zhi.2007;30(10):746-750. PMID:18218204.
Zhou R, Chen P, Luo H, Xiang XD. Effects of noninvasive positive
pressure ventilation on gas exchange and patients’ transforma-
tion in chronic obstructive pulmonary disease and respiratory fail-
ure [in Chinese]. Hunan Yi Ke Da Xue Xue Bao. 2001;26(3):261-262.
PMID:12536700.

Zhou LQ, Li XY, Guan LL, et al. Home noninvasive positive pres-
sure ventilation with built-in software in stable hypercapnic COPD:
A short-term prospective, multicenter, randomized, controlled trial.
Int J Chron Obstruct Pulmon Dis. 2017;12:1279-1286. doi:10.2147/COPD.
$127540

Dretzke J, Moore D, Dave C, et al. The effect of domiciliary noninva-
sive ventilation on clinical outcomes in stable and recently hospi-
talized patients with COPD: A systematic review and meta-analysis.
Int J Chron Obstruct Pulmon Dis. 2016;11:2269-2286. d0i:10.2147/
COPD.S104238

Ambrosino N, Vagheggini G. Noninvasive positive pressure ventila-
tion in the acute care setting: Where are we? Eur Respir J. 2008;31(4):
874-886. d0i:10.1183/09031936.00143507


https://www.doi.org/10.1080/20018525.2023.2257993
https://www.doi.org/10.1080/20018525.2023.2257993
https://www.doi.org/10.1002/nur.21942
https://www.doi.org/10.4103/0970-2113.68308
https://www.doi.org/10.4103/0970-2113.68308
https://www.doi.org/10.1016/S2213-2600(14)70153-5
https://www.doi.org/10.1016/S2213-2600(14)70153-5
https://www.doi.org/10.1164/ajrccm.151.6.7767523
https://pubmed.ncbi.nlm.nih.gov/16105426
https://www.doi.org/10.1177/03000605231182558
https://www.doi.org/10.1186/s12931-021-01710-2
https://www.doi.org/10.1016/j.rmed.2014.10.005
https://pubmed.ncbi.nlm.nih.gov/16722155
https://www.doi.org/10.1136/thx.2008.108274
https://www.doi.org/10.1164/ajrccm.152.2.7633704
https://www.doi.org/10.1001/jama.2017.4451
https://www.doi.org/10.1136/thorax.56.9.708
https://www.doi.org/10.1111/crj.13315
https://www.doi.org/10.1164/ajrccm-conference.2010.181.1_MeetingAbstracts.A1515
https://www.doi.org/10.1164/ajrccm-conference.2010.181.1_MeetingAbstracts.A1515
https://www.doi.org/10.1016/j.ejcdt.2015.02.004
https://www.doi.org/10.1378/chest.06-1423
https://www.doi.org/10.1136/thoraxjnl-2014-205126
https://www.doi.org/10.1136/thoraxjnl-2014-205126
https://www.doi.org/10.1164/ajrccm/144.6.1234
https://www.doi.org/10.1186/s13054-020-03214-9
https://www.doi.org/10.1186/s13054-020-03214-9
https://www.doi.org/10.1186/s13054-024-05040-9
https://www.doi.org/10.1183/09031936.02.00287402
https://www.doi.org/10.1183/09031936.02.00287402
https://www.doi.org/10.1016/j.rmed.2008.01.003
https://www.doi.org/10.1007/s00134-017-4785-1
https://www.doi.org/10.1007/s00134-017-4785-1
https://pubmed.ncbi.nlm.nih.gov/18218204
https://pubmed.ncbi.nlm.nih.gov/12536700
https://www.doi.org/10.2147/COPD.S127540
https://www.doi.org/10.2147/COPD.S127540
https://www.doi.org/10.2147/COPD.S104238
https://www.doi.org/10.2147/COPD.S104238
https://www.doi.org/10.1183/09031936.00143507




Original papers

Emergency medicine and digital health technologies

Association of 41 circulating inflammatory factors, C-reactive
protein, and procalcitonin with sepsis risk and 28-day mortality:
A bidirectional Mendelian randomization and mediation analysis

Jinchan Peng'4, Liqun Li*8, Guangyao Wang?®, Jinxiu Wei?<, Bingbing Lei', Jinjing Tan??, Lijian Liu®t, Sheng Xie**

' Department of Graduate School, Guangxi University of Chinese Medicine, Nanning, China
2 Department of Gastroenterology and Critical Care Medicine, The First Affiliated Hospital of Guangxi University of Chinese Medicine, Nanning, China

A — research concept and design; B — collection and/or assembly of data; C — data analysis and interpretation;
D — writing the article; E — critical revision of the article; F — final approval of the article

Advances in Clinical and Experimental Medicine, ISSN 1899-5276 (print), ISSN 2451-2680 (online)

Address for correspondence
Sheng Xie
E-mail: xsh6566@163.com

Funding sources

This work was supported by the Guangxi Science and
Technology Department Project (grant No. Gui Ke
AB23026098), the Guangxi Science and Technology
Department Project (grant No. GZKJ2307), and the National
Natural Science Foundation of China (grant No. 82305151).

Conflict of interest
None declared

Acknowledgements
The authors express their sincere gratitude to the researchers
who generously shared the GWAS data used in this study.

Received on July 14, 2024
Reviewed on February 8, 2025
Accepted on March 20, 2025

Published online on January 5, 2026

Citeas

Peng J, LiL, Wang G, et al. Association of 41 circulating
inflammatory factors, G-reactive protein, and procalcitonin
with sepsis risk and 28-day mortality: A bidirectional
Mendelian randomization and mediation analysis.

Adv Clin Exp Med. 2026;35(1):45-55.
d0i:10.17219/acem/203155

DOI
10.17219/acem/203155

Copyright

Copyright by Author(s)

Thisis an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CCBY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Adv Clin Exp Med. 2026;35(1):45-55

Abstract

Background. The precise causal relationship between circulating inflammatory factors and sepsis has not
yet been fully elucidated.

Objectives. To identify biomarkers that enable earlier and more accurate diagnosis of sepsis.

Materials and methods. The causal relationships between 41 circulating inflammatory factors, G-reactive
protein (CRP), and procalcitonin (PCT) with sepsis and 28-day sepsis-related mortality were evaluated using
two-sample bidirectional Mendelian randomization (MR) analyses.

Results. This study revealed negative causal associations between genetically predicted circulating inflam-
matory factors—interleukin-6 (IL-6) (odds ratio [OR] = 0.923; 95% confidence interval [Cl], 0.854—0.998;
p=0.044), RANTES (OR = 0.926;95% (1, 0.862—0.994; p = 0.033), and macrophage inflammatory protein-1p
(MIP1B) (OR=10.957;95% (l,0.919—-0.996; p = 0.032) — and the risk of sepsis. Furthermore, positive causal
relationships were observed between CRP and sepsis (OR = 1.140; 95% (I: 1.055—1.232; p = 0.001), as well
as between CRP and 28-day sepsis-related mortality (OR = 1.241;95% (I: 1.034—1.489; p = 0.020). Platelet-
derived growth factor-BB (PDGF-BB) levels were also elevated in sepsis (OR = 1.136; 95% CI: 1.003—1.286;
p = 0.044). Mediation analysis indicated that CRP mediated the effects of IL-6 and RANTES on sepsis,
accounting for 25.87% (OR = 0.980; 95% (I: 0.961-0.998) and 2.04% (OR = 1.002; 95% (I: 0.991-1.012)
of the total effect, respectively. The robustness of these associations was confirmed through leave-one-out
sensitivity analysis and funnel plots.

Conclusions. This study enhances our understanding of the mechanisms underlying sepsis and its associated
mortality, and underscores the therapeutic potential of targeting inflammatory factors in its management.

Key words: C-reactive protein, procalcitonin, sepsis, Mendelian randomization analysis, circulating inflam-
matory factors
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Highlights

randomization analysis.

mortality.

in sepsis pathophysiology.

+ The study investigated causal relationships between 41 circulating inflammatory factors, including C-reactive
protein (CRP) and procalcitonin (PCT) — and the risk of sepsis and 28-day sepsis-related mortality using Mendelian

+ Genetically predicted inflammatory mediators, including interleukin-6 (IL-6), RANTES, and macrophage inflam-
matory protein-1p (MIP-1p), showed negative causal associations with sepsis risk.
+ Positive causal relationships were identified between CRP and both sepsis incidence and 28-day sepsis-associated

+ Platelet-derived growth factor-BB (PDGEF-BB) levels were found to be significantly elevated in patients with sepsis.
+ CRP acted as a mediating factor linking IL-6 and RANTES to the development of sepsis, suggesting a key pathway

Background

Sepsis is a syndrome characterized by a systemic in-
flammatory response triggered by infection of the host
with pathogenic agents such as bacteria, viruses, fungi,
or parasites, and it is often secondary to trauma, burns
or shock.!”® This condition frequently leads to dysfunc-
tion or failure of multiple organs, posing a serious threat
to human life. It has been reported that the global bur-
den of sepsis includes 48.9 million cases and 11 million
sepsis-related deaths annually,* while the overall incidence
of sepsis among intensive care unit (ICU) patients in Asian
countries is 22.4%.

The 30-day mortality rate of sepsis is approx. 17.4%, while
that of severe sepsis can reach 26%, and may rise to 32.6%
in low- and middle-income countries.>~” Additionally,
studies have reported that the incidence of sepsis can be
as high as 38.6%, with mortality rates reaching 43.0% and
continuing to increase at an alarming pace.®-1° Sepsis re-
mains a major focus in the field of critical and emergency
medicine, underscoring the urgent need to deepen our
understanding of its pathophysiology, improve prevention
strategies, and strengthen therapeutic approaches.

Identifying the etiology of sepsis is essential for reduc-
ing its incidence and improving treatment outcomes.
The physiological and pathological processes of sepsis
are highly complex, but the systemic inflammatory re-
sponse remains one of its core pathological mechanisms.
An excessive inflammatory reaction can lead to organ
dysfunction in sepsis. Numerous preclinical studies have
demonstrated significant increases in the protein levels
of interleukin 6 (IL-6) and tumor necrosis factor alpha
(TNF-aq) in the liver tissue of septic rats.!!

Serum concentrations of TNF-a, IL-6 and IL-10 are
markedly elevated in rats with sepsis.!? In cellular models
of sepsis, the secretion of IL-6, TNF-a and IL-1 increases
sharply, amplifying the inflammatory response.'** Clini-
cal studies have confirmed these findings, demonstrat-
ing that procalcitonin (PCT) serves as a potential indica-
tor of disease severity, whereas IL-6 is associated with

the clinical progression of the syndrome.!> Both PCT and
C-reactive protein (CRP) are significantly upregulated
in sepsis.'® Moreover, increased IL-27 levels and decreased
RANTES concentrations have been observed in neonates
with sepsis.!”

Observational studies often carry a risk of bias and false
associations. The Mendelian randomization (MR) ap-
proach addresses this limitation by using genetic variants
as instrumental variables (IVs) to infer causality. Mende-
lian randomization reduces confounding factors and bias,
providing stronger evidence for causal relationships.!®%
The two-sample MR method further minimizes distortion
and interference by employing pooled statistical data from
multiple studies. Moreover, this approach has been widely
applied to improve causal inference through larger sample
sizes and greater statistical power.

Objectives

To identify potential causal relationships and media-
tors between inflammatory factors and sepsis, this study
employed a bidirectional MR design combined with me-
diation analysis. Additionally, the study aimed to provide
guidance for the development of diagnostic and thera-
peutic strategies based on 41 circulating inflammatory
factors (Table 1), as well as CRP and procalcitonin PCT,
which may assist in the early diagnosis and treatment
of sepsis.

Materials and methods
Research design

A genome-wide association study (GWAYS) is a research
approach used to identify genetic variants associated with
specific diseases or traits. This method involves scan-
ning the entire genome of a large number of individu-
als to detect genetic markers linked to the condition or
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Table 1. Circulating inflammatory factors

Number | Inflammatory factors
1 interleukin 13
2 interleukin 1-receptor antagonist
3 interleukin 2
4 interleukin 2-receptor antagonist
5 interleukin 4
6 interleukin 5
7 interleukin 6
8 interleukin 7
9 interleukin 8
10 interleukin 9
11 interleukin 10
12 interleukin 12p70
13 interleukin 13
14 interleukin 16
15 interleukin 17
16 interleukin 18
17 cutaneous T-cell attracting
18 stromal-cell-derived factor 1 alpha
19 regulated on activation, normal T cell expressed and
secreted
20 macrophage inflammatory protein 1
21 macrophage inflammatory protein 1a
22 monokine induced by interferon gamma
23 monocyte chemoattractant protein-3
24 monocyte chemoattractant protein-1
25 interferon y-induced protein 10
26 growth-regulated protein a
27 eotaxin
28 beta-nerve growth factor
29 vascular endothelial growth factor
30 stem cell growth factor beta
31 stem cell factor
32 platelet-derived growth factor BB
33 macrophage colony stimulating factor
34 hepatocyte growth factor
35 granulocyte-colony stimulating factor
36 fibroblast growth factor basic
37 macrophage migration inhibitory factor
38 tumor necrosis factor-related apoptosis inducing ligand
39 tumor necrosis factor alpha
40 tumor necrosis factor beta
41 interferon gamma

characteristic of interest. The present study is based on
the most recent and comprehensive GWAS datasets from
large populations to investigate the causal relationships
of CRP, PCT and 41 circulating inflammatory factors with
sepsis and 28-day mortality.
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To ensure the validity of the research findings, the IV
model in MR must satisfy 3 key assumptions: 1) the genetic
variants are strongly associated with the exposure vari-
ables; 2) the genetic variants are independent of confound-
ing factors that may influence the results (e.g., smoking,
diabetes); and 3) the genetic variants affect the outcome
variables only through the exposure variables. The overall
research process is illustrated in Fig. 1.

Collection of data on circulating
inflammatory factors

Genetic instruments for the 41 circulating inflam-
matory factors were obtained from the most recent and
comprehensive GWAS datasets, which combined sum-
mary statistics from 3 Finnish cohorts — the Cardiovas-
cular Risk in Young Finns Study, FINRISK 1997, and
FINRISK 2002 (n = 8,293);2*% 13 European-ancestry co-
horts (n = 21,758);?* and the Lothian Birth Cohort 1936
(n =1,091).22 The GWAS data on 41 circulating inflamma-
tory factors involved a total of 31,142 individuals.

The GWAS data for CRP were obtained from the UK
Biobank (n = 427,367) and the Cohorts for Heart and
Aging Research in Genomic Epidemiology (CHARGE)
consortium (n = 148,164), comprising a total of 575,531
participants.?* The GWAS data for PCT were derived from
3,301 healthy participants from the INTERVAL study.?

Further details regarding genomic (GM) statistics are
available in the original publications. As indicated in Sup-
plementary Table 1, the IEU OpenGWAS project also pro-
vides access to the corresponding GWAS datasets.

Collection of sepsis datasets

The OpenGWAS database includes summary statistics
for sepsis and sepsis-related 28-day mortality, obtained
from the IEU OpenGWAS project, which is based on data
from the UK Biobank.2® This dataset comprises 11,643
sepsis patients of European ancestry and 474,841 controls,
with a total of 12,243,539 SNP loci analyzed. Patients were
classified as having confirmed sepsis according to the In-
ternational Classification of Diseases (ICD-9 and ICD-10)
codes.* Because data on circulating inflammatory factors
and sepsis were obtained from different research projects,
there was no sample overlap. As this study did not involve
the collection of individual participant data, ethical ap-
proval was not required.

Selection of genetic instrumental variables

First, a strong correlation must exist between the expo-
sure factors and the instrumental variables selected for
analysis. To ensure adequate screening of instrumental
variables, single-nucleotide polymorphisms (SNPs) with
p-values below the genome-wide significance threshold
(1 x 107°) were selected. Subsequently, the genetic distance
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Mediation effect=Beta (a)*Beta(b)
Mediation proportion=[Beta(a)*Beta(b)]/Beta(c)

Fig. 1. The bidirectional Mendelian randomization (MR) and mediation analysis study of the associations between 41 circulating inflammatory factors,

Creactive protein (CRP), procalcitonin (PCT) and sepsis

was set to 10,000 kb, and the linkage disequilibrium (LD)
parameter (R?) for the SNPs was set to 0.001. Next, we cal-
culated the F-statistic using the formula:

F = [(R*/(1 - R?) x (N - K - 1)/K]

Instrumental variables with F-values <10 were excluded
to ensure a strong correlation between the exposure fac-
tors and IVs. Additionally, IVs showing associations with
outcome variables at a p-value < 1.0 x 10~> were removed.
The Phenoscanner database?” (http://www.phenoscanner.
medschl.cam.ac.uk/) was used to identify and exclude po-
tential confounding factors (e.g., smoking, diabetes) related
to the IVs. Finally, the exposure and outcome datasets
were harmonized to remove non-concordant SNPs, leav-
ing the remaining SNPs as valid genetic instrumental
variables.

Bidirectional MR analysis

Abidirectional MR approach was used to assess the causal
relationships between circulating inflammatory factors
and sepsis. Mendelian randomization analysis was per-
formed using the inverse-variance weighted (IVW) method
as the primary analytical strategy. The [IVW approach com-
bines all SNPs in a meta-analysis framework to generate
a pooled causal estimate. Four additional complementary
methods — MR-Egger, weighted mode, weighted median,
and simple mode — were also applied. Sensitivity analyses
were conducted using the MR-Egger and weighted median
methods. When IVs account for at least half of the total
weight in the analysis, the weighted median method pro-
vides robust and reliable causal estimates.


http://www.phenoscanner.medschl.cam.ac.uk/
http://www.phenoscanner.medschl.cam.ac.uk/
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Pleiotropy was assessed and corrected using the MR-
Egger intercept test. Heterogeneity among SNPs selected
for each exposure variable was evaluated by calculating
Cochran’s Q statistic. The Mendelian Randomization Plei-
otropy RESidual Sum and Outlier (MR-PRESSO) method
was applied to detect outliers and provide corrected causal
estimates. The p-value from the MR-Egger intercept test
was used to assess the presence of pleiotropy among SNPs.
A nonsignificant difference between Q and Q’ (p > 0.05)
indicated that the IVW model was more appropriate for
the analysis. Sensitivity analyses, including the leave-one-
out method and funnel plots, were conducted to evaluate
the robustness of the results and identify potential outliers.

After Bonferroni correction for multiple comparisons,
a p-value < 0.001 (0.05/43) was considered indicative
of a strong causal relationship, whereas p-values between
0.001 and 0.05 were regarded as evidence of a general
association. Reverse causality analyses were performed
using MR, MR-PRESSO, and the TwoSampleMR pack-
age in Rv. 4.3.1 (R Foundation for Statistical Computing,
Vienna, Austria). The results were reported in accordance
with the Strengthening the Reporting of Observational
Studies in Epidemiology—Mendelian Randomization
(STROBE-MR) guidelines (Supplementary Table 2).28

Mediation analysis

Mediation analysis is a statistical approach used to ex-
amine the mechanisms through which an independent
variable (X) influences a dependent variable (Y) via a me-
diator (M). The objective is to determine whether the effect
of X onY is direct or occurs indirectly through M. This tech-
nique is particularly valuable for identifying the underlying
pathways that explain relationships between variables. In this
study, we applied a simple mediation model in which the in-
dependent variables (41 circulating inflammatory factors)
influence the mediator (CRP), which in turn affects the de-
pendent variables (sepsis and sepsis-related 28-day mortality).

The effects of the 41 circulating inflammatory factors
on sepsis and sepsis-related 28-day mortality can be di-
vided into direct and indirect components. The indirect
effect represents the influence of these inflammatory fac-
tors on sepsis and 28-day mortality mediated through CRP,
whereas the direct effect reflects their influence indepen-
dent of CRP.?° The proportion of the total effect explained
by mediation was estimated by dividing the indirect effect
by the overall effect and calculating the 95% confidence
interval (95% CI) using the delta method.

Results
Selection of genetic IVs

We screened IVs for CRP, PCT and 41 circulating in-
flammatory factors and sepsis, respectively. Ultimately,
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1,198 SNPs for inflammatory factor, 627 sepsis-associated
SNPs, and 1,036 SNPs related to 28-day mortality of sepsis
were included. The F-statistics of the genetic IVs that were
strongly correlated with inflammatory factors were all
greater than 10, indicating a low likelihood of bias influ-
encing the estimates (Supplementary Tables 3,4).

Two-sample MR

Impacts of 41 circulating inflammatory factors, CRP,
and PCT on sepsis

This study identified 2 causal correlations between CRP,
PCT and 41 circulating inflammatory factors and the risk
of sepsis (Fig. 2, Supplementary Table 3). Interleukin 6
(0dds ratio (OR) = 0.923, 95% CI: 0.854—0.998; p = 0.044),
RANTES (OR = 0.926, 95% CI: 0.862—-0.994; p = 0.033),
and macrophage inflammatory protein 1 beta (MIP1p)
(OR =0.957,95% CI:0.919-0.996; p = 0.032) were all related
to the reduced risk of sepsis. Elevated CRP levels were posi-
tively associated with the risk of sepsis (OR = 1.140, 95% CI:
1.055-1.232; p = 0.001). Platelet-derived growth factor-BB
(PDGFbb) noticeably increased in sepsis (OR = 1.136, CL:
1.003-1.286; p = 0.044). According to Cochran’s Q test
results, the selected SNPs did not exhibit significant
heterogeneity (p > 0.05; Supplementary Table 5). Simi-
larly, the MR-Egger intercept test indicated no evidence
of pleiotropy or outliers (p > 0.05; Supplementary Table 5).
Finally, the leave-one-out analysis confirmed the robust-
ness of the results (Supplementary Fig. 1-5).

The influence of 41 circulating inflammatory factors,
CRP, and PCT on the 28-day mortality of sepsis

The IVW results indicated that CRP, PCT and the 41 cir-
culating inflammatory factors were causally associated with
28-day sepsis-related mortality (Fig. 3; Supplementary Ta-
ble 4). Genetically predicted CRP was associated with an in-
creased risk of 28-day sepsis mortality (OR = 1.241; 95% CI:
1.034-1.489; p = 0.020). Cochran’s Q test results showed no
significant heterogeneity among the selected SNPs (p > 0.05;
Supplementary Table 6), and the MR-Egger intercept test
revealed no evidence of pleiotropy or outliers (p > 0.05;
Supplementary Table 6). Finally, the leave-one-out analysis
and funnel plot confirmed the stability of the CRP results
(Supplementary Fig. 11,12). The Bonferroni-corrected analy-
sis revealed a strong association between CRP levels and
the prevalence of sepsis, although this does not imply direct
causation (OR = 1.140; 95% CI: 1.055-1.232; p = 0.001).

The mediating proportion of CRP in the relation
between 41 circulating inflammatory factors and sepsis

We analyzed whether CRP acted as a mediator to
strengthen the effects of 41 circulating inflammatory
factors on sepsis. It was found that IL-6 and RANTES
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Circulating inflammatory factors nsnp Forward pval  OR(95%CI) nsnp Reverse pval  OR(95%Cl)
Interleukins : 0
Interleukin-10 15 —— 0.432 1.030(0.956-1.110) 13 —— 0.789 1.022(0.872-1.198)
Interleukin—-12p70 17 —_— 0.403 1.026(0.965-1.091) 13 —-— 0.545 1.041(0.913-1.188)
Interleukin—13 17 0 0.073  1.038(0.996-1.081) 13 — 0.143  0.862(0.707-1.051)
Interleukin-16 13 >—I—i* 0.116  0.965(0.924-1.009) 13 —l:—< 0.723  0.964(0.788-1.180)
Interleukin-17 16 =0 0.474  1.033(0.944-1.131) 14 I 0.190 1.100(0.954-1.271)
Interleukin-18 34 —— 0.938 1.002(0.944-1.064) 19 - 0.393 1.037(0.954-1.128)
Interleukin—1-receptor antagonist 39 —i— 0.530 1.020(0.960-1.083) 19 HiH 0.727 1.016(0.932-1.107)
Interleukin—1-beta 7 —,— 0.732 0.983(0.891-1.085) 14 i 0.091 0.879(0.757-1.021)
Interleukin-2 16 —m— 0.753 1.011(0.943-1.084) 13 i 0.461 1.078(0.883-1.317)
Interleukin—2 receptor antagonist 115 —— 0.518 0.986(0.943-1.030) 13 —— 0.723  1.035(0.857-1.249)
Interleukin-4 14 >—%—I—' 0.177  1.058(0.975-1.148) 14 '—:*I—< 0.382 1.067(0.923-1.235)
Interleukin-5 11 = 0.433  0.975(0.914-1.039) 14 —— 0.499 0.928(0.748-1.152)
Interleukin-6 22 —a— 0.044  0.923(0.854-0.998) 19 Hil 0.290 1.057(0.954-1.171)
Interleukin-7 14 i 0.111  1.038(0.991-1.087) 12 —— 0.972 1.004(0.800-1.260)
Interleukin-8 32 —— 0.887 1.006(0.928-1.090) 19 - 0.617  1.023(0.935-1.119)
Interleukin-9 16 —— 0.589  1.020(0.950-1.094) 13 — 0.388 0.917(0.754-1.116)
Chemokines i i
Cutaneous T-cell attracting 17 hI—E* 0.217  0.968(0.920-1.019) 13 >—IE—< 0.696 0.950(0.734-1.229)
Stromal-cell-derived factor 1 alpha 17 '—.I—< 0.815 0.989(0.903-1.083) 14 '—'.—< 0.897 1.009(0.884-1.151)
Regulated on activation, normal T cell expressed and secreted 12 —— 0.033  0.926(0.862-0.994) 14 —a— 0.806 1.024(0.845-1.242)
Macrophage inflammatory protein 1b 26 - 0.032  0.957(0.919-0.996) 15 i 0.335 1.089(0.916-1.296)
Macrophage inflammatory protein 1a 15 — 0.607 1.020(0.945-1.102) 14 —— 0.926 0.991(0.813-1.207)
Monokine induced by gamma interferon 16 —i— 0.817 1.006(0.957-1.058) 13 —— 0.638 0.940(0.726-1.217)
Monocyte chemoattractant protein—3 14 '-I:-' 0.573 0.991(0.960-1.023) 11 <—I—§—< 0.281 0.756(0.455-1.256)
Monocyte chemoattractant protein—1 35 + 0.991 1.000(0.922-1.084) 19 TI* 0.102 1.066(0.987-1.152)
Interferon gamma-induced protein 10 13 —— 0.157  0.957(0.900-1.017) 14 — - 0.340 0.913(0.757-1.101)
Growth-regulated protein alpha 16 —— 0.743  1.009(0.958-1.062) 15 —— 0.906 1.011(0.839-1.220)
Eotaxin 26 —— 0.938 0.998(0.943-1.056) 12 —— 0.424  0.946(0.827-1.083)
Growth factors : :
beta-nerve growth factor 31 — 0.089 0.941(0.878-1.009) 19 T 0.601  1.030(0.923-1.148)
Vascular endothelial growth factor 25 '—:rl—' 0.282 1.029(0.977-1.083) 19 F‘:I—< 0.670 1.023(0.921-1.136)
Stem cell growth factor beta 23 —— 0.507 1.017(0.968-1.068) 13 e 0.227 1.128(0.928-1.372)
Stem cell factor 50 o 0.144  0.956(0.900-1.015) 19 HiH 0.345 0.961(0.884-1.044)
Platelet-derived growth factor BB 16 H—— 0.127  1.051(0.986-1.120) 15 il 0.044  1.136(1.003-1.286)
Macrophage colony stimulating factor 14 —— 0.969 0.999(0.945-1.056) 12 —— 0.626 0.914(0.635-1.315)
Hepatocyte growth factor 19 —— 0.812 0.986(0.880-1.106) 19 - 0.285 1.050(0.960-1.149)
Granulocyte—colony stimulating factor 1% >—I—iH 0.157  0.943(0.869-1.023) 14 '—Ih—' 0.552 1.041(0.912-1.189)
Fibroblast growth factor basic 14 — 0.122  0.925(0.837-1.021) 14 i 0.620 1.035(0.903-1.186)
Other , '

Macrophage Migration Inhibitory Factor 15 - 0.218  1.034(0.980-1.091) 13 —— 0.740 0.968(0.798-1.174)
TNF-related apoptosis inducing ligand 21 — 0.451 1.018(0.972-1.066) 14 i 0.189 1.091(0.958-1.243)
Tumor necrosis factor alpha 10 —— 0.296 0.967(0.908-1.030) 13 —— 0.747 0.967(0.790-1.184)
Tumor necrosis factor beta 7 —— 0.722  1.009(0.961-1.060) 7 —— B 0.368 1.216(0.794-1.861)
Interferon gamma 12 '—E 0.849  0.990(0.889-1.102) 14 '—:rI—' 0.402 1.066(0.918-1.239)
C-reactive protein 398 ¢ @ 0,001 1.140(1.055-1.232) 14 - 0.257  1.034(0.976-1.095)
Procalcitonin 25 —— 0.893 0.996(0.943-1.053) 19 —— 0.558 1.053(0.885-1.254)
M P>0.05 M P<0.05 M P<0.01 f t f t 1
v 0.8 1.0 05 1.0 2.0
protect protect risk

Fig. 2. Forest plot for 41 circulating inflammatory factors, Greactive protein (CRP) and procalcitonin (PCT) on sepsis

OR - odds ratio; 95% Cl — 95% confidence interval; IVW — inverse variance weighted.

were associated with elevated CRP, and in turn, elevated
CRP correlated with an enhanced risk of sepsis. As pre-
sented in Supplementary Table 7, our research showed that
the mediating proportion of CRP in IL-6-based prediction
of sepsis was 25.87% (OR = 0.980, 95% CI: 0.961-0.998),
and that of CRP in RANTES-based prediction of sepsis
was 2.04% (OR = 1.002, 95% CI: 0.991-1.012).

Discussion

This research evaluated the causation between CRP, PCT
and 41 circulating inflammatory factors and sepsis/28-day
sepsis-associated mortality. Also, mediation analysis was
utilized to reveal the mediators of their causal relation-
ships. Important findings were obtained: IL-6, RANTES
and MIP1p were protective factors for sepsis, while CRP

was a risk factor for the onset and 28-day mortality of sep-
sis. No significant causal relationships were observed be-
tween 39 inflammatory factors — including IL-10, PCT and
B-NGF - and sepsis or 28-day sepsis-related mortality. Sep-
sis was identified as the cause of elevated PDGFbb levels.
The mediation analysis indicated that the CRP-mediated
predictive contribution of IL-6 and RANTES to the onset
of sepsis was 25.87% and 2.04%, respectively.

The abnormal production and regulation of inflamma-
tory factors play a crucial role in the pathogenesis of sepsis.
Imbalances in these mediators can trigger dysregulated
immune responses, leading to an excessive inflammatory
cascade. Interleukin 6 is produced rapidly and transiently
during infection or trauma, contributing to host defense
by promoting acute-phase responses, hematopoiesis and
immune activation, thereby playing a key role in the in-
flammatory process.3%3!
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Circulating infl y factors nsnp Forward pval  OR(95%Cl) nsnp Reverse pval  OR(95%Cl)
Interleukins : :
Interleukin—10 15 —— 0.960 0.995(0.813-1.218) 24 — 0.406 1.017(0.978-1.057)
Interleukin-12p70 17 —— 0.379 0.936(0.807-1.085) 24 —i— 0.992 1.000(0.965-1.036)
Interleukin-13 17 i 0.885 0.992(0.890-1.105) 24 —— 0.890 1.005(0.942-1.071)
Interleukin—16 13 r—:l—' 0.953 1.003(0.901-1.117) 24 % 0.365 0.975(0.923-1.030)
Interleukin-17 16 '—:I—i 0.586 1.055(0.869-1.281) 24 ’—I.—< 0.552  1.011(0.975-1.049)
Interleukin—-18 34 —— 0.633  0.965(0.834-1.117) 26 —— 0.468 1.013(0.978-1.050)
Interleukin—1-receptor antagonist 39 —— 0.923 0.992(0.856-1.151) 26 i 0.704 1.006(0.974-1.040)
Interleukin—1-beta 7 —a— 0.060 1.260(0.990-1.603) 25 —— 0.414  0.982(0.942-1.025)
Interleukin—-2 16 e 0.258 1.088(0.940-1.259) 24 — 0.739 0.987(0.916-1.065)
Interleukin-2 receptor antagonist 15 i 0.820 1.013(0.909-1.128) 23 —a— 0.909 0.997(0.940-1.056)
Interleukin—-4 14 '—l:—< 0.740 0.967(0.791-1.181) 24 '—.:—‘ 0.777  0.995(0.960-1.031)
Interleukin—-5 1" = 0.580 1.045(0.894-1.222) 23 = 0.898 0.996(0.942-1.054)
Interleukin—-6 22 —— 0.063 0.825(0.674-1.010) 26 i 0.893  1.002(0.969-1.037)
Interleukin-7 14 —— 0.867 1.011(0.889-1.150) 24 —— 0.725 1.010(0.956-1.067)
Interleukin-8 32 — 0.290 1.111(0.914-1.352) 26 3 0.145  1.023(0.992-1.055)
Interleukin-9 16 —— 0.053 1.144(0.998-1.311) 23 —— 0.740 0.990(0.931-1.052)
Chemokines ' .
Cutaneous T-cell attracting 17 >—:I—< 0.764  1.020(0.895-1.163) 24 >—:*I—< 0.508 1.018(0.965-1.075)
Stromal-cell-derived factor 1 alpha 17 —— 0.996 1.001(0.812-1.233) 24 —— 0.556 1.012(0.973-1.051)
Regulated on activation, normal T cell expressed and secreted 12 —— 0.586 1.069(0.842-1.356) 23 —— 0.524 0.977(0.910-1.049)
Macrophage inflammatory protein 1b 26 i 0.864 1.012(0.887-1.154) 24 —— 0.800 1.005(0.969-1.041)
Macrophage inflammatory protein 1a 15 —— 0.873 1.014(0.856-1.202) 24 —— 0.674 1.012(0.958-1.068)
Monokine induced by gamma interferon 16 e 0.284 0.929(0.812-1.063) 24 —— 0.587 1.015(0.962-1.070)
Monocyte chemoattractant protein—-3 14 >-:I* 0.814 1.009(0.933-1.092) 23 r—li— 0.827 0.984(0.847-1.142)
Monocyte chemoattractant protein—1 35 '—E 0.810 1.022(0.859-1.215) 26 '—Iﬂ 0.719  0.995(0.966-1.024)
Interferon gamma-induced protein 10 13 —— 0.972 0.997(0.840-1.183) 24 —— 0.811  0.994(0.942-1.048)
Growth-regulated protein alpha 16 —— 0.920 1.007(0.871-1.165) 24 —— 0.338 0.972(0.918-1.030)
Eotaxin 26 —— 0.596 0.963(0.839-1.106) 24 — 0.657 1.010(0.968-1.054)
Growth factors 0 ;
beta-nerve growth factor 31 —T— 0.467 0.937(0.787-1.116) 26 il 0.344 1.018(0.981-1.057)
Vascular endothelial growth factor 25 *—il—‘ 0.462 1.051(0.921-1.198) 26 '—:I—' 0.535 1.010(0.979-1.041)
Stem cell growth factor beta 23 el 0.951 0.996(0.887-1.119) 24 = = 0.054 0.942(0.886-1.001)
Stem cell factor 50 —— 0.611  0.966(0.845-1.104) 26 Hi 0.352  1.014(0.985-1.043)
Platelet-derived growth factor BB 16 —— 0.962 0.996(0.860-1.154) 24 —— 0.534 0.988(0.952-1.026)
Macrophage colony stimulating factor 14 i 0.875 1.008(0.908-1.120) 23 —— 0.656 0.985(0.921-1.053)
Hepatocyte growth factor 19 - 0.197 1.158(0.927-1.447) 26 - 0.660 1.007(0.977-1.038)
Granulocyte-colony stimulating factor 13 '—*—‘ 0.992 0.999(0.819-1.218) 24 + 0.542 0.989(0.953-1.025)
Fibroblast growth factor basic 14 — 0.641  0.944(0.741-1.202) 24 il 0.386 1.017(0.979-1.055)
Other , ,
Macrophage Migration Inhibitory Factor 15 i 0.463 1.050(0.921-1.198) 24 —— 0.108 0.956(0.905-1.01)
TNF-related apoptosis inducing ligand 21 5 2 0.575 0.972(0.879-1.074) 23 —— 0.575 1.010(0.974-1.048)
Tumor necrosis factor alpha 10 —— 0.921 1.008(0.858-1.184) 24 —— 0.318  0.972(0.920-1.027)
Tumor necrosis factor beta 7 — 0.355 0.939(0.822-1.073) 14 —_— 0.197  0.925(0.822-1.041)
Interferon gamma 12 —I—i—< 0.121  0.781(0.571-1.067) 23 + 0.815 1.005(0.966-1.044)
C-reactive protein 398 —— 0.020 1.241(1.034-1.489) 26 m 0.904  1.000(0.993-1.006)
Procalcitonin 25 s o 0.479  0.960(0.858-1.075) 25 —H— 0.544  1.020(0.957-1.087)

M P>0.05 M P<0.05 T t J f t 1

W 0.5 1.0 2.0 0.8 1.0 1.2

protect

risk

protect

risk

Fig. 3. Forest plot for 41 circulating inflammatory factors, Greactive protein (CRP) and procalcitonin (PCT) on sepsis (28-day death)

OR - odds ratio; 95% Cl — 95% confidence interval; VW — inverse variance weighted.

Several previous studies have examined the relation-
ship between IL-6 and sepsis. Clinical research has shown
that IL-6 levels are elevated in septic patients admitted
to the ICU,%23% and that IL-6 is strongly correlated with
sepsis severity.3* These findings suggest that IL-6 may
serve as a potential biomarker for disease severity in sepsis.
Elevated IL-6 levels may also indicate treatment response
and prognosis.?® This conclusion is further supported
by animal studies.?® Moreover, the combined measure-
ment of TNF-a, IL-1B and IL-6 has demonstrated strong
predictive value for sepsis-associated myocardial injury
and is closely related to patient outcomes.*’

However, our research findings did not support these
conclusions. More studies are necessary in the future
to elucidate the causation. While some studies have
shown that IL-6 can have protective effects in spe-
cific contexts, such as protecting cardiomyocytes from

oxidative stress at the early stage of lipopolysaccharide
(LPS)-induced sepsis, it is important to note that litera-
ture and experimental results show that IL-6 is a complex
marker with both pro-inflammatory and anti-inflam-
matory roles in sepsis. Given the complex and dual roles
of IL-6 in sepsis, clinicians should interpret elevated IL-6
levels with caution.

RANTES is a chemokine involved in regulating cell mi-
gration, and its levels progressively increase during infec-
tion in patients with sepsis.?®3° Elevated concentrations
of RANTES have also been observed in plasma samples
from cats with sepsis and septic shock.*® A small-scale
MR analysis previously reported that higher RANTES
levels were associated with a reduced risk of sepsis,? in-
directly supporting our findings that elevated RANTES
concentrations may be protective. RANTES plays an im-
portant role in promoting inflammation and activating
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other inflammatory mediators such as IL-6. It may serve
as an early biomarker of inflammation, aiding in the early
diagnosis and monitoring of sepsis. However, similar
to CRP, these markers should be interpreted with caution.

Clinical evidence shows no noticeable correlation
of MIP1p with the high risk of sepsis.*! However, an op-
posite conclusion was proposed in another prospective
and retrospective case-control study that MIP1p acted
as a useful clinical marker in children with sepsis, distin-
guishing it from other febrile illnesses.*> Another prospec-
tive clinical study also corroborated that MIP1j could be
applied to distinguish patients with and without sepsis.
Our MR analysis illustrated that MIP1f shared a negative
causal association with sepsis and might have a protective
impact on sepsis, which warrants verification. Mechanis-
tically, MIP1p is a member of the chemokine family with
chemotactic and pro-inflammatory properties. The release
of MIP1p can activate TCC88 at the site of infection, en-
hancing the host’s resistance to pathogens.*® Future re-
search should further investigate its causal role in sepsis,
particularly its influence on inflammatory pathways, and
large-scale clinical studies are needed to validate its prog-
nostic significance.

C-reactive protein is an acute-phase protein synthesized
in response to cytokine secretion.** Clinical observational
studies have demonstrated that CRP possesses the high-
est diagnostic accuracy for sepsis®>*® and serves as one
of the most effective prognostic biomarkers for this con-
dition,* making it valuable for predicting treatment out-
comes in sepsis.*®

This research supports our results that CRP is a signifi-
cant risk factor and acts as a mediator for IL-6 and RAN-
TES to predict 25.87% and 2.04% of sepsis, respectively.
Although our study demonstrates a strong link between
CRP levels and the prevalence of sepsis, it is important
to note that CRP is not an ideal indicator of therapy ef-
fectiveness and can be influenced by factors other than
infection, such as trauma, surgery, immune system dys-
regulation, and medications. Given the complexity of sep-
sis and the multifactorial nature of CRP elevation, further
studies are necessary to elucidate the exact role of CRP
in the pathogenesis and management of sepsis. This will
help in developing more accurate diagnostic tools and
therapeutic strategies.

It has been revealed that many inflammatory factors, in-
cluding IL-1RA, IL-1f, IL-7, IL-4, IL-9, IL-10, IL-12, IL-13,
IL-16, IL-17, and IL-18, are feasible serum biomarkers for
sepsis and exert a significant predictive role in the prog-
nosis of this disease.?36:37:41:4249-52 CAP-1 and TNF-a lev-
els are elevated in patients with sepsis.?**° While TNF-a
is a key mediator of the inflammatory response in sepsis,
genetic polymorphisms may influence individual suscep-
tibility to its development.®3

Studies have shown that sepsis is associated with granu-
locyte colony-stimulating factor (G-CSF) and monocyte
chemoattractant protein-1 (MCP-1) levels, while severe
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sepsis-related mortality or sequelae are linked to reduced
interferon gamma (IFN-y) concentrations.*! TRAIL levels
are inversely correlated with sepsis severity,>* whereas
PCT, IP10 and HGF have been identified as potential se-
rum biomarkers with high diagnostic value and strong
prognostic utility in sepsis.*?°%5 Serum vascular endo-
thelial growth factor (VEGF) and stromal cell-derived
factor 1 (SDF-1) are remarkably correlated with the sur-
vival rate of septic patients.”®*” Additionally, previous
MR analyses have reported a positive causal relationship
between beta nerve growth factor (3-NGF) and sepsis.>?
However, in our study, 39 of the circulating inflamma-
tory factors examined did not show significant causal
associations.

The reverse MR analysis showed an increase in PDGFbb
in sepsis. Previous clinical and preclinical research results
supported our finding that the PDGFbb levels are signifi-
cantly elevated in sepsis.>® The mechanism of this correla-
tion may be related to the inhibitory function of PDGFbb
in immune cell activation and cytokine production. Plate-
let-derived growth factor-BB protects against sepsis by re-
ducing the secretion of pro-inflammatory cytokines and
chemokines.?® This discovery suggests a potential role for
PDGFbb in sepsis treatment. While our analysis suggests
a potential role for PDGFbb in sepsis treatment, it is im-
portant to note that the current understanding of PDGFbb
as a therapeutic target in sepsis is still in its early stages.
Further studies are necessary to validate the therapeutic
potential of PDGFbb and to explore its mechanisms of ac-
tion in the context of sepsis.

To our knowledge, although previous studies have con-
ducted two-sample MR analyses investigating the causal
relationships between 41 circulating inflammatory factors
and sepsis, our study offers distinct advantages and pro-
vides several novel and suggestive findings. Fang et al. used
the MR approach to demonstrate that B-NGF increased
the risk of sepsis, whereas RANTES and fibroblast growth
factor (FGF) were associated with a reduced risk.>? How-
ever, their study employed a two-sample unidirectional
MR design and was limited by a relatively small GWAS
sample size.

Lin et al. conducted a two-sample bidirectional MR
study, demonstrating that the predicted circulating RAN-
TES, basic-FGF and B-NGF levels were causally correlated
with changes in the risk of sepsis.> However, these 2 MR
analyses did not examine the association between inflam-
matory factors and sepsis-related mortality, nor did they
perform mediation analysis.

Zhi et al. performed a bidirectional MR analysis of cir-
culating inflammatory factors and 28-day sepsis-related
mortality, revealing inverse associations between IL-10
and sepsis, as well as between MCP-1 and sepsis-related
mortality. In contrast, elevated MIP1p concentrations
showed a positive association with both the incidence
and mortality of sepsis.” However, their study did not
include mediation analysis. In contrast, our research
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employed a bidirectional MR approach using the most
recent and comprehensive GWAS datasets to investigate
the risk of sepsis and 28-day mortality. Furthermore,
we performed mediation analysis to identify potential
mediators underlying the observed causal relationships.
Notably, although previous MR analyses identified f-NGF
and MCP-1 as significant factors, our results showed no
significant causal associations between these 2 markers
and the risk of sepsis or 28-day sepsis-related mortality.
Meanwhile, CRP was identified as a significant predictor
of sepsis onset and 28-day mortality, as well as the princi-
pal mediator through which IL-6 and RANTES influenced
sepsis risk. In addition, PDGFbb emerged as a potential key
therapeutic target for sepsis. Heterogeneity and pleiotropy
were evaluated, and the results were rigorously tested us-
ing multiple sensitivity analyses, confirming the robust-
ness and validity of our findings. C-reactive protein levels
rise later than those of IL-6 and, therefore, are not an ideal
indicator of therapeutic effectiveness. Although elevated
CRP concentrations can indicate the presence of inflam-
mation, they may also be influenced by non-infectious
factors such as trauma, surgery or immune dysregula-
tion. Our findings suggest a potential link between IL-6,
RANTES, MIP1p, CRP, PDGFbb, and sepsis severity, but
further studies are warranted to elucidate whether these
biomarkers play a causative role in the progression of sepsis
or if they are merely markers of the underlying disease
process.

Limitations

The limitations should also be mentioned. First, because
most of the participants recruited in GWAS are from
Europe, this population restriction might limit the ap-
plication of our findings to other populations. Second,
although our findings identify the mediators and causal
links between CRP, PCT and 41 circulating inflammatory
factors and sepsis, the underlying mechanisms require
more investigation.

Conclusions

We identified strong causal associations between IL-6,
RANTES and MIP1p and the risk of sepsis. C-reactive
protein showed a robust causal relationship with an in-
creased risk of sepsis and was also associated with 28-
day sepsis-related mortality. In contrast, 39 inflamma-
tory factors, including IL-10, PCT and B-NGF, showed no
significant causal relationships with sepsis risk or 28-day
mortality. Platelet-derived growth factor-BB levels were
elevated in septic patients. Moreover, CRP acted as a me-
diating factor in the effects of IL-6 and RANTES on sepsis.
These findings may provide valuable insights for the early
identification of sepsis and the development of potential
therapeutic strategies.
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Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.15881855. The package includes
the following files:

Supplementary Fig. 1. Leave-one-out sensitivity analysis
for the effect of IL-6 on sepsis risk.

Supplementary Fig. 2. Leave-one-out sensitivity analysis
for the effect of RANTES on sepsis risk.

Supplementary Fig. 3. Leave-one-out sensitivity analysis
for the effect of MIP1p on sepsis risk.

Supplementary Fig. 4. Leave-one-out sensitivity analysis
for the effect of CRP on sepsis risk.

Supplementary Fig. 5. Leave-one-out sensitivity analysis
for the effect of sepsis on PDGF-BB levels.

Supplementary Fig. 6. Funnel plot assessing asymmetry
in the MR estimates for the effect of IL-6 on sepsis risk.

Supplementary Fig. 7. Funnel plot assessing asymmetry
in the MR estimates for the effect of RANTES on sepsis risk.

Supplementary Fig. 8. Funnel plot assessing asymmetry
in the MR estimates for the effect of MIP1{ on sepsis risk.

Supplementary Fig. 9. Funnel plot assessing asymmetry
in the MR estimates for the effect of CRP on sepsis risk.

Supplementary Fig. 10. Funnel plot assessing asymmetry
in the MR estimates for the effect of sepsis on PDGFbb levels.

Supplementary Fig. 11. Leave-one-out sensitivity analysis
for the effect of CRP on sepsis (28-day death) risk.

Supplementary Fig. 12. Funnel plot assessing asymmetry
in the MR estimates for the effect of CRP on sepsis (28-day
death) risk.

Supplementary Table 1. Sources and details of the GWAS
summary statistics used for CRP, PCT and 41 circulating
inflammatory factors.

Supplementary Table 2. Analytical methods used for MR
and mediation analysis.

Supplementary Table 3. Bidirectional MR estimating
causal effects between circulating inflammatory factors
and sepsis risk.

Supplementary Table 4. Bidirectional MR results esti-
mating causal effects between circulating inflammatory
factors and sepsis (28-day death).

Supplementary Table 5. Heterogeneity and horizontal
pleiotropy assessments for MR analyses of circulating in-
flammatory factors on sepsis risk.

Supplementary Table 6. Heterogeneity and horizontal
pleiotropy assessments for MR analyses of circulating in-
flammatory factors on sepsis (28-day death).

Supplementary Table 7. Two-step MR analysis quantify-
ing mediation effects of IL-6 and RANTES on the relation-
ship between CRP and sepsis risk.
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Abstract

Background. Acute cholecystitis (AC) is a common biliary disorder, most often caused by gallstones
obstructing the cystic duct and leading to gallbladder inflammation.

Objectives. This study aimed to compare the therapeutic efficacy and complication rates of laparoscopic
cholecystectomy (LC) performed using the Calot's triangle approach vs traditional LC techniques in the treat-
ment of AC.

Materials and methods. A retrospective analysis was conducted on 120 patients diagnosed with AC,
with 60 patients undergoing LC using the Calot’s triangle approach (study group) and 60 patients treated
with traditional LC techniques (control group). Surgical parameters, including operation time, intraopera-
tive hemorrhage, postoperative recovery times, and 30-day postoperative complications were recorded.
Intraoperative adhesion formation was evaluated through direct visualization and graded based on severity.
Postoperative pain was assessed using the visual analogue scale (VAS).

Results. There was no statistically significant difference in the baseline characteristics between the 2 groups,
confirming their comparability. The study group (Calot’s triangle approach) demonstrated significantly
shorter average operation time, postoperative exhaust time, and diet recovery time compared to the control
group. Additionally, patients in the study group had significantly lower intraoperative bleeding, lower VAS
pain scores at 24 h and 72 h postoperatively, and a lower overall complication rate compared to the control
group (p < 0.05).

Conclusions. The LC Calot's triangle approach demonstrated shorter operation times and lower rates
of certain complications compared with traditional LC techniques. However, the absence of statistically
significant differences in some key outcomes highlights the need for further research to fully evaluate its
clinical advantages and long-term benefits.

Key words: laparoscopic cholecystectomy, acute cholecystitis, Calot’s triangle approach
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Highlights

safety.

» Laparoscopic Calot’s triangle approach outperforms traditional laparoscopic cholecystectomy (LC) in acute cho-
lecystitis by directly targeting critical anatomy for safer dissection.

« Calot’s triangle technique cuts operative and recovery times significantly compared to standard LC methods.

+ Lower rates of bile duct injuries and hemobilia are seen with the Calot’s triangle LC approach, enhancing patient

+ Calot’s triangle-guided LC improves surgical outcomes and accelerates recovery for acute cholecystitis patients.

Background

Acute cholecystitis (AC) is a common biliary disorder
that typically results from obstruction or inflammation
of the gallbladder caused by gallstones.! Patients com-
monly present with severe upper abdominal pain, nausea,
vomiting, and fever. Without prompt intervention, AC may
lead to serious complications, such as gallbladder perfora-
tion, abscess formation, or even pancreatitis.? Therefore,
timely and effective treatment is essential for preserving
the health and preventing disease progression in patients
with AC.

Laparoscopic surgery is a minimally invasive surgical
technique performed through small incisions located
in the abdomen. Compared with traditional open surgery,
laparoscopic surgery offers several advantages, including
reduced tissue trauma, faster postoperative recovery, and
fewer complications.? Laparoscopic cholecystectomy (LC)
has been widely recognized as the standard treatment for
AC. However, the selection of an appropriate surgical ap-
proach is critical to the success of the surgical procedure
and the recovery of patients. Various surgical techniques
are available for LC, including the conventional approach
and the Calot-based approach (termed as Calot-guided
LC in our present study).** Conventional LC techniques
generally include the 4-port,®, 3-port” and transumbilical
single-port approaches.®

A comprehensive review of the literature on the effi-
cacy and complications associated with the Calot-guided
LC compared to conventional LC techniques, particularly
in the context of AC, reveals distinct advantages and dis-
advantages for each method. Calot-guided LC enhances
visualization of the cystic duct and artery, thereby reduc-
ing the risk of bile duct injuries.” Additionally, this ap-
proach decreases the need for conversion to open surgery
by enabling more accurate anatomical identification and
facilitating early recognition of anatomical variations that
are crucial in preventing complications.!® In contrast, con-
ventional LC techniques benefit from greater familiarity
and extensive clinical experience among surgeons, which
may contribute to lower complication rates and shorter
operative times, as they typically require less meticulous
dissection compared with the Calot-guided approach.!®

However, despite improved visualization, Calot’s triangle-
guided LC still carries a risk of bile duct injuries, particu-
larly in cases with significant inflammation or fibrosis, and
may be associated with higher postoperative complication
rates, such as bile leakage and infection, due to the com-
plexity of the dissection.?

Conventional LC techniques also present a notable risk
of bile duct injury and may result in a higher likelihood
of conversion to open surgery when anatomical structures
are difficult to identify.'® Notably, early LC (ELC) is gen-
erally recognized as the optimal treatment for AC, with
Calot-guided LC offering particular advantages in this
setting due to its superior anatomical identification and
reduced risk of bile duct injuries.!®!! Moreover, perform-
ing ELC within 24 h of presentation is associated with
lower complication rates compared to delayed surgery.!!
Overall, the surgeon’s experience should guide the selec-
tion of surgical approach, the patient’s condition, and
the presence of inflammation or anatomical anomalies.
Nonetheless, ELC remains the preferred treatment for AC,
and the Calot-guided method may provide better intraop-
erative visualization and potentially fewer complications.

The LC Calot’s triangle approach is a relatively new
approach for LC, which emphasizes the delicate dissec-
tion and protection of the LC Calot’s triangle structure
to reduce complications such as common bile duct injury
and thereby enhance surgical safety and success rates.!?
However, most of the current clinical studies have focused
on the clinical outcomes of different Calot-based ap-
proaches or the comparison of outcomes between previous
conventional LC techniques (such as the 3-port approach
and 4-port approach). Fewer studies have been conducted
on the comparison of conventional LC techniques and
the Calot-guided LC.

Objectives

This study aimed to compare the efficacy and compli-
cation rate of conventional LC techniques and the Calot’s
triangle approach in the treatment of AC, with the goal
of maximizing surgical success rates and improving post-
operative recovery outcomes.
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Materials and methods
General information

A single-center retrospective study protocol was con-
ducted, enrolling patients diagnosed with AC who under-
went elective cholecystectomy at the First People’s Hospi-
tal of Wuhu (China) between December 2021 and October
2022. Patients were assigned to 2 groups. The study group
was treated using a Calot-guided LC technique, which em-
phasized precise dissection within the anatomical land-
marks of Calot’s triangle to minimize the risk of injury to vi-
tal structures. The control group underwent conventional
LC, which involved broader anatomical exposure without
the targeted precision of the Calot-based technique. Group
allocation was determined based on factors such as ana-
tomical complexity and disease severity, allowing surgeons
to select the most appropriate technique for each patient
to optimize operative safety and outcomes. In this study,
the Calot-based approach was defined as a laparoscopic
technique focused on the precise identification and dissec-
tion of the anatomical structures within LC Calot’s triangle,
namely the cystic duct, cystic artery and common bile duct,
to minimize the risk of injuries and complications during
LC. In contrast, conventional LC included established meth-
ods such as the 3-port and 4-port techniques, which priori-
tized general exposure of the gallbladder and adjacent tissues
without specific attention to detailed anatomical structures.

Based on a literature review, the postoperative visual ana-
logue scale (VAS) score in the control group was 3.32 £0.59,
and it was expected to decrease by 1.22 in the study group;
both of them had a similar standard deviation (SD). Ad-
ditionally, a = 0.05 (two-sided) and 90% power were set.
According to the formula for calculating sample size
N = (Za/2 + ZPB)* x (p1(1-pl) + p2(1-p2))/&?], the sample
size was calculated to be 90 cases. To account for a pro-
jected 15% loss to follow-up, a total of 120 patients were
enrolled, with 60 in each group.

This study received approval from the Ethics Commit-
tee of the First People’s Hospital of Wuhu (approval No.
YYLL20230051), and patient privacy was strictly main-
tained to ensure data confidentiality and security. Prior in-
formed consent was obtained from all participating patients
and their families. The research team collected relevant
clinical and laboratory data from all patients while ensur-
ing the anonymization and confidentiality of all included
cases. Data collection encompassed a range of parameters,
including sex, age, disease duration, family history, comor-
bidities, gallbladder wall thickness, type of disease (simple,
gangrenous, or suppurative), and routine blood parameters.

Inclusion and exclusion criteria
Cases were selected for inclusion based on the following

criteria: 1) Patients with physical examination findings and
imaging results that fulfilled the diagnostic criteria for AC,
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including those with acute attacks of chronic cholecysti-
tis'3; 2) Patients who required surgical intervention and
met the clinical indications for LC following a thorough
clinical evaluation'?; 3) Only those with complete clinical
data were considered for inclusion to ensure comprehen-
sive analysis and reporting.!*

Patients were excluded from the study based on the fol-
lowing criteria: 1) Patients who developed serious compli-
cations, such as gallbladder perforation, abscess formation
or pancreatitis; 2) Patients with a history of open surgery
that might have impacted the surgical approach or out-
comes; 3) Patients with significant comorbidities, including
severe cardiovascular disease, respiratory disease, ma-
lignant tumors, or immune system disorders; 4) Patients
deemed suitable for LC but were intolerant to anesthesia;
5) Patients with a history of mental disorders or those who
demonstrated poor compliance; 6) Patients with incom-
plete or insufficient clinical information that hindered
a definitive diagnosis of AC or those deemed inappropriate
for enrollment by other research teams.

Surgical techniques
Study group (LC Calot’s triangle approach)

For the Calot-guided LC approach, 1 key criterion was
the anatomical consideration, which included the presence
of clear visualization of the Calot’s triangle. This technique
was typically favored in patients with identifiable anatomi-
cal landmarks in this region, allowing for safe dissection.
Additionally, patients were required to have minimal or no
prior surgical history that could lead to significant adhe-
sions around the gallbladder or surrounding structures.
The type and severity of AC also influenced the selec-
tion process. Patients presenting with uncomplicated AC,
where the risk of biliary injury was lower, were often con-
sidered ideal candidates.

In the study group, LC was performed using the Calot’s
triangle approach, which focused on the precise identifi-
cation and dissection of the anatomical structures within
the Calot’s triangle, specifically the cystic duct, cystic artery
and common bile duct, to minimize the risk of injury to vital
structures and reduce the incidence of intraoperative com-
plications. Briefly, patients were placed in the supine posi-
tion and underwent general anesthesia with endotracheal
intubation. After routine disinfection and surgical drap-
ing, the surgical field was fully exposed. A 1-cm transverse
incision was made at the lower edge of the umbilicus, and
a pneumoperitoneum needle was inserted to establish pneu-
moperitoneum via CO, insufflation, with abdominal pres-
sure maintained at 12—14 mm Hg (1 mm Hg = 0.133 kPa).
The pneumoperitoneum needle was then removed, and
a 10 mm trocar was inserted for the laparoscope.

A second 1-cm transverse incision was created 1 cm below
the xiphoid process to insert a 10-mm trocar, through which
an electrocautery hook was introduced. Additionally, a 5-mm
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incision was made along the midclavicular line, 1 cm below
the costal margin, and a 5-mm trocar was inserted to serve
as the operation hole for a grasper. If severe adhesions were
encountered, a 5-mm incision was established at the right
anterior axillary line to function as a 4" port. Under laparo-
scopic visualization, the size of the gallbladder and its rela-
tionship with surrounding tissues were assessed. Adhesions
were separated using a suction device, and Calot’s triangle,
along with the porta hepatis, were carefully dissected.

The serous layer of Calot’s triangle was opened, followed
by meticulous dissection of the cystic artery first, and then
the cystic duct was identified. Once the anatomical relation-
ship among the cystic artery, cystic duct, common bile duct,
and common hepatic duct was confirmed, the cystic artery
was prioritized for transection. After secondary confirma-
tion of both the cystic artery and cystic duct, the cystic duct
was subsequently clipped and transected. The gallbladder
was excised and removed through the incision below the xi-
phoid process. Upon completion of the procedure, CO, was
released from the abdominal cavity, and all incisions were
closed with routine suturing techniques. The emphasis
on precise dissection and preservation of anatomical struc-
tures within Calot’s triangle differentiates this approach
from more generalized dissection techniques.

Control group (conventional LC techniques)

The conventional LC techniques were selected based
on specific clinical criteria. Anatomical challenges were
a key consideration; for example, patients with a history
of prior abdominal surgery or significant intra-abdominal
scarring were more likely to require traditional approaches
that provide broader surgical exposure. Additionally, pa-
tients suffering from severe or complicated AC, such as those
with perforation or abscess formation, often necessitated
the generalized exposure provided by traditional methods.

In the control group, LC was performed using conven-
tional LC techniques, including both the 3-port and 4-port
techniques. Unlike the LC Calot’s triangle approach, these
conventional LC techniques prioritized general exposure
of the gallbladder and surrounding tissues without a spe-
cific focus on the precise dissection of Calot’s triangle
structures. The patients were positioned supine, and gen-
eral anesthesia with endotracheal intubation was admin-
istered. Once a satisfactory level of muscle relaxation was
achieved, an artificial pneumoperitoneum was established
using the subumbilical closed technique, with an abdomi-
nal pressure maintained between 1.3 kPa and 2.0 kPa. Lap-
aroscopic cholecystectomy was conducted through either
the 3-port or 4-port approach, depending on the surgeon’s
assessment of the case. For the 3-port approach, a 10-mm
trocar was inserted at the lower margin of the umbili-
cus for the laparoscope, while 2 additional 5-mm ports
were placed — 1 below the xiphoid process and the other
at the intersection of the right midclavicular line and
the costal margin. For the 4-port approach, an additional
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5-mm port was inserted 5 mm below the right anterior
axillary line to assist in cases of severe adhesions.

During the procedure, the gallbladder was elevated, and
general dissection was performed to expose the cystic duct
and cystic artery. These structures were subsequently
clipped and transected with Hem-o-lok clips. The gall-
bladder was then detached from the liver bed and retrieved
through the umbilical incision. Hemostasis was secured,
and routine subhepatic drainage was performed when indi-
cated. Although conventional LC techniques also required
identification of the cystic duct and cystic artery, they did
not prioritize the same degree of precision in the dissec-
tion and preservation of Calot’s triangle structures as was
applied in the study group.

Observation indicators

Both groups received identical pre- and postoperative
care. The following parameters were recorded for com-
parative analysis: operation time, intraoperative hemor-
rhage, conversion to open cholecystectomy, time to first
postoperative flatus, time to diet resumption, postopera-
tive length of stay, and 30-day postoperative complications.

Pain was evaluated using the VAS, where higher scores
indicated more severe pain. The VAS scores were com-
pared preoperatively and at 24 h and 72 h postoperatively.

The incidence of 30-day postoperative complications,
including biliary leakage, hemobilia, bile duct injury, in-
testinal adhesion, and incision infection, was recorded.

Statistical analyses

Data analysis was conducted using IBM SPSS v. 22.0
(IBM Corp., Armonk, USA). The normality of continu-
ous variables was assessed by the Shapiro—Wilk test. Data
that conformed to a normal distribution were expressed
as mean +SD, and differences between the 2 groups were
analyzed using the independent samples Student’s t-test.
Data that did not follow a normal distribution were pre-
sented as median with interquartile range (IQR; M (25%,
75%)), and differences between the 2 groups were analyzed
using the Mann—Whitney U test. Differences among 3
or more related samples were analyzed using Friedman’s
test for nonparametric repeated measures. Categorical
data were reported as counts and percentages (n (%)) and
statistically analyzed using Pearson’s x* test of indepen-
dence with Yates’s continuity correction. The significance
level was set at p < 0.05 to establish statistical significance.

Results
Comparison of baseline data

A total of 120 patients with AC were included in this
study. All patients were randomly divided into 2 groups and
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underwent LC using either the Calot-guided LC technique
or conventional LC techniques. Results from the Shapiro—
Wilk test assessing the normality of continuous variables
are shown in Supplementary Table 1. The baseline char-
acteristics of both groups are presented in Table 1. No
statistically significant differences were found between
groups in terms of sex, age, disease duration, family history,
comorbidities, type of disease, gallbladder wall thickness,
white blood cell count, hemoglobin, and platelet count
(Pearson’s x* test/Mann—Whitney U test/independent
samples Student’s t-test: p > 0.05), indicating comparabil-
ity for subsequent analyses.

Comparison of surgery status
The surgical status of the 2 groups is shown in Table 2.

The results of whether the continuous variables conformed
to a normal distribution were shown in Supplementary

Table 1. Comparison of baseline data between the 2 groups

Table 2. Compared with conventional LC, the Calot-guided
technique was associated with significantly shorter opera-
tion time, reduced intraoperative blood loss and earlier
postoperative recovery, including shorter times to first
flatus and diet resumption (Mann—Whitney U test/inde-
pendent samples Student’s t-test: p < 0.001). At the 30-day
follow-up, the LC Calot’s triangle approach had 3 readmis-
sions (5.0%, 3/60), whereas the conventional LC techniques
had 6 (10.0%, 6/60). There were no significant differences
in readmission rates (Pearson’s x? test of independence
with Yates’s continuity correction: p = 0.488), conver-
sion to open cholecystectomy (Pearson’s x* test of inde-
pendence with Yates’s continuity correction: p > 0.999),
and postoperative length of stay (Mann—Whitney U test:
p = 0.351) between the groups. Overall, the Calot-guided
LC demonstrated improved surgical outcomes, includ-
ing reduced operation times and postoperative recovery
metrics, without significant differences in readmission

Variable Study group (n = 60)
male 35 (58.3)
Sex, n (%)
female 25(41.7)
Age [years] 51.00 (34.50, 59.00)
Disease duration [years] 4.50 (4.00, 5.00)
no 47 (78.3)
Family history, n (%)
yes 13(21.7)
no 29 (48.3)
Comorbidities, n (%)
yes 31(51.7)
simple 28 (46.7)
Type of disease, n (%) gangrenous 11 (18.3)
suppurative 21 (35.0)
Gallbladder wall thickness [mm] 346 +£045
White blood cell count [10%/L] 12.79 +3.57
Hemoglobin [g/L] 08.18 +8.54
Platelet count [10%/L] 154.61 +15.51

Control group (n = 60) | X/t/Z
39 (65.0)
1 0.564 0453
21(35.0)
50.00 (41.25,64.90) - -0.037 0.971
4.50 (4.00, 5.00) - —0.252 0.801
44 (73.3)
1 0.409 0522
16 (26.7)
33 (55.0)
1 0.534 0.465
27 (45.0)
26 (43.3)
9(15.0) 2 0.622 0.733
25 (41.7)
347 +£0.51 118 —0.146 0.884
12.50+£3.36 118 0.464 0.644
96.56 £7.80 118 1.079 0.283
158.66 +14.26 118 —1.490 0.139

Data were expressed as n (%) or median (25%, 75%) or mean =+ standard deviation; df — degrees of freedom.

Table 2. Comparison of surgery status in the 2 groups of patients

Study group

Variable (n = 60)

Control group (n = 60)

Operation time [min] 5642 £16.01
Intraoperative hemorrhage [mL] 36.30 +5.23
Postoperative exhaust time [h] 2149 +£3.29
Diet recovery time [days] 4.00 (3.00, 5.00)

yes 57 (95.0)
Readmission, n (%)

no 3(50)
Conversion to open yes 60 (100)
cholecystectomy, n (%) no 0(0)
Postoperative length of stay [days] 4,00 (3.00, 5.00)

74.15£14.23 118 6413 <0.001
6347 +7.78 118 —22.455 <0.001
3246 £3.62 118 —17.391 <0.001
7.00 (6.00, 8.00) - -9.010 <0.001
54 (90.0)
1 0480 0488
6(10.0)
59(983)
1 - >0.999
101.7)
4.00 (3.00, 5.00) = —0.952 0.341

Data were expressed as n (%) or median (25%, 75%) or mean =+ standard deviation; df — degrees of freedom.
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rates or conversion to open surgery compared to the con-
ventional LC techniques.

Comparison of pain scores before and
after surgery

Pre- and postoperative pains were evaluated using
the VAS, with higher scores indicating more severe pain.
Normality analysis revealed that pre- and postoperative
VAS scores in both groups were non-normally distributed
(Supplementary Table 3). Therefore, the Friedman test
was employed for statistical analysis. Patients in the study
group experienced significantly greater pain relief at both
24 h and 72 h postoperatively (degrees of freedom (df) = 2,
Z =187.995, p < 0.001) (Table 3), suggesting improved post-
operative pain control in this group.

Comparison of postoperative
complications

The incidence of biliary leakage and incision infection
was slightly lower in the Calot-based approach (1 case and
2 cases, respectively) than in the conventional LC tech-
niques (2 cases and 3 cases, respectively), although this
difference was not statistically significant (Pearson’s x* test
of independence with Yates’s continuity correction: df = 1,
p > 0.999). In contrast, subjects receiving Calot-guided LC
exhibited a significantly lower incidence of hemobilia (0%
vs 11.7%, Pearson’s x? test of independence with Yates’s
continuity correction: df = 1, p = 0.019), bile duct injury
(1.7% vs 15%, Pearson’s x* test of independence with Yates’s
continuity correction: df = 1, p = 0.008) and intestinal ad-
hesion (0% vs 10%, Pearson’s X test of independence with
Yates’s continuity correction: df = 1, p = 0.036). The com-
plication rate was significantly lower in the study group
(6.7%) compared to the conventional LC group (26.7%)

(Pearson’s x? test of independence with Yates’s continuity
correction: df = 1, p = 0.003) (Table 4). These findings sug-
gested that the LC Calot’s triangle approach may reduce
the risk of postoperative complications, underscoring its
potential advantages in terms of surgical safety and clini-
cal efficacy.

Discussion

This study demonstrated that, compared with con-
ventional LC techniques, the Calot-guided approach
significantly improved key surgical outcomes, including
shorter operative time, faster postoperative recovery du-
ration, and a reduced incidence of specific complications
such as bile duct injuries and hemobilia. Although no
statistically significant differences were found in post-
operative hospital stay or conversion rates to open sur-
gery, these findings indicated that Calot’s triangle ap-
proach might offer unique benefits in enhancing surgical
safety and recovery for patients with AC. These benefits
are especially evident in cases with minimal inflam-
mation and clearly identifiable anatomical structures,
highlighting the potential of Calot’s triangle approach
in supporting individualized treatment choices in clini-
cal practice.

Acute cholecystitis is a common cause of abdominal
emergencies, with LC being the standard of care. While
conventional LC techniques — including the 4-port, 3-port
and single-port methods — have been widely adopted, each
comes with its own set of limitations. For example, al-
though the 3-port method reduces the number of incisions,
it still requires multiple entries, which can increase post-
operative discomfort and visible scarring.!>!¢ In contrast,
the Calot-guided LC emphasizes precise dissection within
Calot’s triangle, facilitating safer identification of vital

Table 3. Comparison of pain scores before and after surgery in the 2 groups of patients

Before surgery | 24 h after surgery 72 h after surgery | df |
Study group 60 6(5,7) 43,5) 2(2,3)
2 187.995 <0.001
Control group 60 6(57) 5(4,6) 33,4

Data were expressed as median (25%, 75%); df — degrees of freedom.

Table 4. Comparison of postoperative complications in the 2 groups of patients

Variable Stlz:i%rg)up Corz:]rcilg(;;)up
Biliary leakage (%) 1(1.7) 2(33) 1 0.000 >0.999
Incision infection (%) 2(3.3) 3(5.0) 1 0.000 >0.999
Hemobilia (%) 0(0) 7(11.7) 1 5461 0.019
Bile duct injury (%) 101.7) 9(15.0) 1 6.982 0.008
Intestinal adhesion (%) 0 (0) 6 (10.0) 1 4386 0.036
Total incidence (%) 4(6.7) 16 (26.7) 1 8.640 0.003

Data were expressed as n (%); df — degrees of freedom.
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anatomical structures, including the cystic artery, com-
mon bile duct and common hepatic artery.'” Compared
with conventional LC techniques, the Calot-guided LC
emphasizes meticulous anatomical precision, potentially
reducing intraoperative complications and improving pa-
tient outcomes.

Our findings align with previous research. Al-Rekabi
et al.'* demonstrated that isolating and clipping the cystic
artery outside Calot’s triangle minimized stapler-related
injuries and improved bleeding control. Additionally,
studies by Fateh et al. confirmed the benefits of Calot’s
triangle approach in reducing risks such as bile duct in-
jury due to its emphasis on precise anatomical dissec-
tion.!# However, unlike previous studies, our findings
showed no statistically significant differences in con-
version rates to open surgery or postoperative length
of stay. These discrepancies may stem from variations
in patient characteristics or the surgeon’s level of ex-
perience. Furthermore, the Calot-guided approach may
reduce the risk of gastrointestinal paralysis and bowel
distension after surgery, thereby supporting faster res-
toration of intestinal function.?’ In addition, the over-
all incidence of complications was significantly lower
in the study group compared to the control group in this
study. A surgical strategy using the LC Calot’s triangle
approach emphasizes the fine dissection and protection
of the structures surrounding the gallbladder, includ-
ing the gallbladder artery and the common bile duct.
As a result, the risk of postoperative complications such
as bleeding and biliary leakage and consequent readmis-
sion can be reduced.?! Cholecystitis and surgical trauma
can trigger inflammatory and immune responses. Com-
pared with conventional techniques, the Calot-based
strategy may minimize tissue injury and allow for more
refined dissection, thus attenuating inflammation,
edema and associated complications.?? Additionally, pa-
tients in the study group experienced significantly greater
pain relief at both 24 h and 72 h after surgery, suggesting
the advantages of the Calot-guided LC in postoperative
pain management.

The lack of statistically significant differences in certain
outcomes warrants further consideration. First, it is es-
sential to determine whether the study was adequately
powered to detect clinically meaningful differences,
particularly in rare events such as conversion to open
surgery. A post hoc power analysis based on the observed
effect sizes could clarify whether the sample size was
sufficient. Furthermore, while the benefits of the Calot-
guided approach are evident in several aspects, its broader
clinical impact should be interpreted in the context of ex-
isting literature and variability in practice. Comparison
with previous studies evaluating alternative surgical
techniques may offer valuable insights into the relative
efficacy and safety of the Calot-guided LC approach,
thereby supporting evidence-based clinical decision-
making. Additionally, the challenges in patient selection
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and surgical execution inherent to each method might
influence outcomes and warrant further exploration
in future research.

Limitations

While our study aimed to demonstrate differences be-
tween Calot’s triangle approach and conventional LC tech-
niques in treating AC, it is essential to evaluate whether
the study had sufficient statistical power to detect these
differences across all measured outcomes. The initial sam-
ple size calculation was based on anticipated differences
in postoperative pain scores between the 2 groups. However,
for secondary outcomes such as conversion rates to open
surgery and incidence of specific complications, the sam-
ple size may have been insufficient to identify smaller yet
clinically significant effects. Conducting a post hoc power
analysis could elucidate the potential limitations related
to statistical power. Moreover, future studies with larger
sample sizes are warranted to validate the observed trends
with greater confidence. In addition, this study is subject
to several inherent limitations, including its single-center
setting, retrospective design, and lack of stratification based
on surgeon experience. To comprehensively assess the rela-
tive efficacy and safety of these surgical approaches, future
research should employ multicenter, prospective designs
with standardized assessments of operator proficiency.

Conclusions

The findings of this study suggest that the LC Calot’s tri-
angle approach may provide significant benefits over con-
ventional LC techniques, particularly in reducing operation
time, expediting postoperative recovery, and minimizing
specific complications like bile duct injuries and hemobilia.
However, no statistically significant differences were ob-
served in the conversion to open surgery, length of hospital
stay or overall complication rates. These findings suggest that
while the Calot-guided LC has distinct advantages, its broader
clinical impact may vary based on surgeon experience and
patient selection criteria. Further multicenter, prospective
studies are needed to fully validate these findings and better
assess the role of Calot’s triangle approach in managing AC.
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The supplementary materials are available at https://
doi.org/10.5281/zenodo.15381600. The package includes
the following files:
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of baseline data.

Supplementary Table 2. The results of the normality test
of surgery status.
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of pain scores.
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Abstract

Background. Hepatocellular carcinoma (HCC) shows significant differences in incidence and mortality
between genders.

Objectives. This study investigates the mechanisms by which estrogen receptors (ER), specifically FRa,
influence HCC outcomes.

Materials and methods. Bioinformatics approaches were used to study estrogen and its related pathways
in relation to HCC. Estrogen receptor expression levels, along with downstream circular RNAs (circRNAs) and
microRNAs (miRNAs), were measured in MHCC97H cells via quantitative reverse transcription polymerase
chain reaction (RT-qPCR). Western blot was used to assess estrogen receptor 1 (ESR7) and SMAD family
member 7 (SMAD7) protein expression. Cell proliferation, migration and cell cycle status of MHCC97H cells
were measured using Cell Counting Kit-8 (CCK-8), Transwell assays and flow cytometry for cell cycle analysis.

Results. Bioinformatics analysis revealed that £Ra acts as a transcription factor (TF) for 9 circRNAs with
differential expression in HCC. We constructed the FRa/circRNA/mIiRNA/SMADSs network based on the down-
stream targets of circRNAs, which were associated with the SMADs family. Survival studies revealed that £5R7
is correlated with favorable patient survival in liver cancer. In MHCC97H cells, qRT-PCR findings showed low
expression of £SR7, hsa_circ_0004913 and SMAD?, but significant expression of hsa-miR-96-5p. Overex-
pression of £FSRT significantly increased the expression of hsa_circ_0004913 and SMAD7 while suppressing
hsa-miR-96-5p. Western blot analysis confirmed these findings. Furthermore, £SR7 overexpression reduced
MHCC97H cell proliferation and migration while inhibiting growth through G1 phase arrest. £SR7 acts asa TF
that binds to the promoter of hsa_circ_0004913, as demonstrated using chromatin Immunoprecipitation
followed by chromatin immunoprecipitation-quantitative real-time PCR (ChIP-qPCR). A dual-luciferase
reporter experiment confirmed that hsa_circ_0004913 targets and requlates hsa-miR-96-5p.

Conclusions. FRa can function as alF, modulating the expression of various circRNAs with differential
expression in HCC. Through this requlation, it modulates the circRNA/mIRNA/SMADs network, thereby
inhibiting the progression of HCC.

Key words: hepatocellular carcinoma, ceRNA network, transcription factor, estrogen receptor alpha, circular
RNAs
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Highlights

cantly reduces proliferation and migration.

-

o ERa drives circRNA expression in hepatocellular carcinoma (HCC): Estrogen receptor « controls key differentially
expressed circular RNAs, revealing new epigenetic regulators in HCC.
+ ESRI overexpression inhibits HCC cell growth: Restoring ESRI function in MHCC97H liver cancer cells signifi-

+ ERa modulates the circRNA/miRNA/SMAD signaling axis: This hormone receptor-driven network suppresses
HCC development by coordinating noncoding RNA and SMAD pathways.

hsa_circ_0004913 directly targets hsa-miR-96-5p: Dual-luciferase reporter assays validate this circRNA-miRNA
interaction, highlighting a promising therapeutic target.

Background

Liver cancer was the 6" most common cancer world-
wide in 2022 and the 3" leading cause of cancer-related
deaths, with hepatocellular carcinoma (HCC) accounting
for 75-85% of cases.! The prognosis of HCC is closely
associated with the stage of the disease. While advance-
ments in targeted immunotherapy have improved sur-
vival rates in recent years, 2023 cancer statistics indi-
cate that the 5-year survival rate for HCC remains low.
Specifically, it is approx. 36% for early-stage cases and
only 13% for advanced metastatic cases.? Furthermore,
HCC ranks as the 2"¢ leading cause of cancer mortal-
ity among men. In most regions globally, the incidence
and mortality rates of HCC are 2—3 times higher in men
than in women.! Research has shown that the duration
of estrogen exposure and the age at which HCC first ap-
pears are positively correlated, with a notable increase
in HCC incidence observed among postmenopausal
women.? Research by O’Brien et al. revealed a significant
rise in HCC prevalence in female mice following ovari-
ectomy. Additionally, female mice with knockout ESR1
genes, which encode the estrogen receptor alpha (ERa),
exhibited a 9-fold increase in HCC incidence. In con-
trast, the absence of the ESR2 gene, encoding the estro-
gen receptor beta (ERp), did not influence HCC develop-
ment.* These findings suggest that the estrogen signaling
pathway, mediated by ERa, could be a crucial target for
HCC therapy. However, the exact mechanisms remain
unclear, highlighting the need for further investigation
into the role and regulatory pathways of the estrogen
signaling system in HCC.

The circular RNAs (circRNAs) are evolutionarily con-
served non-coding RNAs that form circular structures
without 3’ or 5" ends.® The unique closed-loop confor-
mation of circRNAs imparts a higher degree of stabil-
ity compared to most linear RNAs, and these molecules
demonstrate significantly differential expression between
malignant tissues and their adjacent non-malignant coun-
terparts.! Unbalanced circRNA expression has been found
as a possible biomarker for HCC diagnosis and treatment
targeting.%” Recent studies have shown that circRNAs can

act as “gene sponges” for miRNAs, indirectly influencing
the expression of miRNA target genes through competi-
tive binding interactions.® MiRNAs are key regulators
of gene expression at the post-transcriptional level, ex-
erting their effects by base pairing with target sequences
in the 3’'UTR of messenger RNAs. They play an integral
role in the pathogenesis of liver cancer.”!? Nevertheless,
although these studies have elucidated the downstream
regulatory mechanisms of circRNAs, the upstream regu-
latory mechanisms and the factors regulating circRNAs
expression remain unclear. Wang et al. demonstrated
that circCCDC66 was significantly elevated in non-small
cell lung cancer, with STAT3 directly interacting with
the circCCDC66 promoter to enhance its transcriptional
activity.!! Our preliminary bioinformatics analysis sug-
gests that ERa may serve as a transcription factor (TF)
for several circRNAs that are differentially expressed
in HCC tissues.

Objectives

Based on the above findings, we hypothesized that
ERa, acting as a, regulates the production of circRNAs
associated with HCC, thereby influencing its progression.
The SMAD family plays an important role in the transition
from liver fibrosis to HCC and has emerged as a prominent
area of emphasis in liver cancer research.!?

We employed bioinformatics methodologies to construct
the ERa/circRNA/miRNA/SMADs network. A substan-
tial body of evidence suggests that several coding and
non-coding RNAs within this network, including hsa_
circ_0004913, hsa-miR-96-5p and SMAD proteins, are
involved in the development of HCC.!?-16

SMAD? acts as a suppressive element in HCC. A Ka-
plan—Meier analysis of HCC patients indicated that higher
expression levels of SMAD7 were associated with longer
survival durations.'” Moreover, previous research has
shown that hsa-miR-96-5p may inhibit SMAD7 expression
through target regulation.!®* Consequently, the present
study focuses on the ERa/hsa_circ_0004913/hsa-miR-
96-5p/SMAD?7 axis, aiming to elucidate the mechanisms
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by which ERa, as a TF for circular RNAs (circRNAs), regu-
lates the ERar/circRNA/miRNA/SMADs network to inhibit
HCC progression.

Materials and methods
Ethics approval and consent to participate

Our study is based on publicly available data from open-
source databases. The Tongde Hospital of Zhejiang Prov-
ince (Hangzhou, China) does not require ethics commit-
tee review for research utilizing publicly available data.
As aresult, our study does not raise any ethical concerns
or conflicts of interest.

Bioinformatics analysis

The Hepatocellular Carcinoma Database (HCCDB;
http://lifeome.net/database/hccdb/home.html) was used
to investigate the expression of ESRI in liver tumors and
neighboring normal tissues, as well as in normal liver tis-
sues. The Cancer Genome Atlas (TCGA; https://portal.gdc.
cancer.gov) database was utilized to compare the differ-
ence in overall survival (OS) between HCC patients in vari-
ous expression groups. The circRNA expression data for
HCC were retrieved from the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/geo) using
the keywords “circRNA” and “hepatocellular carcinoma”.
Furthermore, the circRNA names were standardized ac-
cording to the circBase database (http://www.circbase.org).
All GEO data sets were analyzed using R v. 4.2.2 (R Foun-
dation for Statistical Computing, Vienna, Austria) and
the limma package. Only circRNAs with a log2 > 2 and
p < 0.05 were selected. The circRNA promoter sequence
was retrieved from the University of California Santa Cruz
(UCSC) database (http://genome.ucsc.edu). To anticipate
possible TFs, we utilized the JASPAR database (http://jas-
par.genereg.net). The target miRNAs of the circRNA were
predicted using the online tool circBank (https://www.
circbank.cn/#/home). The target miRNAs of the circRNA
were predicted using the online tool CircNetVis (https://
www.meb.ki.se/shiny/truvu/CircNetVis/), retaining only
the intersection of the prediction results from the Miranda
and TargetScan databases for further analysis. Only those
predicted by at least 2 of the databases to have potential
regulatory effects were included in the study.

Cell culture and transfection

The Chinese Academy of Sciences Cell Bank (Shang-
hai, China) provided the human HCC cells (MHCC97H).
The cells were grown at 37°C in a humidified atmosphere
with 5% CO, and were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). ESRI-pcDNA3.1 plasmids
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and the corresponding control vectors were generated
by Genecreate (Wuhan, China). MHCC97H cells were
transfected using the Lipofectamine 2000 reagent (Invit-
rogen, Waltham, USA).

Total RNA preparation and RT-qPCR

Total RNA and miRNA were extracted from MHCC97H
cells using the miRcute miRNA Isolation Kit (DP501; Tian-
gen, Beijing, China) following the manufacturer’s instruc-
tions. Briefly, 1 x 10°-107 cells were lysed with Lysis Buffer.
RNA was transferred to miRspin columns and eluted after
buffer washing. Reverse transcription was performed using
the ReverTra Ace qPCR RT Kit (FSQ-101; Toyobo, Osaka,
Japan) for mRNA and the miRNA 1st Strand cDNA Synthe-
sis Kit (MR101-02; Vazyme, Nanjing, China) for miRNA.
Quantitative reverse transcription polymerase chain reac-
tion (RT-qPCR) was performed using SYBR®Green Real
time PCR Master Mix (QPK-201; Toyobo) for mRNA and
miRNA Universal SYBR qPCR Master Mix (MQ101-02;
Vazyme) for miRNA, and Real-time PCR System (SLAN-
48P; Hongshi, Shanghai, China). The relative expression
levels of the target genes were determined using the 2/-44¢t
method. This method made it possible to compare the ex-
pression of the genes in relation to GAPDH (for mRNA)
or U6 (for miRNA), the internal control gene. To ensure
the reproducibility and reliability of the RT-qPCR results,
each sample was amplified 3 times. Table 1 lists the specific
primer sequences used in this study.

Cell Counting Kit-8 assay

A total of 1,000 cells were seeded into each well of a 96-
well plate and incubated in a 5% CO, incubator for 0, 24
and 48 h. Ten microliters of Cell Counting Kit-8 (CCK-8)
solution (CCK-8 Cell Proliferation and Cytotoxicity Assay
Kit, CA1210; Solarbio, Beijing, China) were added to each
well, and the plates were incubated for an additional
30 min. After incubation, the absorbance was measured
at approx. 450 nm using a microplate reader (MB-530;
Heales, Shenzhen, China). The IC50 (half-maximal in-
hibitory concentration) values were calculated by fitting
concentration-response curves using the 4-parameter
method. The color intensity was found to be propor-
tional to the number of viable cells, as living cells reduced
the CCK-8 dye to a colored formazan product.

Transwell assay

Cells were trypsinized, resuspended in serum-free
DMEM, and counted using a hemocytometer. A total
of 1 x 10* MHCC97H cells were seeded in the upper
chamber of a 24-well Transwell insert (Corning Com-
pany, Corning, USA), while the lower chamber was filled
with DMEM containing 10% FBS. The Transwell insert
was then incubated in a humidified atmosphere of 5%
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Table 1. Primer sequences

Primer |
ESRTF
ESRTR
hsa_circ_0004913 F
hsa_circ_0004913 R
hsa-miR-96-5p F
hsa-miR-96-5p R
SMAD7 F
SMAD7 R
U6 F
ue R
GAPDH F
GAPDHR

CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAGCAAAAA

C. Liu et al. ERa requlates circRNA/miRNA/SMADs in HCC

Sequence (5'to3’)
TCCTGATGATTGGTCTCGTCTGG
GGTTCCTGTCCAAGAGCAAGTTAG
GCCTGGGTGAATGCCTTGC
ACTGTTGTGTCTGCTGTGTGC
ACACTCCAGCTGGGTTTGGCACTAGCACATT

AACCCCCATCACCTTAG
CTCGTCTTCTCCTCCCA
GCTTCGGCAGCACATATACTAAAAT
CGCTTCACGAATTTGCGTGTCAT
ACAACAGCCTCAAGATCATCAGC
GCCATCACGCCACAGTTTCC

CO, at 37°C for 24 h to allow cell migration. After in-
cubation, the insert was removed, and the medium was
aspirated. Cells were fixed with 4% paraformaldehyde for
15 min and subsequently stained with 0.1% crystal vio-
let for 20 min to visualize migrated cells. The insert was
then rinsed 3 times with phosphate-buffered saline (PBS)
to remove the unbound stain. A cotton swab was used
to gently remove non-migrated cells from the upper sur-
face of the membrane. Finally, migrated cells on the lower
surface of the membrane were imaged under a light micro-
scope (DSY5000X, COIC, Chongging, China).

Flow cytometry assay for the cell cycle

After collecting and fixing the cell suspension, 5 mL
of cold 70% ethanol was added, and the mixture was then
incubated at 4°C overnight. Following 2 washes with 5 mL
of PBS, the cells were stained for 10 min with 50 pg/mL
propidium iodide (PI). After passing the suspension through
a 300-mesh filter, it was centrifuged for 5 min at 1,000
rpm. To remove any remaining PI, 5 mL of PBS was used
to rinse the cells. Subsequently, the cells were reconstituted
in 200 pL of PBS and subjected to analysis using a Beckman
Coulter flow cytometer (Beckman Coulter, Brea, USA).

Luciferase reporter assay

Both wild-type (WT) and mutant (MT) sequences were
generated to investigate the role of hsa_circ_0004913
in cellular biology. Several recombinant reporter con-
structs were created by inserting these sequences into
the pGL3 reporter gene vector. These recombinant re-
porters were then co-transfected into 293T cells along with
hsa-miR-96-5p. Luciferase activity was precisely assessed
48 h after transfection using a dual-luciferase detection kit
and the dual-luciferase reporter assay method. An internal
control was included using the Renilla luciferase expres-
sion vector pRLTK (Takara, Beijing, China).

Chromatin immunoprecipitation-
quantitative real-time PCR (ChIP-qPCR)

Following a seeding of MHCC97H cells (3 x 10°) on 100 mm
dishes and treatment with 1% formaldehyde, 600 pL of radio-
immunoprecipitation assay (RIPA) lysis solution was used
to lyse the cells. The sonicator was used to separate genomic
DNA and shear it into 20—600-bp pieces. The chromatin was
precipitated and incubated for an overnight duration at 4°C
using either immunoglobulin G (IgG; Beyotime Biotechnol-
ogy, Shanghai, China) or ERa-antibodies (Abcam, Shanghai,
China) after centrifugation and removal of supernatants.
The immune complexes were then cleaned using several
washing buffers, including Tris-EDTA buffer, high salt, low
salt, and LiCl. The immune precipitates were cross-linked
overnight at 65°C after being eluted with 500 uL of elution buf-
fer. hsa_circ_0004913 promoter primers were used to amplify
ESR1 binding sites. The promoter primers were as follow:

Primer 1:
forward (5-ACTTCTCCCTCTGATACTCGTTCC-3),
reverse (5-ACTCCTCCTCCTTGATGCTGTAG-3’);

Primer 2:
forward (5-GGGAAGTGAGGACCCTAAGAAGC-3),
reverse (5-AAAAGCCCTGGAGCCAAGAAG-3);

Primer 3:
forward (5-CGACTGACCGAGTATGGTATGG-3)),
reverse (5-AGGAGGCAGGAAGTAGAGCGA-3).

Ultimately, DNA was extracted following the method
recommended by the manufacturer, and RT-qPCR was
used for analysis.

Western blot analysis

For immunoblotting, cells were lysed using preheated 2%
sodium dodecyl sulfate (SDS) and then boiled for 30 min.
Protein concentrations were determined using a bicincho-
ninic acid (BCA) assay (CW0014S; CoWin Biotech, Taizhou,
China). Proteins were separated using SDS-polyacrylamide
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gel electrophoresis (SDS-PAGE) and transferred to a nitro-
cellulose membrane (GE Healthcare, Chicago, USA) using
the Genscript eBlot transfer technique. Membranes were
blocked for 1 h at room temperature with 5% milk in 1x Tris-
buffered saline with Tween-20 (TBST; 25 mM Tris, 150 mM
NaCl, 2 mM KCI, pH 7.4, supplemented with 0.2% Tween-20)
and probed overnight at 4°C with the indicated primary
antibodies: ERa antibody (ab32063; Abcam) or SMAD7
antibody (25840-1-AP; Proteintech, Wuhan, China). After
washing with TBST 3 times for 30 min, membranes were
incubated with peroxidase-conjugated secondary antibod-
ies (SA00001-2; Proteintech) at room temperature for 1 h.
The membranes were washed with TBST 3 times and de-
tection was performed using Sensitive Chemiluminescence
Test Kit (S§6008M; UElany, Suzhou, China)

Statistical analyses

The normality assumption was assessed using the Sha-
piro—Wilk test, and the homogeneity of variance was
evaluated with Levene’s test. For data that met the test as-
sumptions, differences between 2 groups were analyzed
using the Student’s t-test, and comparisons among multiple
groups were performed using one-way analysis of variance
(ANOVA). For small-sample data with a sample size below 7,
the Mann—Whitney test was used for comparisons between
2 groups, and the Kruskal-Wallis test was applied for com-
parisons among multiple groups. Statistical significance was
defined as p < 0.05. The corresponding results are provided
in the shared data. The time from patient death or a 5-year
follow-up is defined as the OS time. Kaplan—Meier method
and log-rank test were used for survival analysis, and re-
ceiver operating characteristic (ROC) curve analysis was
used to evaluate the discriminatory power of biomark-
ers. To evaluate heterogeneity among datasets, we used
Cochran’s Q test and the I? statistic. A fixed-effect model
was applied when heterogeneity was minimal (I? < 50%),
assuming a consistent effect size across datasets. Con-
versely, a random-effects model was employed for analyses
with substantial heterogeneity (I > 50%), accounting for
between-study variability. Data analysis was performed us-
ing GraphPad Prism v. 7.0 (GraphPad Software, San Diego,
USA), Rv. 4.2.2 software (limma package v. 3.62.2; pheatmap
package v. 1.0.12; survminer package v. 0.5.0) or IBM SPSS
Statistics for Windows v. 24 (IBM Corp., Armonk, USA).

Results

ERa/circRNA/miRNA/SMADs network
construction

CircRNA data from GSE97332 microarrays in the GEO
database were analyzed using R v. 4.2.2. The top 30 dif-
ferentially expressed circRNAs between cancer tissues and
paired normal tissues were selected, including 15 with high
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expression and 15 with low expression. A heatmap was
generated to display the hierarchical clustering of circRNA
expression values (Fig. 1). The promoter sequence of cir-
cRNA was obtained from the UCSC database. The JAS-
PAR database (https://jaspar.elixir.no) was used to predict
potential TFs. ERa was the potential TF for 10 of these
differentially expressed circRNA (Fig. 2).

The target miRNAs of circRNA were predicted using
the online tool circBank. In the miRwalk online tool, pre-
dicted SMADs that overlap in at least 2 of the following da-
tabases—miRPathDB, miRWalk, and TargetScan—were con-
sidered, with a score greater than 0.95. Cytoscape was used
to construct the ERa/circRNA/miRNA/SMADs network.
We identified 8 circRNAs that were differentially expressed
in HCC and ultimately target the SMAD family (Fig. 3).

Differential expression of the ERa/circRNA/
miRNA/SMADs network is associated with
poor prognosis in HCC

We used the HCCDB database to investigate ESRI
expression in liver tumors and adjacent liver tissues,
as well as in HCC and normal patient samples. Compared
to the surrounding non-cancerous tissues, HCC tissues
exhibited significantly lower ESRI expression (Fig. 4). Fur-
thermore, ESRI expression was consistently lower in HCC
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Fig. 1. Heatmap of 30 differentially expressed circular RNAs (circRNAs)

in hepatocellular carcinoma (HCQ). Differential expression analysis

of circRNAs in the GSE97332 datasets was performed using the limma
package. The top 30 differentially expressed circRNAs in HCC were
selected, comprising 15 with high expression and 15 with low expression,
based on a selection criterion of a log2 fold change ([log2FC| > 2) and

ap < 0.05. A heatmap illustrating these differential expression patterns
was generated using the pheatmap package

hsa_circ_0091570 HZ

0

-1

hsa_circ_0058493 i
2


https://jaspar.elixir.no

70 C Livet

al. ERa requlates circRNA/miRNA/SMADs in HCC

ESR1
da_circ_0006302 CircRNA

hsa_circ_0036044 \ /h/drcooznfm

hsa_circ_0044385— E S R 1

J

hsa_circ_00079%

hsa—circ_0032683

\ hsa_circ_0004913
hsa_circ_00053%7

sa_circ_0006608

hsa_circ_0023984

SM4

2-MiR-302a-3p

MR- iR 4853
hsa-miR-486-5p

hsa-miR-135a-5p

hsa-miR-211-5p

(33
@ ''''' 4 “

hsa-miR-520a-3p —'$2=Ir¢

hsa-miR-142-5 hsa-m'R-125\~5
SMS/ l .;|-c 0004 circ_ 0027364 I a\\

B
—
hsa-mi R-M}S/

hsa_ circ_000! N 001" ey

>

hsa-miR-329-3p

' hsa-miR-127\-5p
\ N\
@ hsa-miR-452-5p
D03. R
s

- hsa=miR-212-3p

Fig. 2. Estrogen receptor alpha (FRa)

is predicted as a transcription factor for
10 circular RNAs (circRNAs). Transcription
factors of 30 differentially expressed
circRNAs in hepatocellular carcinoma
(HCC) were predicted using the JASPAR
database. Among them, ERa was
identified as a potential transcription
factor for 10 circRNAs
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Fig. 3. Potential ERa/circRNA/mIiRNA/SMADs regulatory axis in hepatocellular carcinoma (HCC). Potential target miRNAs of circular RNAs (circRNAs) were
predicted using the online tool circBank, while miRNA-targeted SMAD family genes were predicted using the online tool miRwalk. Ultimately, 8 circRNAs,
14 miRNAs and 4 genes from the SMAD family (SMAD2, SMAD3, SMAD4, SMAD5, SMAD6, and SMAD?) were identified, forming a potential ERa/circRNA/

miRNA/SMADs regulatory axis in HCC
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Adjacent, and Liver/Other Normal tissues using the Hepatocellular Carcinoma Database (HCCDB) database. £SRT expression is significantly reduced in HCC
tissues compared to adjacent non-cancerous tissues and healthy controls, regardless of gender, based on HCCDB analysis. Statistical significance is defined

by [log2FC| > 1; B. Analysis of ESRT expression levels in liver tissues from 362 HCC patients (245 males and 117 females) and 50 normal individuals using The Cancer
Genome Atlas (TCGA) data from the UALCAN website (https://ualcan.path.uab.edu). The results show that £SRT expression is significantly decreased in both male
and female HCC patients compared to normal individuals (p < 0.001). However, there is no statistically significant difference in ESRT expression between male and
female tumor patients (p = 0.61). Differences were analyzed using Welch's t-test and are presented as box plots showing the median and range
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Fig. 5. Kaplan-Meier analysis shows that higher ESRT expression correlates
with longer survival. Kaplan—Meier analysis and log-rank test were used
to determine the relationship between ESR1 expression and clinical
prognosis in The Cancer Genome Atlas (TCGA) database. Overall survival
(OS) time was defined as the time to patient death or the time of the last
follow-up (up to 5 years). A total of 321 patients with non-zero OS were
selected for the analysis, indicating a positive correlation between ESR1
expression and OS in these patients (p < 0.05)

patients than in healthy individuals, regardless of gender
(Fig. 4; p < 0.001). Based on our research, patients with
high ESRI expression levels had significantly longer OS
times compared to those with low expression levels (Fig. 5;

LIHC
2
[o°]
Q
©
2 o 7
=
g AUC: 0.950
g < | 95% Cl: 0.927-0.970
o
N
N
o
S -

| | | T | |
0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity

Fig. 6. Receiver operating characteristic (ROC) curve analysis showed
that ESRT expression effectively distinguished tumor tissue from paired
adjacent tissue, with an area under the curve (AUC) of 0.950 (95%
confidence interval (95% Cl): 0.927-0.970)

p =0.015). Additionally, ROC curve analysis demonstrated
that ESRI expression effectively distinguished tumor tissue
from paired adjacent tissue, with an area under the curve
(AUC) of 0.950 (95% confidence interval (95% CI): 0.927—
0.970; Fig. 6). The RT-qPCR results revealed that the liver
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Fig. 7. Reverse transcription quantitative polymerase chain reaction (RT-
gPCR) results between MHCC97H and QSG7701. RT-gPCR was performed
to measure the expression levels of ESRT, hsa_circ_0004913, hsa-miR-96-
5p, and SMAD? in the hepatocellular carcinoma (HCC) cell line MHCC97H
and the normal liver cell line QSG7701. The results showed that, compared
to normal QSG7701 liver cells, the MHCC97H liver cancer cells had higher
levels of hsa-miR-96-5p, and lower levels of £SR], hsa_circ_0004913 and
SMADY?. Differences were analyzed using Mann-Whitney test and are
expressed as median and range

* < 0.05; **p < 0.01; **p < 0.001.

cancer cell line MHCC97H expressed higher levels of hsa-
miR-96-5p and lower levels of ESR1, hsa_circ_0004913 and
SMAD7 compared to the normal control cell line QSG7701
(Fig. 7, p = 0.008). These findings suggest that a poor prog-
nosis in HCC patients is associated with high expression
of hsa-miR-96-5p and low expression of ESR1 and SMAD?.

ERa promotes hsa_circ_0004913
expression in MHCC97H cells

To explore the upstream regulatory mechanisms of hsa_
circ_0004913, we identified ESRI as a predicted TF using
the JASPAR database. The JASPAR database was employed
to predict the motif of ESRI (Fig. 8). Additionally, potential
binding sites between ERa and the hsa_circ_0004913 pro-
moter were predicted using the JASPAR database (Fig. 8).
We used RT-qPCR to confirm that ESR1 was overexpressed
after plasmid transfection, and we found that there was
a significant increase in hsa_circ_0004913 expression
following ESRI overexpression (Supplementary Fig. 1).
Additionally, ChIP-qPCR analysis revealed a strong bind-
ing affinity between the hsa_circ_0004913 promoter and
ESRI at the sites targeted by the 3 primers (Fig. 9). Western
blot analysis confirmed the successful extraction of pro-
tein samples with GAPDH as the internal control (Fig. 9).
Collectively, these findings suggest that ESRI activates
the transcription of hsa_circ_0004913, thereby enhancing
its expression in MHCC97h cells.
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Fig. 8. Prediction of binding sites between ESRT and hsa_circ_0004913.
Bioinformatics analyses predicted £SRT as a transcription factor for hsa_
circ_0004913, with binding motifs identified using the JASPAR database

ESR1 overexpression regulates the hsa_
circ_0004913/hsa-miR-96-5p/SMAD?7 axis
in MHCC97H

According to RT-qPCR data, ESRI overexpression signif-
icantly increased the expression of SMAD7 while substan-
tially decreasing the expression of hsa-miR-96-5p com-
pared to the control group (Supplementary Fig. 2). Western
blot analysis provided additional confirmation of these
results (Supplementary Fig. 3). Hsa_circ_0004913 WT and
MT sequences were created and transfected into 293T
cells based on the anticipated binding sites (Supplementary
Fig. 4). The results demonstrated that in the circ_0004913-
WT group, the fluorescence of hsa-miR-96-5p mimics
was significantly increased compared to negative control
(NC) mimics (p = 0.008). Nevertheless, no significant dif-
ference in fluorescence was observed between NC mim-
ics and hsa-miR-96-5p mimics in the circ_0004913-MT
group (Supplementary Fig. 5). In summary, ESRI regu-
lates the expression of the circRNA/miRNA/SMA Ds axis
and hsa_circ_0004913 interacts with hsa-miR-96-5p
in MHCC97H cells.

ESR1 overexpression suppresses
the biological activity of MHCC97H cells

To investigate the biological effects of ESRI on
MHCC97H cells, we transfected the cells with an ESRI
plasmid and an empty vector, as well as with siRNAs tar-
geting ESRI and a NC. Next, we evaluated MHCC97H
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Fig. 9. Chromatin immunoprecipitation-quantitative real-time polymerase
chain reaction (ChIP-gPCR) results. A. Western blot analysis showing
GAPDH expression as an internal control for the estrogen receptor

alpha (ERa) samples; B. The ChIP-gPCR experiment demonstrated that

all 3 primers targeting the ESRT and hsa_circ_0004913 binding sites
exhibited strong affinity, confirming the binding ability of ESRT to the hsa_
circ_0004913 promoter. Differences were analyzed using Mann-Whitney
test and are expressed as median and range

*p < 0.05;**p < 0.01; **p < 0.001.

cells proliferation with the CCK-8 test, cell migration
with the Transwell assay, and cell cycle distribution with
flow cytometry. The results indicated that overexpres-
sion of ESRI significantly reduced cell proliferation, while
silencing ESRI significantly enhanced cell proliferation
(p < 0.01; Supplementary Fig. 6). The migratory capac-
ity was much lower in the ESRI overexpression group
than in the ESRI silencing group (p < 0.01; Supplemen-
tary Fig. 7). Furthermore, compared to the ESRI silencing
group, the ESRI overexpression group showed an increase
in the proportion of cells in the G1 phase, accompanied
by a decrease in cells in the S and G2 phases. This sug-
gests that ESRI inhibits tumor growth in MHCC97H
cells by inducing G1 phase arrest (Supplementary Fig. 8;
p < 0.01).
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Discussion

The incidence and mortality of HCC vary significantly
by gender.! In comparison to men, women had lower in-
cidence and mortality rates from HCC. We found that,
compared to normal liver tissues, HCC tissues exhibit
a marked downregulation of ESRI expression, as con-
firmed with analysis of the TCGA database. Moreover,
the concentration of ESRI in adjacent non-tumor tissues
was significantly higher compared to that in HCC tissues.
The results of the survival study showed a favorable as-
sociation between the patient’s survival times and ESRI
levels. Kaplan—Meier analysis further demonstrated that
higher ESR1 expression was associated with longer survival
in HCC patients. These findings suggest that the estrogen
signaling pathway may play a protective role in HCC de-
velopment and progression, offering a promising target for
therapeutic intervention.

While substantial research has investigated the down-
stream regulatory mechanisms of circRNAs, their upstream
regulatory pathways remain largely unexplored. Several
studies have suggested that TFs can bind to circRNA pro-
moter sequences, thereby regulating their expression.2%2!
Emerging evidence indicates that TFs, including ERa, can
bind to circRNA promoter sequences, thereby modulating
their transcriptional activity.

In this study, we analyzed differentially expressed cir-
cRNAs between adjacent non-tumor tissues and HCC us-
ing the GEO database and investigated potential TFs via
the JASPAR database. We found that ESRI may function
as a TF for multiple differentially expressed circular RNAs
(circRNAs). Of these circRNAs, hsa_circ_0004913 was
identified as a key regulator of the ERa/circRNA/miRNA/
SMADs network.

Based on the “gene sponge” theory, we analyzed the po-
tential miRNAs and mRNAs targeted by these circRNAs,
constructing a circRNA-miRNA-mRNA network. This
network comprises several pathways that converge
on the SMAD family, primarily utilizing the TGF-8/SMAD
signaling pathway to influence HCC development.!>?2 This
network is closely associated with the TGF-B/SMAD sig-
naling pathway, a critical driver in HCC pathogenesis. Sev-
eral circRNAs and miRNAs within this network have been
implicated in HCC initiation and progression through di-
verse mechanisms. For instance, hsa_circ_0058493 accel-
erates HCC progression by binding to YTH domain-con-
taining protein 1.23 Hsa_circ_0001955 acts as a miR-646
sponge, promoting angiogenesis in HCC.?* MiR-200b-3p
suppresses HCC cell growth by targeting ERG and VEGF-
mediated angiogenesis.?> MiR-329-3p enhances tumor cell
responsiveness to T cell-induced cytotoxicity.?® These
findings suggest that this network is closely associated
with the development of HCC and may be involved in vari-
ous processes such as tumor angiogenesis, cellular activity,
and immune sensitivity. Collectively, this network holds
promise as a novel therapeutic target for HCC.



74

In this study, we hypothesize that ESR1, acting as a TF,
differentially modulates the expression of specific cir-
c¢RNAs in HCC. This modulation influences the SMADs
family expression and inhibits hepatocyte proliferation.
The RT-qPCR analysis revealed that ESRI overexpres-
sion upregulates the expression of hsa_circ_0004913 and
SMAD?7, while downregulating hsa-miR-96-5p. Further-
more, ChIP-qPCR results confirmed that ERa interacts
with the hsa_circ_0004913 promoter, enhancing its ex-
pression as a transcriptional regulator. Dual-luciferase
reporter assays verified that hsa_circ_0004913 directly
targets and regulates hsa-miR-96-5p. In vitro studies
demonstrated that ESRI overexpression hinders HCC
progression by inhibiting the proliferation and migration
of MHCC97H cells, thereby inducing cell cycle arrest.

Many studies have also corroborated our findings. For
instance, Li et al. conducted a study involving 150 HCC pa-
tients who underwent surgical treatment, with tissue speci-
mens analyzed and clinical follow-up performed. The re-
sults indicated that the expression of hsa_circ_0004913
was significantly downregulated in liver cancer tissues
compared to paired adjacent normal tissues. They reported
significantly downregulated hsa_circ_0004913 in HCC
tissues compared to adjacent normal tissues, correlating
with shorter patient survival.'*

Wu et al. demonstrated that hsa_circ_0004913 overex-
pression inhibits HCC progression by targeting miR-184,
suppressing the JAK2/STAT3/AKT signaling pathway.!?
Additionally, hsa-miR-96-5p has been discovered to be sig-
nificantly expressed in HCC, and its suppression can increase
HCC apoptosis while reducing migration and invasion.*>1

Our study confirmed that hsa_circ_0004913 can target
and regulate the expression of hsa-miR-96-5p. Similarly,
Tang et al. demonstrated that in liver cancer cells, hsa-
miR-96-5p is regulated by circ_0000972 through a gene-
sponge mechanism, inhibiting HCC.?” As mentioned
earlier, several experiments have confirmed the target-
ing regulatory effect of hsa-miR-96-5p on SMAD?, which
is consistent with our bioinformatics predictions.!81%28
Therefore, we did not perform further experimental valida-
tion. Besides SMAD7, SMAD2, SMAD3, and SMAD4 are
also potential targets within our predicted network, all
of which belong to the SMAD family. Recent studies have
demonstrated that the SMAD family mediates TF activa-
tion and the transmission of membrane-to-nucleus sig-
nals through the TGF-/SMAD signaling pathway.!? This
pathway regulates multiple functions, including the tumor
microenvironment, immune responses, tumor cell activ-
ity, and sensitivity to targeted therapies.?*-3? Additionally,
it can crosstalk with other pathways, such as the MAPK,
PI3BK/AKT and WNT/B-catenin pathways, thereby am-
plifying its impact on tumor progression.!? Thus, it plays
a critical role in the initiation and progression of HCC.

In summary, the above indicates that the ERa/circRNA/
miRNA/SMADs network may serve as a potential thera-
peutic target for HCC.
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Limitations

Our study has several limitations. Our primary focus
was on the gender differences in the incidence and mortal-
ity of HCC. Our analyses identified ERa as a TF regulating
multiple differentially expressed circRNAs in HCC. It also
modulates the circRNA/miRNA/SMAD network to sup-
press HCC progression. However, our study does not ex-
plore the potential pathways involved, nor does it examine
the diagnostic value of ERa and hsa_circ_0004913 in HCC.
Additionally, the small sample size may limit the statisti-
cal significance of our findings. Future large-scale studies
are necessary.

Conclusions

The ERa signaling pathway represents a potential thera-
peutic target for HCC. We propose that ERa, functioning
as a TF, , regulates the production of circRNAs that are
differentially expressed in HCC. This modulates the cir-
cRNA/miRNA/SMAD network and slows the progres-
sion of the cancer. We hope this research will contribute
to securing additional funding for further studies aimed
at improving the survival rates of HCC patients.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.15004445. The package includes
the following files:

Supplementary Fig. 1. qRT-PCR detection of the rela-
tionship between ESR1 and hsa_circ_0004913 expression.
qRT-PCR analysis validated the overexpression of ESRI
in the MHCC97H cell line transfected with the ESRI plas-
mid (OE-ESRI), showing a significant increase compared
to the pcDNA3.1 empty vector group (pcDNA3.1). Addi-
tionally, the overexpression of ESRI resulted in an upregu-
lation of hsa_circ_0004913 expression. Differences were
analyzed using Mann—Whitney test and are expressed
as median and range (*p < 0.05, **p < 0.01, ***p < 0.001).

Supplementary Fig. 2. qRT-PCR detection of the re-
lationship between ESRI hsa-miR-96-5p and SMAD7
expression. qRT-PCR data showed that overexpression
of ESRI significantly increased the expression of SMAD?,
while significantly decreased the expression of hsa-miR-
96-5p. Differences were analyzed using Mann—Whitney
test and are expressed as median and range (*p < 0.05,
**p < 0.01, ***p < 0.001).

Supplementary Fig. 3. Western blot analysis confirmed
that ESR1 overexpression increases the expression level
of SMAD?.

Supplementary Fig. 4. The target between hsa_circ_0004913
and hsa-miR- 96-5p were predicted through TargetScan.

Supplementary Fig. 5. Luciferase reporter assay re-
vealed that in the circ-0004913-WT group, fluorescence
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significantly increased in the hsa-miR-96-5p mimic group
(miR-96-5p) compared to the NC mimics empty vector
group (NC mimic) (p < 0.05), confirming the interaction
and targeted regulation between hsa_circ_0004913 and
hsa-miR-96-5p. Differences were analyzed using Mann—
Whitney test and are expressed as median and range
(*p < 0.05, *p < 0.01,***p < 0.001).

Supplementary Fig. 6. CCK-8 assay showed that over-
expression of ESR1 (OE-ESRI) reduced MHCC97H cell
proliferation, while silencing of ESR1 (si-ESR1) enhanced
proliferation. Differences were analyzed using Mann—
Whitney test and are expressed as median and range
(*p < 0.05, **p < 0.0L,***p < 0.001).

Supplementary Fig. 7. Transwell assay demonstrating
that ESR1 overexpression decreased cell migration, while
silencing ESRI had the opposite effect. Differences were
analyzed using Mann—Whitney test and are expressed
as median and range (*p < 0.05, **p < 0.01,***p < 0.001).

Supplementary Fig. 8. Results of cell cycle. Compared
to the ESRI silencing group, the ESR1 overexpression group
showed an increased proportion of cells in the G1 phase
and a decreased proportion in the S and G2 phases. This
suggests that ESR1 inhibits tumor growth in MHCC97H
cells by inducing G1 phase arrest. Differences were ana-
lyzed using Mann—Whitney test and are expressed as me-
dian and range (*p < 0.05, **p < 0.01,***p < 0.001).
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Abstract

Background. Breast cancer remains a major healthcare challenge, highlighting the need for early and ac-
curate diagnosis. Shear-wave elastography (SWE), an ultrasound-based imaging technique that quantifies
tissue elasticity, has emerged as a promising tool. Recent studies suggest that SWE may provide additional
diagnostic value when used alongside conventional imaging methods.

Objectives. This study aimed to assess the diagnostic performance of SWE when combined with conventional
ultrasound and magnetic resonance imaging (MRI) in the evaluation of breast lesions.

Material and methods. This retrospective study included patients with breast lesions who underwent SWE,
conventional ultrasound and MRI. The diagnostic performance of each modality was evaluated individually
and in combination. Histopathological results served as the gold standard for diagnosis. Key performance
metrics — sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and overall
accuracy — were calculated for each imaging approach.

Results. A total of 99 patients were included in the study, comprising 64 with benign lesions and 35 with
malignant lesions. Malignant lesions were generally larger and exhibited distinct imaging characteristics
across ultrasound, SWE and MRI. When assessed individually, SWE, ultrasound and MRI showed comparable
diagnostic accuracy (64.6%, 62.6% and 62.6%, respectively). However, combining all 3 modalities significantly
improved diagnostic performance, yielding sensitivity, specificity, PPV, NPV, and overall accuracy of 94.3%,
89.19%, 82.5%, 96.6%, and 90.9%, respectively (p < 0.001). The area under the curve (AUC) for the combined
approach was significantly higher than for any single modality (0.917 vs 0.642, 0.627 and 0.633; p < 0.001).

Conclusions. While SWE alone offers diagnostic performance comparable to that of ultrasound and MRI
individually, its greatest value lies in combination with these imaging modalities. Integrating ultrasound, SWE
and MRl significantly enhances diagnostic accuracy, sensitivity and specificity, offering a promising multimodal
approach for more reliable differentiation between benign and malignant breast lesions.

Key words: breast cancer, magnetic resonance imaging, ultrasonography, shear-wave elastography, breast
diseases
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Highlights

» Advanced breast imaging with shear-wave elastography (SWE): Combining SWE with conventional ultrasound
and MRI provides a state-of-the-art, triple-modality breast imaging strategy for superior diagnostic confidence.

+ Shear-wave elastography leads in diagnostic precision: SWE offers higher specificity (65.6%) and a significantly
improved positive predictive value (PPV = 50%) compared to traditional ultrasound and MRI alone.

» Unmatched accuracy in breast lesion diagnosis: Integrating ultrasound, SWE and MRI achieves an impressive
90.9% overall diagnostic accuracy, setting a new standard in breast cancer screening.

+ Enhanced sensitivity and specificity with multimodal imaging: This combined workflow boosts sensitivity to 94.3%
and specificity to 89.1%, reducing both false positives and false negatives.

« Early detection and better outcomes: Incorporating SWE into routine breast imaging can accelerate early breast
cancer detection, leading to improved patient outcomes and more efficient care pathways.

Background

Cancer is a disease characterized by the uncontrolled
proliferation of abnormal cells within the body. It dis-
rupts the usual regulatory processes that govern cellular
growth and proliferation. Among different types of can-
cers, breast cancer is a prominent cause of cancer-related
deaths in women.! According to GLOBOCAN 2018, there
were over 2 million new breast cancer cases, making
it the most frequently diagnosed cancer among women
in 154 of the 185 countries assessed.? Its epidemiological
spread has not only highlighted disparities in incidence be-
tween developed and developing nations, but also brought
to the fore the critical role of early diagnosis.? Early-stage
detection, primarily through mammographic screenings,
can improve 5-year survival rates to over 90% in developed
countries.** However, in low-income countries, where di-
agnosis often occurs at more advanced stages, 5-year sur-
vival rates can fall below 40%.2~* Therefore, early and ac-
curate diagnosis is crucial for improving patient outcomes.

To distinguish between benign and malignant breast
disease, traditional imaging modalities such as mammog-
raphy, ultrasonography and magnetic resonance imaging
(MRI) are typically employed.® The choice of modality
depends on the patient’s age and clinical scenario. For
example, in patients under 30 years of age presenting
with a palpable breast mass, the National Comprehen-
sive Cancer Network (NCCN)® and the American College
of Radiology (ACR) recommend breast ultrasonography
as the initial imaging modality.” When evaluating with
ultrasound, the breast imaging-report and data system
(BI-RADS) using ACR is commonly used as an assessment
tool to assist imaging report interpretation,® which report-
edly has a high sensitivity of 74% and specificity of 84%.°
However, while these traditional methods are effective
in initial screening, they have limitations in specificity,
often leading to unnecessary biopsies and overtreatment.
This limitation calls for the development of more advanced
imaging techniques to reduce false positives and improve
the diagnostic accuracy of breast cancer detection.

In this context, advanced imaging modalities have
emerged as valuable adjuncts to traditional methods. For
instance, transmission electron microscopy (TEM) pro-
vides high-resolution visualization of cellular ultrastruc-
ture, enabling a deeper understanding of cellular compo-
nents such as the cytoskeleton, membrane systems and
organelles. This technique has shown potential in the study
of breast cancer, offering insights into the morphology and
structural changes at the cellular level.l® Although TEM
is more commonly used in research and pathology stud-
ies, its ability to identify subcellular features may have
diagnostic implications in the future.

Another advanced technique is ultrasound elastogra-
phy, which builds upon traditional grayscale ultrasound
by assessing tissue stiffness. Two primary elastography
methods have been explored: static elastography and
shear-wave elastography (SWE). Static elastography pro-
vides qualitative information about the stiffness, allow-
ing for better differentiation between benign and malig-
nant lesions.!"'2 However, its application is limited due
to the similar diagnostic performance as conventional ul-
trasound and inconsistency among multiple observers.!%4
In contrast, SWE offers a more advanced and quantita-
tive approach, providing objective measurements of lesion
stiffness in kilopascals (kPa).!” Studies have shown that
SWE can yield accurate information with regard to benign
or malignant differentiation of solid breast masses.!>1°
A recent meta-analysis by Langdon et al. indicated that
SWE may be useful in downgrading BI-RADS 4A lesions
or upgrading BI-RADS 3 lesions.!” Despite its apparent
advantages, SWE has not yet been recommended by cur-
rent guidelines. This is largely due to several factors, in-
cluding the lack of standardized diagnostic thresholds
for SWE parameters, operator dependency and limited
multicenter validation studies. Additionally, the high cost
of elastography-capable ultrasound devices poses a signifi-
cant challenge, especially for resource-limited healthcare
settings.>!® These barriers hinder the widespread adoption
of SWE, even though its diagnostic potential has been
demonstrated.
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Objectives

There is currently limited research on the combined use
of SWE with conventional imaging modalities such as ul-
trasound and MRI. Our study addresses this gap by explor-
ing the diagnostic potential of this multimodal approach.
By leveraging the complementary strengths of these imag-
ing techniques and addressing key barriers, we hope to fa-
cilitate the integration of SWE into standardized clinical
guidelines, thereby advancing the precision and efficiency
of breast cancer diagnosis.

This retrospective study aims to assess the diagnostic
efficacy of combining SWE with ultrasound BI-RADS clas-
sification and MRI in distinguishing between benign and
malignant breast lesions.

Materials and methods
Study design

This was a single-center retrospective study.
Participants

Patients included in this study were individuals with
benign or malignant breast lesions who were diagnosed
and treated by surgery. All cases were confirmed and
classified the lesions into either benign group or malig-
nant group through pathological evidence. The inclusion
criteria were: 1) patients who underwent breast SWE, ul-
trasound and MRI before surgery in Yancheng No. 1 Peo-
ple’s Hospital (The First People’s Hospital of Yancheng),
Affiliated Hospital of Medical School, Nanjing Uni-
versity (Nanjing, China); 2) resection of the lesion site
in the breast and pathological examination were per-
formed in this hospital; and 3) complete clinical data.
The exclusion criteria were: 1) a history of prior breast
surgeries or chemoradiation therapy; 2) coexisting ma-
lignancies; 3) metastatic diseases; 4) indeterminate pa-
thology findings; 5) breast implant(s); 6) current preg-
nancy or breastfeeding status; 7) breast lesions exceeding
3 c¢m; 8) contraindications for MRI; and 9) critical illness.

Variables

Patient demographic and clinical data included: age,
body mass index (BMI), family history of cancer, men-
strual status, lesion type, lesion size, nodal involvement,
lesion location, and histological grade. The single modality
evaluation using either SWE, ultrasound or MRI was docu-
mented. A combination diagnosis, combining all 3 mo-
dalities, was performed using the existing information
to comprehensively reassess included lesions. The above
examination used the 2013 BI-RADS guidelines issued
by the ACR to evaluate the lesions.® Pathologic diagnoses
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were used as the gold standard. If the imaging diagnosis
matched with pathology, it was then considered a true posi-
tive. Otherwise, it was defined as a false positive.

Data measurement
Ultrasonic examination

A senior sonographer performed the exam by using
a standard ultrasound scanner (AixPlorer; SuperSonic
Imagine, Aix-en-Provence, France). The patient was placed
in a supine position with both arms raised to adequately
expose the breast area. Starting from the upper outer quad-
rant, the scanning continued gradually in a clockwise man-
ner from the breast edges towards the nipple. Bilateral
breasts were both scanned. Sonographic characteristics re-
corded included tissue composition, lesion-related param-
eters (shape, orientation, margin, echo pattern, posterior
features), calcifications, associated features (architectural
distortion, duct changes, skin changes, edema, vascularity,
elasticity assessment), and other features (cysts, lymph
nodes, vascular abnormalities, fat necrosis).

Shear-wave elastography

After the standard ultrasound evaluation, the probe was
then placed on the skin to locate the lesion again. The level
with the largest cross-sectional area was identified and se-
lected, followed by switching to the SWE elasticity imaging
mode. The sonographer then instructed the patient to hold
their breath for 3 s and capture the image. The quantitative
analysis sampling box (Q-box) was placed to cover the en-
tire lesion as much as possible, with no red compression
marks on the box outlines. The Q-box was then adjusted
to cover the area with high elasticity surrounding the le-
sion. The areas extending beyond the Q-box were divided
into multiple sections and measured individually. The elas-
tic parameters included the maximum elastic modulus (E-
max), average elastic modulus (E-mean), elastic standard
deviation (E-sd), and lesion-to-fat elastic ratio (E-ratio).
The lesion was measured 3 times, and the average was
calculated.

Magnetic resonance imaging

Pre-menopausal patients underwent breast MRI using
a 3.0T MRI machine (MAGNETOM Skyra; Siemens AG,
Erlangen, Germany) during the 7t to 14" day of their
menstrual cycle. No time restrictions applied to post-
menopausal patients. The patient was placed in a prone
position, and the breasts were appropriately positioned
using a dedicated 4-channel coil. Non-enhanced studies
included continuous axial slices (thickness: 3 mm, dis-
tance factor = 0), and T1-weighted images were captured
using turbo spin-echo sequences, while T2-weighted fat-
saturated images were obtained via short tau inversion
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recovery sequences. Dynamic contrast-enhanced studies
used three-dimensional (3D) T1-weighted gradient-echo
sequences with the following parameters: repetition time
(TR)/echo time (TE): 4.66/1.68 ms; matrix: 448 x 362;
field of view. Gadoteric acid was intravenously injected
at a dose of 0.2 mL/kg, followed by a 15 mL saline flush.
The post-contrast imaging was repeated 5 times. Image
processing included subtraction (obtained by subtracting
pre-contrast images from the 5 sets of post-contrast im-
ages on a pixel-by-pixel basis), multi-planar reconstruction,
maximum intensity projection, and time-intensity curves
(TIC). The size, shape, border, intensity, and enhancement
on the MRI imaging were documented.

Statistical analyses

Statistical analyses were performed using IBM SPSS
v. 21.0 (IBM Corp., Armonk, USA). Continuous variables
were expressed as means and standard deviation (SD)
if the data were normally distributed. Normality was as-
sessed using the Shapiro—Wilk test for sample sizes be-
tween 10 and 50 (n = 35 for the malignant group), and
by examining skewness values and Q—-Q plots for larger
samples (n = 64 for the benign group). Skewness values
close to 0 and data points aligning closely along the di-
agonal in Q—Q plots were considered indicative of normal
distribution. For variables that did not meet the normal-
ity assumption, data were presented as median (Q1, Q3).
Categorical variables were expressed as numbers or pro-
portions (%).

For normally distributed continuous variables, we con-
ducted an independent samples Student’s t-test to compare
differences between the 2 groups, with Welch’s correction
applied if variances were unequal (assessed with Levene’s
test). For non-normally distributed continuous variables,
Mann—Whitney U test was used as a nonparametric alter-
native to compare the 2 groups. For categorical variables,
Pearson’s x* test was used to assess independence and com-
pare proportions between the groups.

Diagnostic performance metrics, including sensitiv-
ity, specificity, positive predictive value (PPV), negative
predictive value (NPV), and accuracy, were calculated
and reported as descriptive statistics without statisti-
cal comparisons. The receiver operating characteristic
(ROC) curve was plotted, and the area under the curve
(AUC) was calculated to assess diagnostic performance.
DeLong’s test, implemented using the roc.test(rocl, roc2,
method="delong”) function in R (R Foundation for Statisti-
cal Computing, Vienna, Austria), was conducted to com-
pare AUC values across diagnostic modalities.

For analyses involving multiple comparisons, Bonfer-
roni correction was applied to control for type I error,
with adjusted significance thresholds calculated based
on the number of comparisons. The significance threshold
was adjusted for the number of comparisons made to re-
duce the risk of false positives. However, for exploratory
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analyses (e.g., baseline clinical characteristics, evaluation
of SWE, ultrasound, and MRI features), no correction for
multiple comparisons was applied. Given the exploratory
nature of these analyses, the statistical significance was
defined as p < 0.05.

Results
Clinical characteristics of included patients

A total of 99 patients were enrolled in this study; 64 had
benign lesions, while 35 had malignant diseases, includ-
ing 5 invasive ductal carcinomas, 7 cases of ductal carci-
noma in situ, 5 mucinous carcinomas, 5 invasive lobular
carcinomas, 6 solid papillary carcinomas, 3 borderline
phyllodes tumors, and 4 advanced lymphomas. As shown
in Table 1, there were significant differences in the age
of patients with (49.33 +8.71 vs 53.49 +6.47; t(97) = -2.47,
p = 0.015), BMI (24.39 (22.45, 26.27) vs 25.78 (23.67, 27.69);
z =2.10, p = 0.036) and the lesions size (1.70 cm vs 2.07 cm;
t(97) = —4.19, p < 0.001) between the benign group and
malignant group. Also, malignant group patients tend
to have more family members with a oncologic diagnosis
(42.9% vs 20.3%; x? = 5.67, degrees of freedom (df) = 1,
p = 0.017), higher proportion of menopause status (51.4%
vs 29.7%; x* = 4.57, df = 1, p = 0.033) and histology grading
I1I (42.9% vs 17.2%; x* = 10.72, df = 2, p = 0.005). There was
no statistically significant difference in lesion laterality
between the benign and malignant groups (x*=3.41,df =1,
p = 0.065) (Table 1).

Shear-wave elastography evaluation
of breast lesions

Table 2 summarizes the 4 SWE parameters measured.
The malignant group demonstrated higher E-max
(151.96 kPa vs 69.65 kPa; t(97) = -9.66, p < 0.001), E-mean
(92.30 +13.05 vs 30.04: £9.28; t(53) = -24.97, p < 0.001), E-sd
(13.09 +2.45 vs 8.98 +2.47; t(97) = -7.93, p < 0.001), and
E-ratio (14.77 +3.50 vs 3.39 £0.80; t(35) = —18.99, p < 0.001)
compared to the benign group (Table 2). Representative
SWE images from the malignant and benign groups are
presented in Fig. 1.

Ultrasound evaluation of breast lesions

The incidence of discovering a mass in the malignant
cohort was higher than that in the benign group (37.1% vs
14.1%; x* = 6.97,df = 1, p = 0.008). It is also more likely to de-
tect heterogeneous echogenicity in malignant lesions (45.7%
vs 15.6%; x* = 10.58, df = 1, p = 0.001). Benign lesions tended
to have well-defined borders (x* = 19.92, df = 1, p < 0.001) and
regular shapes (x2 = 11.25, df = 1, p = 0.001). Calcifications
were more frequently detected in patients with malignant
diseases (x? = 6.24, df = 1, p = 0.013). There was a higher
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Table 1. Clinical characteristics of included patients

. Benign group Malignant group

Variable (n=64) (n=35)

Age [years] 4933 +8.71 5349 +647 —247 97 0.015

BMI [kg/m?] 24.39 (2245, 26.27) 25.78(23.67,27.69) 2.10 97 0.036
no 51(79.7) 20 (57.1)

Family oncology history, n (%) 5.67 1 0.017
yes 13(20.3) 15 (42.9)
no 45 (70.3) 17 (48.6)

Menopause status, n (%) 457 1 0.033
yes 19 (29.7) 18 (51.4)

Lesion size [cm] 1.70 £0.39 2.07 +045 -4.19 97 <0.001
left 26 (40.6) 21 (60.0)

Lesion side, n (%) 341 1 0.065
right 38(59.4) 14 (40.0)
I 34 (53.1) 8(22.9)

Histology grading, n (%) | 19 (29.7) 12 (34.3) 10.72 2 0.005
Il 11072 15 (42.9)

Data were presented as mean + standard deviation (+SD), median (Q1, Q3) or n (%). Independent samples t-test was used for normally distributed
continuous variables, Mann-Whitney U test was used for non-normally distributed continuous variables, and x? test was used for categorical variables;
df — degrees of freedom; BMI — body mass index.

Table 2. Shear-wave elastography (SWE) evaluation of breast lesions

Variable Berz:]g: g;;)up Malig(]:azn;;_:j)roup
E-max 69.65 +£36.64 151.96 +46.94 -9.66 97 <0.001
E-mean 30.04 +9.28 92.30 £13.05 —24.97 53 (Welch) <0.001
E-sd 898 £247 13.09 £245 —7.93 97 <0.001
E-ratio 3.39+0.80 14.77 £3.50 -18.99 36 (Welch) <0.001

Data were presented as mean + standard deviation (+SD). Welch's t-test was applied for E-mean and E-ratio due to unequal variances between groups,
while the independent samples t-test was used for E-max and E-sd. df — degrees of freedom.

- 20+Q-Box™
Mean 17.2kPa
0.1kPa . i 2.8kPa
292.7kPa 36.7kPa
67.6kPa SD 5.2kPa
1.6cm - " Depth 1.2cm

20.78mm . [ Diam 21.23mm
Display Saturated o .

Fig. 1. Shear-wave elastography (SWE) images of breast lesions showing stiffness differences between malignant and benign lesions. A. Malignant breast
lesion with high stiffness and heterogeneity, indicated by an E-mean of 80.8 kPa and E-max of 292.7 kPa in the Q-Box (measurement area). The color
scale on the right shows stiffness values, with red indicating higher stiffness; B. Benign breast lesion with lower, more uniform stiffness, with an E-mean
of 17.2 kPa and E-max of 36.7 kPa. The lesion appears primarily in blue on the color scale, reflecting lower stiffness

proportion of malignant lesions showing posterior attenua- node findings (76.6% vs 34.3%; x> = 17.01, df = 1, p < 0.001)
tion (42.9% vs 21.9%; x* = 4.81, df = 1, p = 0.028). Benign le- (Table 3). The typical ultrasound images from the malignant
sions were less likely to be associated with abnormal axillary and benign groups are shown in Fig. 2.
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Table 3. Ultrasound evaluation of breast lesions
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Variable ‘

no
Mass presentation, n (%)
yes

Echo, n (%) hypoechoic
cho,n (%
heterogenous echogenicity

well-defined
Borders, n (%)
poor-defined

regular
Shape, n (%)
irregular
no
Calcifications, n (%)
yes
no
Posterior attenuation, n (%)
yes
no
Axillary abnormal nodes, n (%)
yes

Benign group Malignant group
(n=64)

55(85.9) 22 (62.9)
6.97 1 0.008

9(14.1) 13(37.1)

54 (84.4) 19 (54.3)
10.58 1 0.001

10(15.6) 16 (45.7)

56 (87.5) 16 (45.7)
19.92 1 0.001

8(12.5) 19 (54.3)

58 (90.6) 22 (62.9)
11.25 1 0.001

6(94) 13(37.1)

53 (82.8) 21 (60.0)
6.24 1 0.013

1(17.2) 14 (40.0)

50 (78.1) 20 (57.1)
4.81 1 0.028

14(21.9) 15(42.9)

49 (76.6) 12 (34.3)
17.10 1 <0.001

15(234) 23 (65.7)

Fig. 2. Ultrasound images of malignant and benign breast lesions with color Doppler imaging. A. Malignant breast lesion showing heterogeneous
echogenicity, irregular shape and posterior attenuation. Color Doppler imaging demonstrates irregular vascularization, which is indicative

of neovascularization within the tumor; B. Benign breast lesion displaying well-defined borders, reqular shape and homogeneous echogenicity. Color
Doppler imaging shows minimal and regular vascularization, typical of benign lesions

Magnetic resonance imaging evaluation
of breast lesions

The shape and border differences of lesions evaluated
with MRI were similar to the ultrasound features. More
irregular shapes were found in malignant group com-
pared to patients with the benign group (48.6% vs 23.4%;
x? = 6.53, df = 1, p = 0.011) and more lesions with poor-
defined borders were identified (51.4% vs 26.6%; x* = 6.12,
df = 1, p = 0.013). The benign group demonstrated more
homogeneous enhancement, whereas the malignant group
showed greater heterogeneity (x* = 14.74, df = 1, p < 0.001).
The average apparent diffusion coefficient (ADC) was 1.18
(0.95, 1.34) in the malignant group, which was higher than
0.80 (0.65, 0.91) in the benign group (z = 6.14, p < 0.001).
Type III time-intensity curves (TICs) were more frequently

observed in the malignant group compared to the benign
group (51.4% vs 25%). Conversely, type I and type II TICs
were more commonly seen in the benign group (42.2% vs
17.1% and 32.8% vs 31.4%, respectively). The differences
were statistically significant (x*> = 8.87, df = 2, p = 0.012)
(Table 4). The typical MRI images and TIC from the ma-
lignant and benign groups are shown in Fig. 3.

Diagnostic value evaluation

Pathologic diagnosis was used as the gold standard.
When evaluating the lesions using individual modality,
SWE detected 22 true positive cases and 42 true negative
cases. Similarly, ultrasound was also able to detect 22 true
positive cases and 40 true negative cases. As for MRI, it had
more false negative cases and fewer true negative cases



Table 4. Magnetic resonance imaging (MRI) evaluation of breast lesions

Benign group

Variable (n = 64)
round/oval 49 (76.6)
Shape, n (%)
irregular 15(234)
well-defined 47 (73.4)
Borders, n (%)
poor-defined 17 (26.6)
homogenous 53(82.8)
Enhancement, n (%)
heterogeneous/circular 11(017.2)
ADC 0.80 (0.65,0.91)
type | 27 (42.2)
TIC, n (%) type Il 21(32.8)
type lll 16 (25.0)

Malignant group

(n=35)
18(514)
17 (48.6)
17 (48.6)
18 (51.4)
16 (45.7)

19 (54.3)
1.18 (0.95, 1.34)
6(17.1)
11(31.4)

18 (51.4)

6.53

6.12

14.74

6.14

0.011

<0.001

<0.001

Data were presented as median (Q1, Q3) or n (%); Mann-Whitney U test was used for non-normally distributed continuous variables and x> test was used for
categorical variables. ADC — apparent diffusion coefficient; TIC - time-intensity curves; df — degrees of freedom.
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Fig. 3. Magnetic resonance imaging (MRI) images and time-intensity curves (TIC) for malignant and benign breast lesions. A. Malignant breast lesion:
MRI'image showing irregular shape and heterogeneous enhancement, characteristics commonly associated with malignancy (a) and corresponding

TIC shows a rapid initial enhancement followed by a washout phase (type Il), which is indicative of aggressive tumor behavior (b); B. Benign breast lesion:
MRl image displaying well-defined borders and homogeneous enhancement, typical of benign features (a) and corresponding TIC shows gradual and

persistent enhancement (type I), which is characteristic of benign lesions (b)
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Table 5. Diagnostic results of shear-wave elastography (SWE), ultrasound, magnetic resonance imaging (MRI), and their combination

Diagnostic modality

True positive, n

False positive, n

True negative, n False negative, n

SWE 22
Ultrasound 22
MRI 23
Combination 33

22
24
25

42 13
40 13
39 12
57 2

Table 6. Diagnostic value evaluation of shear-wave elastography (SWE), ultrasound, magnetic resonance imaging (MRI), and their combination

Diagnostic modality Sen(soi/(t);vity Spe(coi/z)icity Acc(;or)acy
SWE 62.9 65.6 50.0 764 64.6
Ultrasound 629 62.5 47.8 755 62.6
MRI 65.7 60.9 479 76.5 62.6
Combination 943 89.1 825 96.6 909
PPV - positive predictive value; NPV — negative predictive value.
1.0- sensitivity increasing to 94.3% and specificity reach-
ing 89.1%. The combination also yielded the highest PPV
(82.5%) and NPV (96.6%), resulting in an overall accuracy
0.8 0f 90.9% (Table 6).
Figure 4 demonstrates the ROC of each modality as well
. as the combination of 3 techniques. The AUC values were
2 067 as follows: SWE (0.642), ultrasound (0.627), MRI (0.633),
:‘; and the combination of all 3 modalities (0.917). Pairwise
E 0.4 comparisons using DeLong’s test showed that the AUC
for the combined modalities was significantly higher than
— SWE those for individual modality (Pagjustea < 0.001). However,
0.2 : Il\JAIg:asound no significant differences were observed between SWE,
—_ Combination ultrasound and MRI (pagjustea > 0.05 for all comparisons)
(Table 7).
0.0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

1-Specificity

Fig. 4. Receiver operating characteristic (ROC) curves for diagnostic
performance of shear-wave elastography (SWE), ultrasound, magnetic
resonance imaging (MRI), and their combination. Area under the curve
(AUC) of SWE: 0.642 (0.528-0.757), AUC of ultrasound: 0.627 (0.511-0.742),
AUC of MRI: 0.633 (0.518-0.748), AUC of the combination: 0.917 (0.853—
0.980). The AUC represents the overall diagnostic accuracy, with higher
values indicating better performance

(Table 5). When all 3 modalities were combined, the di-
agnostic approach most closely matched the pathological
results, identifying 33 true positive cases and 57 true nega-
tive cases. It also yielded the lowest false positive and false
negative cases (Table 5).

Magnetic resonance imaging demonstrated the high-
est sensitivity for detecting malignancies (65.7%), while
SWE had the highest specificity (65.6%) and the highest
positive predictive value (PPV; 50.0%). Magnetic resonance
imaging also showed a strong negative predictive value
(NPV; 76.5%). The diagnostic accuracy of SWE, ultrasound
and MRI was comparable, with SWE having the high-
est accuracy (64.6%). When combining all 3 modalities,
the diagnostic performance improved substantially, with

Discussion

Early diagnosis of breast cancer is critical for determin-
ing appropriate management strategies and improving pa-
tient outcomes; however, current screening and diagnos-
tic modalities still require further refinement. Although
SWE can enhance diagnostic efficacy when used along-
side ultrasound,'”!? it has not yet been incorporated into
the BI-RADS system. Interestingly, the combined use of all
3 commonly employed modalities for diagnostic assistance
has only rarely been explored. Our study identified that
using SWE alone did not yield significant diagnostic ben-
efit, but combining it with ultrasound and MRI showed
the sensitivity of 94.3% and the specificity 89.1%, which
was significantly higher than single modality evaluation.
Our results suggest the potential and value of combining
3 different imaging modalities to enhance diagnostic ac-
curacy, warranting further investigation.

Our results from the ultrasound evaluations under-
score the salient differences between benign and malig-
nant breast lesions. Previous literature highlights similar
distinctions. The higher frequency of mass presentation
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Table 7. Comparison of area under the curve (AUC) values for shear-wave elastography (SWE), ultrasound, magnetic resonance imaging (MRI), and their

Adjusted p-value

combination
Comparison
Combination vs SWE 0917
Combination vs ultrasound 0917
Combination vs MRI 0917
SWE vs MRI 0.642
SWE vs ultrasound 0.642
MRI'vs ultrasound 0.633

0.642 <0.001 <0.001
0.627 <0.001 <0.001
0.633 <0.001 <0.001
0.633 045 1.000
0.627 0.65 1.000
0.627 0.75 1.000

Data were presented as n. DeLong’s test was used to compare the diagnostic performance metrics across the 4 modalities. Adjusted p-values higher than 1

were presented as p = 1, as p-values cannot exceed this value.

in malignant lesions compared to benign ones (37.1%
vs 14.1%) aligns with findings by Berg et al.,>° who em-
phasized that malignant masses are more prominently
visualized on ultrasound. This observation of a higher
proportion of cases with heterogeneity, calcifications and
posterior attenuation in malignant lesions also matches
the previous findings.?!~2 Lastly, the markedly higher
association of malignant lesions with abnormal axillary
lymph node findings compared to benign lesions (65.7% vs
23.4%) reinforces the diagnostic importance of nodal as-
sessment in breast imaging, as highlighted by Lee et al.?*
In our study, we found the sensitivity, specificity, PPV,
NPV, and AUC of ultrasonography to be 62.9%, 62.5%,
47.8%, 75.5%, and 0.627 respectively. The average diag-
nostic efficacy was lower than reported in studies,!?>26
which could be due to geographic location and small
samples in this study.

Magnetic resonance imaging evaluations of breast le-
sions presented in our study align with some of our ultra-
sound results, emphasizing the differences between be-
nign and malignant lesions. Malignant lesions consistently
exhibited irregular shapes (48.6% vs 23.4%, p = 0.011),
poorly defined borders (51.4% vs 26.6%, p = 0.013) and
heterogeneous enhancement patterns, consistent with
findings in the literature.?’-?° Notably, the higher average
ADC values in malignant lesions (1.18 vs 0.80, p < 0.001)
reaffirm their diagnostic significance.?® The distribution
of TIC types further differentiated the lesions, with type
II1 being predominant in malignancies, aligning with prior
studies.?32 Meanwhile, MR, recognized for its superior
soft tissue contrast, demonstrated a sensitivity of 65.7%,
specificity of 60.9% and an AUC of 0.633 in our study — val-
ues that are lower than those reported in previous litera-
ture.3*3* This discrepancy may be attributed to our rela-
tively small sample size and the inclusion of a substantial
number of benign cases, suggesting that despite the lower
performance in this study, MRI retains significant diag-
nostic value in detecting malignant breast lesions.

The SWE evaluation in our cohorts demonstrated that
the elastic parameters (E-max, E-mean, E-sd, and E-ratio)
in the malignant lesions were all significantly higher than
those in benign diseases. Our results are consistent with

the findings by Schaefer et al. that significantly higher
elasticity in malignant lesions was observed.!! Though
the exact mechanism of the “stiffness” of malignant le-
sions is unknown, several possibilities have been proposed.
Wang’s team evaluated the extracellular matrix (ECM)
components in benign and malignant breast lesions and
found a higher concentration of collagen and elastic fi-
bers in the ECM of cancerous tissues. These findings sug-
gest that alterations in ECM composition may contribute
to the increased stiffness observed on ultrasound elas-
tography.®® Xue et al. conducted a more in-depth molecu-
lar investigation and found that hypoxia-inducible factor
1-alpha (HIF-1a), in conjunction with Kindlin-2, plays
a role in promoting collagen formation in breast cancer
tissues.3¢%” Other possible mechanism might involve more
intense immune response around cancer cells or rapid
growth of cancer cells, which all remains to be proven
by more research.

Although the diagnostic potential of SWE is well rec-
ognized, its integration into clinical guidelines has been
delayed due to several limitations. Key barriers to imple-
mentation include operator dependency, variability in cut-
off thresholds, limited equipment availability, and the high
cost of elastography devices. These factors continue to hin-
der the adoption of SWE into standardized diagnostic
protocols.>!® Addressing these barriers, such as through
the standardization of diagnostic thresholds and increased
availability of training programs for healthcare profession-
als, may help facilitate its adoption in clinical practice. Nev-
ertheless, our study demonstrated that using SWE alone
yielded a sensitivity of 62.9%, specificity of 62.5%, PPV
0f 50%, NPV of 76.4%, and an AUC of 0.642. These findings
align with those reported by Evans et al.,3® who observed
that while SWE and greyscale BI-RADS had comparable
diagnostic performance individually, their combination
significantly improved sensitivity — reaching 100% for ma-
lignancy detection. Shi et al. also evaluated the combined
use of SWE and greyscale ultrasound in 251 patients and
reported similarly improved diagnostic performance, with
a sensitivity of 96.7% and an accuracy of 93.8%.!° Shear-
wave elastography has rarely been combined with MRI,
as both are typically employed as independent imaging



86

modalities for lesion assessment. The study by Plecha
et al. demonstrated that using SWE-based second-look
ultrasound following MRI can improve the detection rate
of breast cancers.? In our study, we integrated all 3 imag-
ing modalities — ultrasound, SWE and MRI — for the initial
assessment and found that this comprehensive approach
significantly enhanced diagnostic performance, achieving
a sensitivity of 94.3%, specificity of 89.1%, PPV of 82.5%,
NPV of 96.6%, and an AUC of 0.917. There were limited
studies available for direct comparison; however, our re-
sults demonstrated a relatively favorable diagnostic per-
formance when SWE was added to ultrasound alone.1”1%4
Although the diagnostic accuracy of SWE in our study
appeared lower than that reported in previous studies,'”
this discrepancy may be attributed to our relatively small
sample size and potential inconsistencies in the applica-
tion of the SWE technique. Additionally, our combination
results highlighted the emerging need to investigate and
evaluate the multimodal approach for early breast cancer
diagnosis.

Besides the diagnostic value of SWE, its capability to be
integrated in breast cancer prognosis prediction has also
been investigated. Higher E-ratio has been reported to be
associated with negative hormonal receptor expression and
positive p53 and Ki-67.%! Chang et al. studied 337 patients
with invasive breast cancer and found that elevated elastic
parameters were significantly associated with more aggres-
sive tumor subtypes.*? Another research group reported
similar findings and additionally observed that high tissue
elasticity was associated with nodal metastases.*® Fur-
thermore, a growing body of evidence supports the use
of SWE in predicting responses to neoadjuvant chemo-
therapy.2>*+%> While these aspects were beyond the scope
of our study, the encouraging results underscore the prog-
nostic potential of SWE and its possible role in informing
future treatment strategies for patients with breast cancer.

Limitations

Our study has several limitations. First, this is a single-
center retrospective study, and our sample size is rela-
tively small. Second, the inter-observer reliability of SWE
is not consistent;*® thus, the interpretation and techniques
performed may not be completely standard. Third, since
mammography is not frequently used as an initial as-
sessment modality in China, we did not include it in our
study, which might limit the generality of our findings
to countries that place more emphasis on screening mam-
mography. Moreover, although the Bonferroni correction
was applied to some hypotheses to control for type I er-
ror, it was not consistently applied across all comparisons,
thereby increasing the risk of false positives — particularly
in exploratory analyses. This limitation should be consid-
ered when interpreting the results. Future research should
implement more rigorous adjustments for multiple com-
parisons to reduce the risk of type I error.

W. Zhou et al. A study on the diagnosis of breast cancer

Conclusions

Shear-wave elastography exhibits similar diagnostic perfor-
mance as ultrasound and MRI when used as single modality.
However, when combining all 3 together, it can yield signifi-
cantly higher sensitivity, specificity, PPV, NPV, and accuracy.
Future studies should focus on how to integrate SWE into BI-
RADS system for more accurate detection for malignancies.
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Abstract

Background. Recurrent miscarriage (RM), the loss of 2 or more consecutive pregnancies before 28 weeks’
gestation, has become increasingly common in recent years, imposing significant physical and psychologi-
cal burdens on affected women. Despite comprehensive evaluation, approx. 40—50% of RM cases remain
unexplained and are therefore classified as idiopathic.

Objectives. This study aimed to investigate the expression of SMAD2 and SMAD3 and characterize Th1, Th2
and Th17 cytokine profiles in placental villous tissues from women with idiopathic RM.

Materials and methods. Forty-nine women with idiopathic RM in early pregnancy and 41 gestational age-
matched women with normal pregnancies (NP) were recruited at Shanxi Maternal and Child Health Hospital
(Taiyuan, China) . Following informed consent, placental villous tissues were obtained via ultrasound-quided
vacuum aspiration, rinsed in saline and stored at —80°C. Total RNA was extracted from each sample, and
SMAD2 and SMAD3 mRNA levels were quantified using real-time quantitative PCR (qPCR) using the 2-44<
method. Parallelly, tissue homogenates were assayed with enzyme-linked immunosorbent assay (ELISA)
for Th1 cytokines (interleukin (IL)-2, intereron gamma (IFN-y), tumor necrosis factor alpha (TNF-a)), Th2
cytokine (I-10), and Th17 cytokines (IL-6, IL-17). Spearman’s rank correlation was used to evaluate associa-
tions between SMAD2/3 expression and cytokine concentrations. All statistical analyses were performed
in IBM SPSS v. 27.0, with two-tailed p < 0.05 denoting significance.

Results. The qP(R analysis demonstrated that SMAD2 mRNA levels in villous tissues were significantly
higherin the RM group than in NP controls (p < 0.05). Consistent with this, ELISA revealed a marked increase
in IL-6 concentration (p < 0.05) alongside significant reductions in IL=2, IL-10, TNF-q, and IFN-y levels in RM
samples vs NP (all p < 0.05). Spearman correlation analysis showed that SMAD? expression was inversely
correlated with IFN-y (p < 0, p < 0.05), while SMAD3 expression was negatively associated with both IL-2
and IFN-y levels (p < 0, p < 0.05).

Conclusions. SMAD2/3 can affect the expression of Th1 and Th17 cytokines, which may in turn affect
normal embryonic development.

Key words: cytokines, embryo, SMAD2, SMAD3, idiopathic recurrent miscarriage
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Highlights

.

pathogenesis.

pression of cytokines.

« SMAD?2/3 may serve as a novel therapeutic target for recurrent miscarriage (RM).
This study represents the first human investigation elucidating the association between SMAD2/3 and miscarriage

+ During early pregnancy, SMAD2/3 potentially regulates normal embryonic development by modulating the ex-

+ Elevated SMAD2 mRNA expression in early gestation may contribute to the pathogenesis of RM.

Background

Recurrent miscarriage (RM) is defined as the consecu-
tive loss of 2 or more pregnancies in the same woman
before 28 weeks of gestation. Patients with RM face an ap-
prox. 40% risk of embryo loss in subsequent pregnancies,!
a burden that profoundly impacts reproductive health.
The etiology of RM is multifactorial, encompassing infec-
tious agents, uterine anatomical abnormalities, immune
dysregulation, endocrine disorders, and chromosomal
anomalies. Nevertheless, despite comprehensive evalua-
tion, a substantial proportion of RM cases remain unex-
plained, highlighting a critical and active area of clinical
research.

Cases in which no cause can be identified are classi-
fied as idiopathic RM. Immune regulation at the mater-
nal—fetal interface is critical for pregnancy maintenance.
At the maternal interface, the decidua not only supports
embryo implantation and development but also medi-
ates maternal immune tolerance.?3 At the fetal interface,
trophoblast cells adhere to and invade the maternal en-
dometrium to secure nutritional exchange and collabo-
rate with decidual immune cells to establish a specialized
immune microenvironment?* Recurrent miscarriage has
been associated with disruptions in this maternal—fe-
tal immune balance®, most notably an altered Th1/Th2
cytokine ratio at the interface. Th17 cells are integral
to maintaining immune equilibrium at the maternal—fetal
interface and supporting healthy pregnancies. Disruption
of this balance can trigger maternal immune rejection
of the embryo, resulting in miscarriage.® In early gesta-
tion, a Thl-dominant response-mediated by cytokines
such as interferon gamma (IFN-y) and tumor necrosis fac-
tor alpha (TNF-«) drives the inflammatory milieu neces-
sary for successful implantation. As pregnancy advances,
Th2 cytokines (e.g., interleukin (IL)-4 and IL-10) increas-
ingly promote maternal—fetal tolerance, shielding the fe-
tus from immune attack. Whether the Th1/Th2 balance
further shifts toward Th2 during the second and third
trimesters to facilitate labor remains controversial,” un-
derscoring the need for additional research into cytokine
dynamics throughout gestation. Meanwhile, SMAD2 and
SMAD3-key transcriptional mediators of tumor growth
factor beta (TGF-p) signaling, govern critical processes

in cell differentiation, immune regulation and embryonic
development.??

SMAD2 and SMAD3 are also key regulators of Thl,
Th2 and Th17 cell proliferation and differentiation.!%!
Downregulation of the TGF-p—mTOR-hypoxia-inducible
factor 1 alpha (HIF-la) pathway has been shown to in-
crease cytotoxicity, reduce apoptosis, and alter cytokine
secretion by decidual natural killer (ANK) cells, thereby
contributing to the pathogenesis of RM.!? Inhibition
of SMAD2/3 similarly impairs dNK cell function and
promotes pregnancy-related disorders via modulation
of this pathway. In animal models, icaritin (ICT) has been
demonstrated to decrease fetal loss by restoring Th17-me-
diated immune balance through activation of the TGF-p—
SMAD?2/3 axis.!> However, most studies to date have
focused on model organisms, and data on SMAD2/3 ex-
pression in human RM patients remain scarce. Moreover,
investigations of immune mechanisms in RM have largely
centered on the maternal—fetal interface, with relatively
little exploration of the fetal interface. Our previous work
revealed significant alterations in TGF-B/BMP pathway
gene expression in villous tissues from RM compared to
normal pregnancy groups.!*

Objectives

This study aims to further elucidate the role of SMAD2/3
in RM by conducting an in-depth investigation of embry-
onic villous tissue from RM patients, and explore the role
of SMAD2/3 in immune response through analyzing its
relationship with cytokines. In addition, immunological
studies of fetal villous tissue will provide new evidence for
understanding the mechanism of RM.

Materials and methods
Research subjects

Between July 2023 and October 2024, we enrolled
49 women with RM who presented to the Shanxi Mater-
nal and Child Health Hospital (Shanxi Children’s Hospital;
Taiyuan, China). All had experienced at least 2 consecutive
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Table 1. SMAD2/3 real-time polymerase chain reaction (qPCR) primer sequences

Primer
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forward primer

SMAD2 (NM_005901.6) reverse primer

forward primer

SMAD3 (NM_005902.4) feverse primer

Sequence Amplicon length (bp)
GCTGGCCTGATCTTCACAGT 183
CCAGAGGCGGAAGTTCTGTT
CCAGAGGCGGAAGTTCTGTT 137
CTGCCCCGTCTTCTTGAGTT

embryonic losses before 12 weeks’ gestation, confirmed
with transvaginal ultrasound. Detailed histories, in-
cluding thromboembolic disorders and prior pregnancy
losses, were obtained, and classical RM risk factors (pa-
rental chromosomal abnormalities, uterine anatomical
defects, infectious diseases, luteal phase insufficiency,
diabetes mellitus, thyroid dysfunction, and hyperprolac-
tinemia) were systematically excluded. As a control group,
we recruited 41 women with uncomplicated, clinically
normal pregnancies (NP) who were undergoing elective
termination.

All participants were screened for established risk fac-
tors for pregnancy loss. After obtaining informed consent,
both RM patients and NP controls underwent ultrasound-
guided curettage abortion, and villous tissue specimens
were collected. Samples were accepted only if they met
both of the following criteria: 1) absence of uterine bleeding
or cramping, with ultrasound confirmation of an empty
gestational sac or an embryo without cardiac activity; and
2) retrieval of a fresh specimen, free of blood clots, via
vacuum aspiration. Collected tissues were rinsed in sterile
saline and snap-frozen at —80°C. This study protocol was
reviewed and approved by the Ethics Committee of Shanxi
Children’s Hospital (approval No. IRB-KYSB-2023-030).
All experimental participants signed the written informed
consent form.

Experimental methods

The expression of SMAD2/3 mRNA transcript levels
in RM and NP samples detected with qPCR

Total RNA were extracted from 10-20 mg villous tis-
sue of RM and NP samples according to the instructions
of RNAprep Pure Tissue Kit (Tiangen Biotech, Bejing,
China). The concentration and purity of RNA were quan-
tified with NanoDrop microspectrophotometer (Thermo
Fisher Scientific, Waltham, USA). RNA samples were ex-
amined using a Bio-Rad (Hercules, USA) electrophoresis
apparatus and RNA integrity was assessed by observing
28S and 18S RNAs strips. Then 3 pg total RNA was re-
verse transcribed into cDNA using Universal RT-PCR Kit
(M-MLV) (Solarbio, Beijing, China). Reverse transcrip-
tion reactions were carried out in a total volume of 20 puL
containing 2 pg total RNA, 2 uL Oligo(dT)!¢, Supplement
RNase-free ddH,O to 14.5 pL. After initial denaturation
at 70°C for 5 min, the mixture was immediately cooled
on ice for 2 min and briefly centrifuged. Subsequently,

4 uL 5 x M-MLV Buffer, 1 pL dNTPs, 0.5 ul RNasin, and
1 uL M-MLV were added. The reaction proceeded at 42°C
in a PCR instrument for 60 min, followed by enzyme
inactivation at at 95°C for 5 min. The resulting cDNA
was diluted to 50 puL with RNase-free ddH,O. Real-time
qualitative polymerase chain reaction (qQPCR) was per-
formed using the SYBR Green qPCR Master Mix (Bioss,
Beijing, China) kit, with Human ACTB Endogenous Ref-
erence Genes Primers (Sangon Biotech, Shanghai, China)
used as internal reference. Thermal cycling conditions
comprised: initial denaturation at 95°C for 30 s; 40 cycles
of 95°C for 3 s and 60°C for 30 s; followed by melt curve
analysis (65-95°C, 0.5°C increments). All reactions were
performed on a CFX Real-Time PCR Detection System
(Bio-Rad) thermocycler. Primers for SMAD2 and SMAD3
were designed using the Primer-BLAST tool of the Na-
tional Center for Biotechnology Information (NCBI) da-
tabase (Bethesda, USA). Data concerning primers used
are shown in Table 1. The relative expression of samples
were calculated using Bio-Rad CFX Manager v. 3.0.

Detection of Th1/Th2/Th17 cytokine expression levels
in the villous of patients in the RM and NP samples
using ELISA

Total protein was extracted from ~50 mg of villous
tissue using the Total Protein Extraction Kit (Solarbio,
Beijing, China) per the manufacturer’s instructions. Pro-
tein concentrations were determined using bicinchoninic
acid (BCA) assay (Tiangen Biotech), and equal amounts
of protein, normalized to these measurements, were ap-
plied to 96-well plates pre-coated with the appropriate
capture antibodies. Cytokine levels (IL-2, IFN-y, IL-6,
TNF-qa, IL-17, and IL-10) were quantified using enzyme-
linked immunosorbent assay (ELISA) kits (Bioss Antibod-
ies, Beijing, China; cat. No. bsk11002, bsk11013, bsk11007,
bsk11014, bsk11028, and bsk11010, respectively). Absor-
bance at 450 nm was read on a Diatek microplate reader
(Diatek, Wuxi, China), and sample concentrations were
calculated against standard curves using WPS Office
(Kingsoft, Beijing, China).

Statistical analyses

Statistical analyses were performed in IBM SPSS v. 27.0
(IBM Corp., Armonk, USA). Data distribution was as-
sessed using the Shapiro—Wilk test. For variables that
followed a normal distribution, group comparisons were
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made with independent-samples t-tests and are reported
as mean * standard deviation (SD). Non-normally dis-
tributed data were compared using the Mann—Whitney
U test and are presented as median with interquartile
range (IQR, 25-75™" percentiles). Associations between
SMAD?2/3 expression and cytokine levels were evaluated
using Spearman’s rank correlation. Multiple comparisons
were corrected using the Bonferroni method: Each p-value
was multiplied by the number of cytokines tested (k = 6)
and truncated to a maximum of 1.0, with significance de-
fined as an adjusted p < 0.05. SMAD2 and SMAD3 relative
expression levels were quantified using the 27244 method,
and differences were considered statistically significant
at p <0.05.

Results
Clinical information
There were no significant differences in either maternal

age or gestational age between the RM (recurrent miscar-
riage) and NP (normal pregnancy) groups (Table 2).

Table 2. Clinical data

RM (n =49)

Clinical feature

qPCR results

The qPCR analysis revealed that SMAD?2 expression
was significantly upregulated in the RM group compared
to NP controls, whereas SMAD3 expression was markedly
reduced in the RM group (Table 3).

Th1, Th2 and Th17 cytokine
expression levels

In placental villous tissues, IL-2, TNF-«, IEN-y, and IL-10
concentrations were significantly reduced in the RM group
compared to NP controls (p < 0.05), whereas IL-6 levels
were significantly elevated (p < 0.05). Although IL-17 ap-
peared lower in RM samples, this difference did not reach
statistical significance (p > 0.05) (Table 4).

Cytokines ratios in placental villous tissue

The ratios of IL-2/IL-10, IFN-y/IL-10 and IL-17/IL-10 were
significantly higher in the RM group compared to the NP
group (p < 0.05), while the TNF-a/IL-10 ratio was also elevated
but did not reach statistical significance (p > 0.05) (Table 5).

31.51 £3.98
49.00 (45.00-53.00)

Age [years]

Gestational cycle [days]

Statistics
31.58 £5.52 t=-0.073 0.942
50 (43.50-50.00) 7 =-0.586 0.558

RM - recurrent miscarriage; NP — normal pregnancy.

Table 3. Comparison of the relative expression of SMAD2/3 between RM patients and NP women

RM (n = 49)
SMAD2 4.03 (2.8-7.78) 2.83(1.89-3.85) —-3.447 <0.001
SMAD3 19.16 (5.39-63.57) 27.28 (6.04-71.06) -0.502 0615

RM - recurrent miscarriage; NP — normal pregnancy.

Table 4. Cytokine levels in the villous tissue of the RM group and the NP group

Variable

IL-2 (pg/mL)

TNF-a (pg/mL)

IFN-y (pg/mL)

IL-6 (pg/mL) IL-10 (pg/mL) IL-17 (pg/mL)

RM (n =49) 19.07 (16.42-27.99) 3.27 (1.35-5.24) 33.58 (14.45-46.36)
NP (n =41) 4244 (33.76-49.36) | 6.64 (2.58-15.26) 58.63 (44.4-73.84)
Z -6.688 -2.682 -4.509
p-value <0.001 0.007 <0.001

123.34 (94.89-178.29) 1549 (8.87-26.55) 92.74 (53.32-131.22)
56.22 (39.82-67.86) 70.37 (21.04-100.04) | 94.49 (68.58-142.97)
-6.024 -5.222 -0.604
<0.001 <0.001 0.546

p < 0.05 was considered statistically significant; IL — interleukin; IFN — interferon; TNF — tumor necrosis factor; RM — recurrent miscarriage; NP — normal pregnancy.

Table 5. Th1/Th2 ratio in placental villous tissue

IL-2/IL-10 1.55 (0.82-3.17)
TNF-o/IL-10 0.15(0.07-0.44)
IFN-y/IL-10 1.60 (0.57-4.34)
IL17/1L10 4.59 (2.66-11.22)

NEGER:Y)]
0.63 (0.42-2.11) -2.402 0.016
0.09 (0.03-0.21) -1.738 0.082
1.04 (0.61-2.25) -1.981 0.048
1.48 (0.90-3.35) -4.898 <0.001

p < 0.05 was considered statistically significant; IL — interleukin; IFN — interferon; TNF — tumor necrosis factor; RM — recurrent miscarriage; NP — normal pregnancy.
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Table 6. Results of correlation analysis between SMAD2/3 and Th1/Th2/Th17 type cytokine levels in RM group

Variable
correlation coefficient -0.314 0.156
SMAD2
significance 0.168 1
correlation coefficient -0.448 0214
SMAD3
significance 0.006 0.834

0.043 -0.183 -0.084 -0.459
1 1 1 0.005

0.215 -0.366 -0.211 -0497

0.822 0.060 0.870 0.002

IL — interleukin; IFN — interferon; TNF — tumor necrosis factor.

Correlation analysis of SMAD2/3 and
Th1/Th2/Th17 cytokine levels in RM group

Spearman’s correlation analysis demonstrated that
SMAD?2 expression was significantly negatively correlated
with IFN-y levels, while SMAD3 expression was signifi-
cantly negatively correlated with both IL-2 and IFN-y levels
(Table 6).

Discussion

Recurrent miscarriage is among the most common com-
plications affecting women of reproductive age.! Women
with a history of RM face an elevated risk of miscarriage
in subsequent pregnancies and are more likely to experi-
ence other obstetric complications, such as fetal growth
restriction and stillbirth. The pathogenesis of RM is closely
linked to dysregulation of the maternal—fetal immune in-
terface, highlighting the critical role of immune factors
in maintaining a successful pregnancy.

SMAD?2/3 are intracellular kinase substrates of TGF-f3
receptors, facilitating intracellular signal transduction
of TGE-P. They regulate the expression of downstream
target genes by interacting with other transcription fac-
tors, thereby affecting the initiation and development
of various biological processes such as cell growth, pro-
liferation, apoptosis, migration, adhesion, and differen-
tiation.!®> Although SMAD?2/3 have been reported to play
critical roles in early embryonic development, the rela-
tionship between SMAD2/3 in embryonic villous tissue
and miscarriage remains unexplored. SMAD2/3 influence
the trajectory of the embryo by directly transcribing tar-
get genes via Nodal/Activin-mediated TGF-f signaling
cascades.!®!” In addition, SMAD2 plays an important role
in establishing embryonic axial patterns and specifying
deterministic endoderm. Mouse embryos with SMAD?2
deficiency are unable to undergo normal embryo trans-
formation and establish the anterior posterior axis, result-
ing in embryonic mortality.!®!° SMAD2 is also vital for
embryo elongation and mesoderm induction. A deficiency
in SMAD2 prevents mouse embryos from undergoing
these crucial processes before the embryonic stage.?°
Meanwhile, the synergistic activity of SMAD2/3 regu-
late mesoderm formation and patterning as well as em-
bryonic morphogenesis in mice. While SMAD3 provides

essential signals during early implantation, dual absence
of SMAD2/3 completely blocks mesoderm formation and
embryonic development.?! In human embryonic stem cells
(hESCs), SMAD2 and SMAD3 coordinate the mainte-
nance of pluripotency and the onset of differentiation
by modulating distinct transcriptional networks and
engaging with chromatin-modifying complexes.” In our
study, SMAD?2 was significantly higher in RM than NP.
The major role of SMAD2 in early embryonic develop-
ment is to control epigenetic modifications through
the activin/SMAD?2 signaling pathway and to cooperate
with the Wnt/p-catenin signaling to regulate mesoderm
gene expression.?>?3 Therefore, we speculate that high
expression of SMAD2 may affect mesoderm development,
but further validation is needed.

The roles of Thl, Th2 and Th17 cells in embryonic
development involve the production and regulation
of various essential immune system cytokines. Thl
cells mainly produce cytokines such as il-2, IFN-y and
TNF-a, promoting cell-mediated immune responses.?*
Interleukin 10 is mainly secreted by Th2 cells, but can
also be produced by regulatory T cells (Treg), Thl cells
and Th17 cells. Th2 cytokines contribute to promoting
immune tolerance at the mother-fetal interface and en-
suring the maintenance of normal pregnancy.?® While
IL-6 is commonly recognized as a proinflammatory cy-
tokine, it also exhibits anti-inflammatory properties.?®
This dual functionality allows IL-6 to play a nuanced and
intricate role in maintaining inflammatory homeostasis.
The number of Th17 cells at the mother—fetal interface
significantly increases during early pregnancy, poten-
tially playing a crucial role in the proliferation and inva-
sion of trophoblastic cells, as well as subsequent placental
formation. In addition, Th17 cells regulate the biologi-
cal activity of trophoblast cells by secreting cytokines,
especially IL-17 and play an important role in placental
development in early pregnancy.?” In this period, TNF-a
supports the pregnancy process by regulating hormone
synthesis, placental structure and embryonic develop-
ment. The increased expression level of TNF-a contrib-
utes to the maturation of the placenta and the normal
development of the embryo.28 IFN-y can induce tropho-
blast apoptosis and MHC II antigen expression, thereby
protecting placental function.?” Furthermore, IFN-y
helps to inhibit immune rejection and protect the em-
bryo by regulating the polarization of Treg cells and
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Th17 cells.?® Interleukin 2 can stimulate the proliferation
and function of regulatory Tregs, regulate the activity
of immune cells, promote maternal immune tolerance
to the fetus, and contribute to placental stability and
normal fetal development.3!:32

Our study demonstrated that women in the RM group
exhibited significantly lower levels of IL-2, TNF-a, IFN-y,
and IL-10 compared to the NP cohort, a finding that par-
allels the majority of previous reports. The level of IL-6
was significantly increased. Beyond its role in inflamma-
tion, IL-6 contributes to embryo implantation, placental
development and pregnancy maintenance.?” Previous re-
search has suggested inadequate expression or secretion
of IL-6 at the fetal-maternal interface in patients with
RM.33 However, increased IL-6 expression in the decidua
has been reported in recent studies.?*3> Elevated levels
of IL-6in decidual tissue indicate increased inflamma-
tion at the fetus—maternal interface, which may poten-
tially endanger embryo implantation and pregnancy.
Therefore, both low and high levels of IL-6 can disrupt
the inflammatory network at the fetus-maternal inter-
face, thereby affecting pregnancy outcomes. Although
studies on the expression of IL-6 in villous tissues are
limited, our preceding study found that the expres-
sion of IL-6 was significantly higher in the villous tis-
sues of RM patients compared to NP group. This find-
ing was verified in the present study.!* Given that IL-6
can attenuate maternal immune rejection of the fetus,
we hypothesized that persistently elevated IL-6 levels
in RM reflect ongoing alloimmune reactions at the fe-
tal interface; as these responses intensify, IL-6 expres-
sion rises further, ultimately contributing to pregnancy
loss.3¢ Analysis of the four indicators IL-2/IL-10, TNF-
a/IL-10, IFN-y/IL-10 and IL-7/IL-10 revealed higher levels
in the RM group, mainly because the expression of IL-10
in the RM group was much lower than that in the NP
group. Interleukin 10 maintains a homeostasis between
mother and embryo by suppressing inflammation and reg-
ulating the immune system.?” For example,IL-10 protects
embryo from inflammation-mediated damage by inhibit-
ing TNF-a production in macrophages.* Moreover, IL-10
inhibits invasion of placental interstitial cells by inhibit-
ing the expression of matrix metalloproteinase 9 (MMP-
9), which is crucial for embryo implantation and growth
in the uterus.®® In early-pregnancy decidual tissues from
women with RM, concentrations of IL-17, IL-6 and TNF-«
were significantly elevated,3?3%4% whereas IL-10 expres-
sion was markedly reduced.*! Notably, IFN-y levels did not
differ between RM and control groups.*?> These observa-
tions contrast with the cytokine profiles seen in villous
tissues, highlighting distinct maternal vs fetal immune
signatures during the first trimester.

SMAD2 and SMAD3 are essential downstream effec-
tors of the TGF-B/SMAD signaling pathway, and multi-
ple studies have established TGF-f as a pivotal regulator

H. Xue et al. SMAD2/3 and Th1/Th2/Th17 in idiopathic RM

of T helper cell differentiation.*>#* Takimoto et al. found
that Smad2/3-dependent TGEp inhibited Th1l and Th2
differentiation.*> In Nile tilapia (Oreochromis niloticus),
TGF-B1 has been shown to activate the canonical TGF-f/
SMAD signaling pathway.*® This leads to subsequent
phosphorylation and nuclear translocation of SMAD2/3.
Furthermore, SMAD3 interacts with various transcrip-
tion partners to inhibit the transcription of cytokines IL-2
and [FN-y.*” Wang also found that SMAD3 inhibits Th17
cell differentiation by interfering with the transcriptional
activity of RORyt.*8 In our research, SMAD2 was signifi-
cantly negatively correlated with IFN-y. SMAD3 was sig-
nificantly negatively correlated with IL-2 and IFN-y. These
findings suggest that SMAD2/3 may inhibit the production
of Thl and Th2 cytokines.

Limitations

This single-center study was conducted exclusively in
Shanxi Province, and may therefore have limited gener-
alizability. We confined our analysis to early pregnancy
to capture the critical window of embryo implantation
and immune-microenvironment establishment; however,
extending investigations into the second and third trimes-
ters would yield valuable insights into immune dynamics
throughout gestation. Additionally, we did not examine
pathological correlations — an important avenue for future
research given the complexity of immune-tissue interac-
tions. Finally, our modest sample size precluded the devel-
opment of robust statistical models, underscoring the need
for larger, multicenter cohorts.

Conclusions

SMAD?2/3 can affect the expression of Thl and Th17
cytokines to alter the immune environment of embryonic
villous tissue, which may in turn affect normal embryonic
development. SMAD2 and SMAD3 represent promising
novel biomarkers and therapeutic targets for the diagnosis
and management of idiopathic recurrent miscarriage.
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Abstract

Background. Major depressive disorder (MDD) is frequently comorbid with mild cognitive impairment
(MCI), yet its molecular basis remains unclear.

Objectives. This study aimed to identify shared differentially expressed genes (DEGs) and biological pathways
that may underlie the comorbidity between MDD and MCI. Using integrative bioinformatics approaches
applied to transcriptomic datasets, we sought to uncover molecular biomarkers that could inform early
diagnosis and provide novel targets for mechanism-based therapeutic strategies.

Materials and methods. Transcriptomic datasets from MDD (GSE58430) and MCI (GSE140831) patients
were analyzed to identify DEGs. Functional enrichment analyses were performed using the Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. Protein—protein interaction (PPI)
networks were constructed to identify core genes.

Results. A total of 301 DEGs were shared between MDD and MCI. Gene Ontology and KEGG enrichment
analyses revealed key biological processes involved in neuroinflammation, oxidative stress, synaptic dysfunc-
tion, and apoptotic signaling. The PPI network analysis identified nine hub genes with high connectivity:
HSPI0ABT, CDC42, NFKBT, CD8A, CALM3, PARPT, (D44, H2B(21, and MYH9.

Conclusions. These findings reveal shared molecular biomarkers and pathways linking MDD and M,
providing insights into their comorbidity. The identified core genes, particularly PARPT and (D(42, may
serve as novel targets for early diagnosis and mechanism-based therapeutic strategies in psychiatry and
neurodegenerative disorders.

Key words: biomarkers, bioinformatics, gene expression, major depressive disorder, mild cognitive impair-
ment
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Highlights

functional roles in comorbidity.

impairment.

+ 301 shared differentially expressed genes (DEGs) identified in MDD and MCI, including 9 hub genes (HSP90ABI,
CDC42, NFKB1, CD8A, CALM3, PARPI, CD44, H2BC21, MYH9) with high network connectivity and strong

+ Shared DEGs linked to key molecular pathways — NF-kB signaling, small GTPase signaling, TNF-mediated signal-
ing, and apoptosis — suggest common pathogenic mechanisms driving MDD—MCI overlap.

+ Novel biomarkers and therapeutic targets discovered, offering potential for earlier diagnosis and personalized,
mechanism-based treatment strategies in patients with coexisting major depressive disorder and mild cognitive

Background

Major depressive disorder (MDD) is a prevalent men-
tal health condition. According to a 2020 World Health
Organization (WHO) report, approx. 280 million people
worldwide suffer from MDD.! It is not only a leading cause
of emotional distress but is also frequently associated with
cognitive impairments, including comorbidity with mild
cognitive impairment (MCI). Furthermore, individuals
diagnosed with MCI are at an increased risk of developing
depression. For instance, a meta-analysis of 57 studies in-
volving 20,892 participants revealed that the overall pooled
prevalence of depression in patients with MCI was 32%.?
This highlights the substantial overlap between these
2 disorders.?

Clinically, there is a strong correlation between MDD
and MCIL. Studies have shown that the prevalence of cogni-
tive impairment is higher in MDD patients hospitalized
during the acute phase.* Specifically, a study conducted
in 2024 found that the prevalence of cognitive impairment
among MDD patients hospitalized during the acute phase
was as high as 63.49%.° Longitudinal studies have also
consistently established a connection between MDD and
MCI, showing that individuals with a history of depres-
sion are more likely to develop cognitive impairments,
including MCI and even dementia, as they age.®” In some
cases, cognitive symptoms resembling MCI may manifest
as part of depressive episodes.®? Several studies indicate
that neuroinflammation, oxidative stress and synaptic dys-
function may serve as shared pathological mechanisms
between the 2 disorders.!” For example, chronic inflam-
mation has been implicated in both depression and neu-
rodegeneration, with cytokine dysregulation playing a key
role in disease progression.!! Additionally, impairments
in neurotransmitter signaling and neuronal plasticity have
been observed in both MDD and MCL? further suggesting
a common underlying biological basis. Despite evidence
supporting this connection, the biological and neurologi-
cal mechanisms underlying the link between MDD and
MCI remain poorly understood. Further investigations
into their interactions on a genetic and molecular basis
are urgently needed.

Objectives

The objective of this study was to identify differentially
expressed genes (DEGs) and biological pathways underly-
ing the comorbidity between MDD and MCI. To achieve
this, we applied integrative bioinformatic methods,!® se-
lecting the shared DEGs from transcriptomic datasets and
subjecting them to enrichment analysis and protein—pro-
tein interaction (PPI) network construction to investigate
the mechanisms and biomarkers involved in their interac-
tions and mutual influence. This approach was intended
to uncover molecular biomarkers that may provide insights
into molecular overlaps, support early diagnosis, and serve
as novel targets for mechanism-based therapeutic strate-
gies and clinical interventions in patients with concurrent
mood and cognitive symptoms.

Materials and methods
Microarray data sources

Microarray gene expression data were obtained from
the Gene Expression Omnibus (GEO) database (https://
www.ncbi.nlm.nih.gov/geo/). Two transcriptomic datas-
ets, GSE584:30 and GSE140831, were selected. GSE58430
contains gene expression data from 12 patient samples
(6 MDD and 6 healthy controls), while GSE140831 includes
664 samples (134 MCI and 530 healthy controls).

DEG analysis

Differential gene expression analysis was performed us-
ing GEO2R, an interactive web tool provided by the NCBI
GEO that applies the limma (Linear Models for Microar-
ray Data) package.!* For GSE58430, genes were considered
differentially expressed if p < 0.05 and [log2FC]| > 0.5. For
GSE140831, the same threshold was applied (p < 0.05 and
[log2FC| > 0.5). Probe annotations were verified using
the respective platform annotation files. Differentially ex-
pressed genes identified in each dataset were then compared
to determine the shared genes between MDD and MCL
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GO and KEGG pathway enrichment

Once the DEGs were identified, functional enrich-
ment analysis was performed using Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGQ)
pathways. Gene Ontology analysis classifies genes into
functional categories based on their molecular functions,
biological processes and cellular components, while KEGG
analysis maps genes to specific signaling pathways and
biological processes. Both analyses used the Database for
Annotation, Visualization and Integrated Discovery (DA-
VID; https://david.ncifcrf.gov/), which performs functional
annotation clustering (FAC) to identify overrepresented
or enriched biological processes, pathways, functional cat-
egories, and diseases/phenotypic annotations associated
with the DEGs. Adjusted p-values < 0.05 were considered
statistically significant.

Protein—protein interaction analysis and
core genes identification

Protein—protein interaction analysis was used to in-
vestigate interactions between proteins in the cell. Core
genes were identified according to their importance
in cellular functions. The PPI network was constructed
using the STRING database (Search Tool for the Retrieval
of Interacting Genes/Proteins; https://string-db.org/) and
analyzed with Cytoscape (https://cytoscape.org/). Differ-
entially expressed genes with a high degree of connectivity
to other genes were selected as core or hub genes.
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Results
Identification of DEGs

A total of 3,122 genes were identified as depression-
related DEGs in the GSE58430 dataset, of which 1,537
were downregulated and 1,585 were upregulated, as shown
in the volcano plot (Fig. 1A). In the GSE140831 dataset,
1,739 MCl-related DEGs were identified, all of which
were upregulated (Fig. 1B). The 301 genes shared between
MDD- and MCl-related DEGs are shown in the Venn dia-
gram (Fig. 2).

GO and KEGG pathway enrichment
analysis results

A total of 301 DEGs were submitted to GO analysis
on the DAVID online platform, using p < 0.05 as the signif-
icance threshold. The results were visualized accordingly.

The GO terms were categorized into 3 domains: biologi-
cal processes (BP), molecular functions (MF) and cellular
components (CC). In the BP domain, significantly enriched
GO terms among DEGs shared between MDD and MCI
included positive regulation of canonical NF-«kB signal-
ing, actin filament organization, small GTPase-mediated
signal transduction, tumor necrosis factor (T NF)-mediated
signaling pathway, and regulation of cell shape. In the CC
domain, significantly enriched GO terms included cytosol,
cytoplasm and extracellular exosome. In the MF domain,
protein binding, identical protein binding, and structural

B @ Down regulated(2038) @ Not sig(27324) @ Up regulated(2238)
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4 2 : 2 4
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Fig. 1. Volcano plots of differentially expressed genes (DEGs) for 2 datasets (GSE58430 and GSE140831). Red and blue dots indicate upregulation and

downregulation, respectively. A. GSE58430; B. GSE140831
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constituent of the cytoskeleton were enriched. Figure 3
shows a comprehensive set of significantly enriched GO
terms in bubble plots. The KEGG enrichment analysis
identified several pathways that may play important roles

GSE5843

GSE140831

Fig. 2. Venn intersection diagram showing the identification
of 301 common differentially expressed genes (DEGs) from 2 datasets
(GSE58430 and GSE140831)

in infection and apoptosis. Figure 4 shows these pathways,
including Salmonella infection, pathogenic Escherichia
coli infection, human immunodeficiency virus 1 (HIV-1)
infection, shigellosis, human cytomegalovirus infection,
and apoptosis.

PPI analysis and core genes

To further explore the interactions among DEGs shared
between MDD and MCI, we performed a PPI network
analysis, constructed with the STRING database (Fig. 5A)
and visualized in Cytoscape (Fig. 5B). The network re-
vealed 127 nodes with a degree greater than 10. Among
the nine core genes identified as having the highest de-
gree in the PPI network — HSP90ABI, CDC42, NFKBI,
CD8A, CALM3, PARPI1, CD44, H2BC21, and MYH9
— several are notable for their well-established roles
in neuropsychiatric and neurodegenerative conditions.
Their centrality in the network and functional relevance
suggest they may serve as candidate targets for early in-
tervention or therapeutic development in the comorbid-
ity of MDD and MCI.
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Fig. 4. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of differentially expressed genes (DEGs) between major depressive disorder
(MDD) and mild cognitive impairment (MCI). Horizontal axis represents the number of genes associated with each enriched KEGG pathway

Discussion

In this study, we identified 301 DEGs shared between
MDD and MCI, many of which are implicated in key bio-
logical processes, including neuroinflammation, oxidative
stress, synaptic dysfunction, and apoptotic signaling. Among
these, HSP9OABI, CDC42, NFKBI, CD8A, CALM3, PARPI,
CD44, H2BC21, and MYH9 were central within the PPI
network. The functions of these genes and their associated
pathways support the hypothesis that MDD and MCl share
molecular mechanisms contributing to their comorbidity.

Identified biomarkers in regulating
MDD and MCI

In our study, 9 hub genes mediating MDD and MCI
were identified. Among them, the functions of HSP90ABI,
CD8A, CD44, NFKBI1, and CDC42 in linking MDD and
MCI are supported by existing evidence from literature
retrieval. HSP9OABI may serve as a potential biomarker
in the pathophysiology of depression and could influ-
ence the comorbidity of MDD and MCI. As a molecular

chaperone, HSP90ABI has also been identified as a major
hub in the posterior cingulate cortex, an area significantly
related to MDD.!® It has also been implicated in regulating
posterior cingulate cortex microRNA dysregulation, which
differentiates cognitive resilience, MCI, and Alzheimer’s
disease.! In our study, NFKBI was identified as a central
marker in the NF-«B (nuclear factor kappa-light-chain-en-
hancer of activated B cells) signaling pathway. The involve-
ment of the NF-«B signaling pathway is critical, as it acts
as a key regulator of neuroinflammatory responses. This
pathway is known to be hyperactive in both MDD and
neurodegenerative diseases such as MCL'” Chronic neuro-
inflammation markers, including CD44 and CD8A, may be
involved in responses to axon terminal degeneration and
neuronal reorganization. In MDD, CD44 expression is dys-
regulated and is associated with immune cell infiltration.
CDS8A, a marker of CD8* T cells, is more abundant in MDD
samples. Together, changes in CD44 and CD8A may reflect
altered immune responses in MDD.!® Neuroinflamma-
tion triggered by CD44 and CD8A contributes to MCI
by promoting amyloid beta (Ap) plaque deposition and tau
pathology, which are key features of MCI progression.!
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This indicates a potential link between MDD and MCI
mediated by neuroinflammation. These targets may be
considered candidate genes for the comorbidity of MDD
and MCI. CDC42 is a key regulator of neuronal cytoskeletal
dynamics and synaptic plasticity, which are critical for cog-
nitive function and emotional regulation. The centrality
and functional relevance of CDC42 in the network suggest
that it may serve as a candidate target for early intervention
or therapeutic development in MDD-MCI comorbidity.?°

Identified pathways and mechanisms
in regulating comorbidity of MDD and MCI

Among the enriched signaling pathways, positive regula-
tion of canonical NF-«B signaling, small GTPase-mediated
signal transduction, TNF-mediated signaling, apoptosis,
and regulation of cell shape have been supported by ex-
isting evidence as relevant to the comorbidity of MDD
and MCI. These pathways may therefore be highlighted
as particularly important in modulating this comorbid-
ity. The identified signaling pathways indicated that
NF-kB signaling acts as a crucial inflammatory mediator
in the comorbidity of MDD and MCI. Chronic stress and
cellular damage activate NF-kB, driving pro-inflammatory
cytokine production. This neuroinflammation can impair
neurogenesis and synaptic plasticity in limbic and cogni-
tive brain regions, thereby promoting neuronal dysfunc-
tion and contributing to both depressive symptoms (mood
circuits) and cognitive decline (hippocampus, cortex).?!
Overactivation of the TNF-mediated signaling pathway,
a key pro-inflammatory pathway, drives the release of cyto-
kines such as TNF-a, interleukin (IL)-1p, and IL-6, leading
to sustained neuroinflammation.???* Chronic inflamma-
tion exacerbates mood disturbances in MDD and contrib-
utes to synaptic degeneration and cognitive decline, hall-
marks of MCI.2* The identification of the TNF-mediated
signaling pathway in our study reinforces the hypothesis
that inflammatory dysregulation is a shared driver of pa-
thology in both disorders. Small GTPase-mediated signal
transduction is also implicated in both MDD and MCI.
These signaling pathways regulate essential cellular pro-
cesses, and their dysregulation may contribute to neuro-
inflammation and synaptic dysfunction, common to both
disorders. For instance, RhoA can activate NADPH oxidase
(NOX) to generate superoxide ions, contributing to oxi-
dative stress and neuronal cell death in conditions such
as Alzheimer’s disease.?> Oxidative stress and inflamma-
tion can also affect cognitive function and mood regu-
lation, potentially influencing the comorbidity of MDD
and MCL.?>?¢ The enriched apoptosis pathway may also
contribute to the comorbidity of MDD and MCI through
the neuroinflammatory processes discussed above. Neu-
roinflammation may disrupt normal synaptic activity and
neuronal structure via the regulation of cell shape path-
way identified in our KEGG analysis, which is implicated
in both MDD and MCIL.>
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Possible mechanisms

of neuroinflammation, synaptic signaling
and apoptotic mechanisms in linking

the progression of MDD and MCI

Our findings on biomarkers and pathways jointly in-
dicate that neuroinflammation, synaptic signaling and
apoptotic mechanisms play fundamental roles in linking
the progression of MDD and MCI. Beyond these mecha-
nisms, neuroinflammation in this comorbidity can activate
CD44 and CD8A molecules and trigger pathways such
as NF-«B signaling, TNF-mediated signaling and apop-
tosis. Furthermore, neuroinflammation may compromise
the blood—brain barrier (BBB), allowing peripheral im-
mune cells and inflammatory factors to infiltrate the cen-
tral nervous system. Disruption of the BBB has been im-
plicated in both depression-related cognitive dysfunction
and early-stage MCL.28 PARPI and NCL, which play roles
in DNA repair and inflammatory responses, may contrib-
ute to BBB dysfunction.?*3° Dysregulation of these genes
could lead to increased neuroinflammation and neuronal
damage, further linking MDD and MCI at a molecular
level. Our findings indicate that synaptic signaling, medi-
ated by CDC42, a marker identified in our study, is closely
associated with synaptic plasticity and neuronal network
formation. Research shows that synaptic plasticity and
neurotransmission are significantly altered in MDD pa-
tients, contributing to mood and cognitive dysfunction.
These alterations may also be involved in the pathophysi-
ological changes underlying MCI. The interplay between
synaptic signaling and other molecular pathways may
provide insights into the comorbidity of MDD and MCL
Apoptotic mechanisms have also been proposed as con-
tributing to this link. In MDD, inflammation-induced
apoptosis in the hippocampus can lead to neuronal loss and
cognitive dysfunction. Similarly, apoptotic processes may
exacerbate neuronal damage in MCI, potentially involv-
ing the release of pro-apoptotic factors such as p53, which
is elevated in MCI. These mechanisms may drive further
cognitive decline and emotional dysregulation underlying
the comorbidity of MDD and MCI.1%3!

Taken together, these processes are interrelated. Neuro-
inflammation mediated by CD44, CD8A, and NF-«B acti-
vation can induce oxidative stress and apoptosis, leading
to synaptic dysfunction and neuronal loss. Additionally,
cytoskeletal regulators such as CDC42 integrate inflam-
matory signals and modulate synaptic remodeling and
plasticity. PARPI acts as a molecular bridge between DNA
damage responses and inflammatory cascades. This in-
terplay creates a self-reinforcing cycle in which neuroin-
flammation, synaptic impairment and apoptosis converge
on a common set of molecular effectors. These shared
pathogenic pathways likely underlie the consistent dif-
ferential expression of the hub genes identified in both
MDD and MCL
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Possible mechanisms of oxidative stress
and mitochondrial dysfunction in linking
the progression of MDD and MCI

Oxidative stress represents another major contributor
to both depression and cognitive impairment. It leads
to mitochondrial dysfunction, neuronal apoptosis and
impaired neurotransmission.3? Among the DEGs identi-
fied, PARPI is a key gene mediating oxidative DNA damage
repair in MDD and MCI. However, excessive activation
of PARPI can deplete cellular energy, promoting neuronal
death through a process known as parthanatos.?® This
mechanism is relevant to both MDD and MCI, where mi-
tochondrial dysfunction related to oxidative stress has
been widely reported.3*

The interaction between oxidative stress and inflam-
mation further exacerbates disease progression. Given its
dual role in inflammation and DNA damage repair, PARPI
serves as a mechanistic bridge between chronic inflamma-
tion and neuronal dysfunction in MDD and MCI. PARPI
inhibitors, such as olaparib, are currently in clinical trials
for neurodegenerative diseases, suggesting their potential
for therapeutic repurposing in MDD-MCI comorbidity.?®
The NF-kB pathway, previously described, is also activated
by oxidative stress and induces chronic inflammatory sig-
naling.?® This vicious cycle of inflammation and oxidative
stress is a well-documented feature of both MDD and neu-
rodegenerative disorders.?”38

Notably, this mechanistic cascade also involves transcrip-
tional upregulation of NFKBI, as oxidative stress and PARPI
activation can induce NF-kB autoregulatory feedback loops.
Increased expression of NFKBI and persistent NF-kB ac-
tivation perpetuate chronic inflammation and neuronal
injury. This reciprocal relationship between PARPI and
NFKBI likely underlies their consistent identification
as shared hub genes in our analysis, highlighting a con-
vergent pathway linking oxidative damage, inflammatory
signaling and neurodegeneration in both MDD and MCI.

Functions of neural connectivity signaling
in linking MDD and MCI

Currently, cognitive dysfunction in both MDD and MCI
is considered to be linked to disrupted synaptic plastic-
ity, which can subsequently impair neuronal connectivity.
Several key genes identified in our study, including CDC42
and CALMa3, are known regulators of neuronal cytoskeletal
dynamics and calcium signaling.

CDC42 plays a critical role in dendritic spine forma-
tion and axonal remodeling, both of which are essential
for maintaining functional neural circuits. Impaired
CDC42 function leads to defective neuronal connectiv-
ity and synaptic signaling. This may result in disrupted
or misconnected neural circuits, reducing communica-
tion efficiency across brain regions. Experimental models
show that CDC42 knockout causes deficits in long-term
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potentiation (LTP) and remote memory recall,® functions
impaired in both MDD and MCI. Modulating CDC42 ac-
tivity presents a promising approach for restoring cognitive
resilience. 04

CALMS3 is a key modulator of calcium-dependent neu-
rotransmitter release and neural connectivity. Dysfunction
in CALM3-related pathways could impair LTP and long-
term depression (LTD), which are essential for learning
and memory.*? CALM3 also interacts with multiple kinases
and phosphatases that regulate neuronal excitability and
neural connectivity, suggesting its dysfunction could un-
derlie both affective and cognitive symptoms. Clinically,
altered calmodulin levels have been detected in postmor-
tem brain tissues and peripheral samples of patients with
neuropsychiatric disorders, indicating a potential role for
CALMS3 as abiomarker of dysfunction in synaptic plastic-
ity and neural connectivity.* Additionally, modulators
of calcium signaling pathways are being explored as thera-
peutic agents in both depression and dementia,***> high-
lighting the translational relevance of CALAM3 in comorbid
MDD-MCI treatment strategies. Thus, the convergence
of CDC42 and CALM3 dysregulation likely reflects their
shared roles as critical mediators of synaptic remodel-
ing in response to cellular stress. Neuroinflammation
and oxidative stress, previously described, can disrupt
calcium homeostasis and cytoskeletal dynamics, leading
to compensatory or maladaptive changes in the expres-
sion of these genes. This mechanistic interplay provides
a plausible explanation for the emergence of CDC42 and
CALMa3 as shared hub genes in our analysis, as their dys-
regulation integrates inflammatory signaling, impaired
neurotransmission and deficits in cognitive processing
characteristic of both MDD and MCIL.

Pathway enrichment highlights
overlapping biological mechanisms

In addition to gene-level insights, our pathway enrich-
ment analysis identified several pathways that further
support the shared pathophysiology of MDD and MCI.
The shigellosis pathway enriched in our KEGG results,
associated with immune activation and inflammatory re-
sponses, may contribute to neuroinflammation and BBB
integrity disruption.*® The platelet activation pathway,
enriched in our KEGG analysis, and platelet aggregation,
enriched in our GO-BP analysis, are linked to vascular
dysfunction, which has been implicated in both MDD and
neurodegenerative diseases.?® The neurotrophin signaling
pathway, enriched in our KEGG analysis and regulating
neuronal survival and synaptic plasticity, is often dys-
regulated in both mood and cognitive disorders.” These
pathways highlight the intricate interplay between im-
mune dysregulation, vascular integrity and neuroplasti-
city, all critical to the development of both conditions.
While certain KEGG pathways, such as shigellosis and
Salmonella infection, were enriched, this likely reflects
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involvement of shared immune-related genes rather than
direct pathogen-specific processes. This observation un-
derscores the central role of immune activation in MDD
and MCIL

Moreover, many of the hub genes identified in our PPI
analysis, such as NFKB1, CD44 and CDC42, are directly
involved in mediating these pathways, underscoring their
central role as integrative nodes linking immune activa-
tion, vascular dysfunction and impaired neuroplasticity.
The convergence of these processes likely drives the shared
transcriptional signatures observed in both MDD and MCI
datasets. This reinforces the notion that comorbid mood
and cognitive symptoms arise from interconnected patho-
physiological mechanisms rather than isolated processes.

Limitations

While this study reveals key genes and pathways linking
MDD and MCI, further validation in patient-derived tissue
and longitudinal cohorts is needed to confirm causality
and directionality. Single-cell RNA sequencing and spatial
transcriptomics could deepen our understanding of cell-
type-specific expression changes, particularly in vulner-
able brain regions. Moreover, integrating proteomics and
metabolomics may further uncover post-transcriptional
and metabolic alterations that gene expression data alone
cannot resolve. Finally, although bioinformatics analyses
provide valuable hypotheses, we did not experimentally
validate gene expression, such as using quantitative poly-
merase chain reaction (QPCR) or western blot verification
of the identified hub genes. This is an important limitation,
as experimental confirmation is needed to corroborate
the in silico differential expression patterns. Functional
studies in animal models and human-derived organ-
oids will be essential to elucidate the mechanistic roles
of the identified DEGs and to test targeted therapeutic in-
terventions. We plan to address this in future work through
qPCR and protein-level validation in patient-derived sam-
ples or relevant preclinical models.

Conclusions

In this study, we identified 301 DEGs shared between
MDD and MCI, revealing significant overlap in the mo-
lecular mechanisms underlying both conditions. Inte-
grative bioinformatics analyses revealed that these DEGs
are enriched in pathways related to neuroinflammation,
oxidative stress, synaptic plasticity, and epigenetic regu-
lation — hallmarks of both mood and cognitive disorders.
Notably, several hub genes, including HSP90AB1, CD8A,
CD44,NFKBI1, CALM3, and CDC42, demonstrated strong
functional relevance and translational potential.

These findings suggest that the identified genes may serve
as novel biomarkers for the early detection of MDD-MCI
comorbidity and as mechanism-based therapeutic targets.
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Although further experimental validation is needed, our
study provides a foundation for developing diagnostic tools
and personalized treatment strategies for individuals at risk
for concurrent mood and cognitive decline.
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Abstract

Background. Late diagnosis and chemotherapy resistance, particularly to 5-fluorouracil (5-FU), contribute
to the low survival rate in cholangiocarcinoma (CCA) patients. Identifying relevant genes and pathways,
as well as novel targeted molecules, is crucial to overcoming 5-FU resistance and improving treatment
outcomes for CCA patients.

Objectives. This study aimed to determine the potential molecules associated with 5-FU resistance in CCA
cells.

Materials and methods. Transcriptomic datasets from 4 stable 5-FU-resistant cell lines and their cor-
responding parental lines were retrieved from the Gene Expression Omnibus. A series of bioinformatics
analyses were conducted to identify key genes uprequlated in 5-FU-resistant cells compared to their parental
counterparts. The expression levels of candidate genes identified through bioinformatics analysis were
validated in CCA tissues and cell lines.

Results. Differential gene expression, protein—protein interaction, and Hub genes analysis revealed 8 genes
that were significantly uprequlated in 5-FU resistance cells compared to their parental cells. Six of the 8 genes,
including 7CP1, RPS6, RPS29, HSPAS, RPS154, and NOTCHT, were uprequlated in patient CCA tissues. Using real-
time PR, only the expression levels of NOTCHT and TCPT were significantly higher in the 5-FU insensitive CCA
cell lines, KKU-213A and KKU-213B, than that of the 5-FU sensitive CCA cell line, KKU-055. A similar result was
observed in stable 5-FU-resistant cell lines (KKU-213A-FR and KKU-213B-FR) compared to their parental cells.

Conclusions. The bioinformatic analysis and PCR results revealed that NOTCHT and TCPT might be associ-
ated with 5-FU resistance and serve as potential molecular targets to enhance 5-FU sensitivity in CCA cells.

Key words: 5-fluorouracil, resistance, cholangiocarcinoma, NOTCHT, TCP1
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Highlights

CCA cell lines and patient tissues.

CCA patients.

+ This study identifies TCPI and NOTCH1 as key genes associated with 5-FU resistance in cholangiocarcinoma (CCA).
+ Bioinformatics and real-time PCR analyses confirm the upregulation of TCP1 and NOTCH1I in 5-FU-resistant

« Targeting TCPI and NOTCHI may enhance the efficacy of 5-FU treatment, improving therapeutic outcomes for

Background

Cholangiocarcinoma (CCA) is a malignancy arising
from the biliary epithelium.! Surgical resection remains
the cornerstone of therapy for early-stage disease, of-
fering the best chance for long-term survival. In con-
trast, patients with metastatic or unresectable CCA are
typically managed with systemic chemotherapy, most
often 5-fluorouracil (5-FU).2 Unfortunately, response
rates to 5-FU in CCA are modest, and the emergence
of 5-FU resistance is the principal cause of therapeutic
failure, driving disease progression and mortality. Al-
though the molecular mechanisms underpinning 5-FU
resistance have been well characterized in other can-
cers®* those specific to CCA remain poorly understood.
A deeper elucidation of these pathways is therefore es-
sential to develop more effective, resistance-overcoming
treatment strategies for CCA. Recently, bioinformat-
ics analyses leveraging public transcriptomic reposi-
tories, such as the Gene Expression Omnibus (GEO)®
and The Cancer Genome Atlas (TCGA)®, have become
increasingly prevalent across biomedical research. These
approaches have enabled the identification of novel
therapeutic targets in gastric cancer,” non-small cell
lung cancer and esophageal carcinoma,® as well as chol-
angiocarcinoma.’ Moreover, numerous studies have
demonstrated that mining these datasets can reveal
molecular drivers of anticancer drug resistance. Ac-
cordingly, applying bioinformatics methods to publicly
available transcriptomic data represents a promising
strategy for uncovering candidate mediators of 5-FU
resistance in CCA.

In this study, we combined bioinformatics and experi-
mental approaches to uncover molecules linked to 5-FU
resistance in CCA. First, we mined multiple GEO tran-
scriptomic datasets to identify genes consistently associ-
ated with 5-FU resistance. Next, we constructed a pro-
tein—protein interaction network (PPI) of these candidate
genes to highlight central “hub” factors. We then vali-
dated the expression of key resistance-associated genes
in both CCA patient tissues and established cell lines
using quantitative PCR. Finally, we employed PanDrugs
to predict existing compounds that target these hub
genes, laying the groundwork for potential therapeutic
interventions.

Objectives

This study aimed to investigate potential target mol-
ecules associated with 5-FU resistance in CCA using bio-
informatics, and PCR techniques.

Materials and methods
Cholangiocarcinoma cells

Three human CCA cell lines, KKU-055, KKU-213A, and
KKU-213B, were obtained from the Japanese Collection
of Research Bioresources Cell Bank.! Cells were main-
tained in Dulbecco’s Modified Eagle’s Medium (DMEM,;
Gibco/BRL, Grand Island, NY, USA) supplemented with
10% fetal bovine serum and 100 U/mL penicillin—strepto-
mycin at 37°C in a humidified atmosphere of 5% CO,. Two
5-FU-resistant sublines (KKU-213A-FR and KKU-213B-
FR), kindly provided by Assoc. Prof. S. Obchoei,!! were
cultured in complete DMEM containing the IC;, concen-
tration of 5-FU.

Proliferation assay

To assess 5-FU sensitivity, 2,000 cells per well were
seeded in 96-well plates and incubated under standard
culture conditions. Cell viability was then quantified
using the MTT assay: After treatment, MTT solution
(0.5 mg/mL) was added to each well and plates were in-
cubated for 4 h at 37°C. The resulting formazan crystals
were solubilized by adding 100 pL of DMSO and mixing
thoroughly. Absorbance was measured at 540 nm on a mi-
croplate reader (Tecan Austria GmbH, Salzburg, Austria)
to determine relative cell viability.

Determination of differentially
expressed genes

To identify molecules commonly associated with 5-FU
resistance, we retrieved transcriptomic profiles of stable
5-FU-resistant cancer cell lines from the GEO database (ac-
cession numbers GSE196900, GSE23776, and GSE81005).
We then examined the GSE7631 dataset — which comprises
92 non-tumor controls and 91 Thai CCA patient tissue
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samples, to evaluate the expression of candidate genes
in clinical specimens.

Differentially expressed genes (DEGs) were identified from
microarray datasets using GEO2R (https://www.ncbi.nlm.
nih.gov/geo/geo2r) and from RNA-seq data via the Galaxy
platform (https://usegalaxy.org).!? Genes meeting the criteria
of an adjusted p-value < 0.05 and |log, fold change| > 0.5 were
considered significant. Data visualization, including volcano
plots and Venn diagrams, was performed in RStudio (https://
rstudio.com) and with the jvenn online tool (https://jvenn.
toulouse.inrae.fr/app/index.html), respectively.

Gene Ontology and pathway enrichment
analysis

Gene Ontology (GO) and pathway enrichment analyses
of the identified DEGs were performed using the DAVID
Functional Annotation tool.!* Differentially expressed
genes were classified into GO categories, biological pro-
cesses, cellular components, and molecular functions,
as well as mapped to Reactome pathways.'* Enrichment
results were visualized as a bubble plot in RStudio to il-
lustrate the significance and gene counts for each term.

Protein—protein interaction and hub gene
identifications

Protein—protein interaction (PPI) networks for the com-
mon DEGs were generated using STRING v. 11.5 (https://
string-db.org/). Hub genes within these networks were
identified and ranked in Cytoscape (https://cytoscape.
org) via the cytoHubba plugin,'® with the top 30 genes
selected based on connectivity degree. A heatmap illus-
trating the expression patterns of these hub genes across
all datasets was then plotted using GraphPad Prism 9.2
(GraphPad Software, San Diego, USA).

Real-time polymerase chain reaction

Total RNA was isolated from CCA cell lines using
TRIzol® Reagent (Invitrogen, Carlsbad, USA) accord-
ing to the manufacturer’s protocol. RNA purity and
concentration were assessed with a NanoDrop™ 2000
Spectrophotometer (Thermo Fisher Scientific, Waltham,

Table 1. The list of primers for candidate 5-FU associated genes

Genes | Forward primers |
TCP1 CGACTTCTGCCCATTCTCTC
RPS6 TGCTCTGAAGAAGCAGCGTA
RPS29 TGGCTCTAGAAGTGGCTGGT
HSPAS TAGCGTATGGTGCTGCTGTC
RPST5A CCTGTCCCCTAGTCTCTGCT
NOTCH1 GGAGGCATCCTACCCTTTTC
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USA). For reverse transcription, total RNA was con-
verted to cDNA using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, USA;
cat. No. 4368814) following the supplier’s instructions.

Real-time quantitative PCR was conducted to assess
the mRNA expression of candidate 5-FU resistance genes
in CCA cell lines using a LightCycler® 480 system (Roche
Diagnostics, Basel, Switzerland). Each 20 pL reaction con-
tained 1x LightCycler® 480 SYBR Green I Master Mix
(Roche Diagnostics), 0.5 uM of each primer, and 40 ng
of cDNA template. Thermal cycling and fluorescence ac-
quisition were performed according to the manufacturer’s
recommended protocol.

PCR amplifications were performed on a LightCycler 480
system with the following cycling conditions: An initial de-
naturation at 95°C for 5 min; 40 cycles of 95°C for 20s, gene-
specific annealing at 65°C (TCPI), 58°C (RPS6, RPSI15A,
NOTCH]I), 60°C (RPS29), or 63°C (HSPAS) for 10 s; and
extension at 72°C for 20 s. For each reaction, cycle threshold
(Ct) and melting temperature (Tm) values were recorded,
and mean +SD were calculated. Relative gene expression
was quantified using the 22 method. Primer sequences
and expected amplicon sizes are detailed in Table 1.

Determination of targeted drug for 5-FU
sensitizing using PanDrugs analysis

PanDrugs (www.pandrugs.org)!® was used to identify
druggable targets for sensitizing 5-FU-resistant CCA cell
lines. Hub genes from the PPI analysis were submitted
to PanDrugs, and candidate compounds were selected
based on 2 criteria: 1) availability of a clinically approved,
specific inhibitor targeting the gene product, and 2) evi-
dence of the drug’s efficacy in enhancing chemosensitivity.

Statistical analyses

Real-time PCR data are reported as the mean +SD from
3 independent biological experiments, each performed
in triplicate. Statistical analyses were conducted using
IBM SPSS v. 24.0 (IBM Corp., Armonk, USA) and Graph-
Pad Prism 9.2 (GraphPad Software Inc.). For microar-
ray and RNA-seq datasets, p-values were calculated us-
ing the Limma and DESeq2 packages in R, respectively,

Reverse primers | Product sizes (bp)
CTCTTGGAGCATCTGGCTGT 70
GGAAAGTCTGCGTCTCTTCG 130
GTGAAGGCAAGGTTGGTCAT 110
TGACACCTCCCACAGTTTCA 117
GAAGCTGATCCATGCCCCTT 93
TGTGTTGCTGGAGCATCTTC 118

5-FU - 5-fluorouracil; bp — base pair.
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and adjusted for multiple testing by the Benjamini—Ho-
chberg method. Normality of data distributions was as-
sessed by the Kolmogorov—Smirnov test, and homogeneity
of variances was confirmed by Levene’s test (Supplementary
Table 1). Differences between 5-FU-resistant and parental
cell lines were considered statistically significant at p < 0.05.

Data meeting normality and homogeneity of variance
criteria were compared by Student’s t-test, whereas non-
normally distributed data or those with unequal variances
were analyzed using the Mann—Whitney (M—W) U test.
For nonparametric comparisons, box-and-whisker plots
display the median and interquartile range (IQR); for para-
metric analyses, results are presented as mean with 95%
confidence intervals (95% Cls). Three-group comparisons
— examining the correlation between mRNA levels of 6 up-
regulated hub genes and 5-FU response rates in CCA cell
lines — were performed by the Kruskal-Wallis (K—W) test
followed by Dunn’s multiple comparisons. The Wilcoxon
matched-pairs signed-rank test was used to compare 5-FU
sensitivity between resistant and parental cells. A two-
sided p-value < 0.05 was considered statistically significant.

Results

Identification of 417 DEGs common
to 4 stable 5-FU-resistant cancer cell lines

We searched the GEO database for transcriptome datasets
of stable 5-FU-resistant cancer cell lines. Our search revealed
3 transcriptomics datasets from four 5-FU-resistant colorec-
tal cancer cell lines and their corresponding parental cells,
including GSE196900, GSE23776, and GSE81005. The DEGs
analysis revealed a total of 6,965, 11,899, 2,537 and 7,255 DEGs
were identified from GSE196900H (HCT116 5-FU-resistant/
HCT116 parental), GSE196900SW (SW480 5-FU-resistant/
SW480 parental cell lines), GSE23776 (MIP 5-FU-resistant/
MIP parental cell lines), and GSE81005 (HCT8 5-FU-resis-
tant/HCT8 parental cell lines), respectively.

Volcano plots (Fig. 1) depict the distribution of signifi-
cantly up- and downregulated genes in each 5-FU-resistant
colorectal cancer model. By intersecting the DEG lists
from all 4 datasets with a Venn diagram, we identified
417 genes that were consistently dysregulated across these
resistant cell lines (Fig. 2). The complete breakdown of up-
regulated vs downregulated DEGs for each dataset is pre-
sented in Table 2.

Gene Ontology and pathway enrichment
analysis showed several biological
processes related to 5-FU resistance

Gene Ontology analysis of the 417 DEGs common to all
4 5-FU-resistant cell lines revealed significant enrich-

ment in biological processes such as negative regulation
of transcription from the RNA polymerase Il promoter
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(Fig. 3A). At the cellular-component level, these genes lo-
calized predominantly to the cytosol and nucleoplasm
(Fig. 3B). Molecular-function analysis showed a strong bias
toward protein and RNA binding activities (Fig. 3C). Re-
actome pathway enrichment further indicated that these
DEGs participate broadly in the cellular response to stress
and external stimuli, glycosylation processes, and protein
translation (Fig. 3D).

Identification of the top 10 hub genes
associated with 5-FU resistance using PPIs
and hub gene analysis

The PPIs of 417 common DEGs associated with 5-FU
resistance were constructed using STRING. From the PPIs
network, the hub genes were identified and ranked
as the top 30 hub genes according to their connectivity
(binding scores) with other genes (Table 3). The top 10 hub
genes included HSPAS, UBC, HSPAS, UBB, RPS6, CYCS,
VCP, EIF2S1, CCNDI, RPS5. Node colors reflect the con-
nectivity degree, with a pseudocolor scale ranging from red
to yellow, representing gene rankings from 1 to 30 (Fig. 4).

Heatmap analysis (Fig. 5) of the top 30 hub genes iden-
tified 8 candidates that were upregulated in at least 3
of the 4 5-FU-resistant cell lines: TCP1, RPS6, RPS29,
HSPAS, RPS15A, NOTCHI, CALR, and ACO2. These genes
were therefore designated as the commonly upregulated
hubs for further investigation.

To validate the relevance of the 8 upregulated hub genes
in cholangiocarcinoma, we examined their expression
in Thai CCA patient tissues using GEO dataset GSE7631."
Six genes — TCPI (M-W U = -7.335, p < 0.001), RPS6
(U = -8.521, p < 0.001), RPS29 (U = -7.527, p < 0.001),
RPSISA (U = -9.657, p < 0.001), NOTCHI (U = -3.254,
p = 0.001), and HSPAS (t(181) = 3.505, p = 0.001) — were
significantly overexpressed in tumor vs adjacent normal
tissues (Fig. 6). Detailed summary statistics (median +IQR
for nonparametric tests; mean +95% CI for parametric
tests) are provided in Supplementary Table 2.

Expression of 6 upregulated hub genes
associated with 5-FU resistance varied
with the 5-FU sensitivity in CCA cell lines

We next evaluated whether mRNA expression
of the 6 upregulated hub genes correlated with 5-FU sen-
sitivity in 3 CCA cell lines. KKU-055, KKU-213A, and
KKU-213B were treated with increasing concentrations
of 5-FU for 72 h, and cell viability was assessed by MTT
assay. Dose—response curves demonstrated differential
inhibition of proliferation: KKU-055 exhibited a low ICj
and was classified as 5-FU-sensitive, whereas KKU-213A
and KKU-213B displayed significantly higher ICs, values
and were deemed 5-FU-insensitive (Fig. 7A).

Real-time PCR analysis of the 6 upregulated hub genes
in CCA cell lines revealed that, of these candidates, TCPI
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Fig. 1. Volcano plots of DEGs from 4 stable 5-FU-resistant cancer cell lines. The datasets include GSE196900H, GSE196900SW, GSE23776, and GSE81005.
The X-axis represents the log2 fold change, and the Y-axis represents the negative logarithm (base 10) of the adjusted p-value. Red dots represent
significantly upregulated genes, blue dots represent significantly downregulated genes, and black dots represent genes with no significant genes.
GSE - GEO accession number. A p-value < 0.05 was considered statistical significance

Table 2. Transcriptomics datasets from stable 5-FU-resistant cancer cell lines

Cell lines Resistance ratio | Total DEGs Up-DEGs Down-DEGs Experiment type
HCT116 49 folds
GSE196900 RNA sequencing
SW480 35 folds
GSE23776 MIP5 10 folds 2,537 197 2,340 RNA sequencing
GSE81005 HCT8 26 folds 7,255 688 6,567 Microarray

GSE - GEO accession number; 5-FU - 5-fluorouracil; DEGs - differentially expressed genes.

(Kruskal-Wallis H = 19.65, p < 0.001), RPS6 (H = 19.65,
p < 0.001), and NOTCHI (H = 17.92, p < 0.001) were sig-
nificantly more abundant in the 5-FU-insensitive lines
(KKU-213A and KKU-213B) than in the 5-FU-sensitive
line (KKU-055) (Fig. 7B). Median expression values with

interquartile ranges for all 6 genes are provided in Supple-
mentary Table 4.

To further validate the link between mRNA expression
of the 6 hub genes and 5-FU resistance, we compared pa-
rental CCA cell lines (KKU-213A, KKU-213B) with their
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Fig. 2. Common DEGs in 5-FU-resistant cancer cell lines across 3
Gene Expression Omnibus (GEO) datasets. The Venn diagram displays

the overlap of DEGs among the 3 datasets. Numbers within the sections
indicate the count of DEGs specific to 1 dataset or shared among multiple

datasets. GSE196900H, GSE196900SW, GSE81005, and GSE23776 are

represented in green, blue, pink and yellow, respectively. The overlap

number of all circles demontrates the common DEGs between

the datasets
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5-FU-resistant counterparts (KKU-213A-FR, KKU-213B-
FR). As anticipated, the resistant sublines exhibited sig-
nificantly reduced sensitivity to 5-FU vs their parental
lines, as shown by Wilcoxon matched-pairs signed-rank
tests (KKU-213A vs KKU-213A-FR: Z = -2.366, p = 0.018;
KKU-213B vs KKU-213B-FR: Z = -2.201, p = 0.028) (Fig. 8).
Consistent with our earlier findings, TCPI and NOTCH1
mRNA levels were markedly higher in the 5-FU-resistant
sublines than in their parental counterparts. Specifically,
TCPI expression was significantly elevated in KKU-213A-
FR vs KKU-213A (M-W U: Z = -3.576, p < 0.001) and
in KKU-213B-FR vs KKU-213B (Z = -3.582, p < 0.001).
Similarly, NOTCHI levels were substantially increased
in KKU-213A-FR compared to KKU-213A (Z = -3.580,
p < 0.001) and in KKU-213B-FR compared to KKU-213B
(Z = -3.576, p < 0.001) (Fig. 9). Median values with inter-
quartile ranges (IQR) are detailed in Supplementary Table 5.
Potential therapeutics for TCPI and NOTCHI were iden-
tified using PanDrugs analysis; however, only NOTCH1 has
clinically approved, direct inhibitors available (Table 4).
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Fig. 3. Gene Ontology and pathway enrichment analysis in the common DEGs associated with 5-FU resistance. The top 10 enriched in (A) biological
processes, (B) cellular components, (C) molecular function, and (D) the Reactome pathway, respectively. The size of the dots represents the count of genes,
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Adv Clin Exp Med. 2026;35(1):107-119 113

Table 3. The top 30 hub genes of common DEGs associated with 5-FU resistance

Binding scores | Rank | Binding scores
1 HSPA8 55.0 16 RPLTO 320
2 UBC 520 17 TCP1 320
3 HSPA5 52.0 18 SQSTM1 300
4 UBB 47.0 19 RPL38 290
5 RPS6 47.0 20 RPL28 290
6 CcYes 42.0 21 EIF253 27.0
7 vcP 40.0 22 RPS29 27.0
8 EIF2S1 390 23 CDK4 270
9 CCND1 390 24 ACO2 250
10 RPS5 380 25 PSMC2 24.0
11 EEFTAT 37.0 26 MAPILC3B 240
12 RPL14 350 27 CALR 24.0
13 RPL15 33.0 28 EIF5B 240
14 RPST5A 330 29 NOTCH1 210
15 PARP1 320 30 ICAM1T 210

5-FU - 5-fluorouracil; DEGs — differentially expressed genes.

Table 4. Targeted inhibitors of hub gene interactions by PanDrugs analysis

Gene(s) Drug name Status description Best interaction DScore GScore
NOTCHT KK8645V7LE clinical trials direct-target 0.514 0.7973
NOTCHIT NIROGACESTAT clinical trials direct-target 0.513 0.7973
NOTCHIT BRONTICTUZUMAB clinical trials direct-target 0.512 0.7973
NOTCHT CRENIGACESTAT clinical trials direct-target 0.512 0.7973
NOTCH1T OMP-52M51 clinical trials direct-target 0.511 0.7973

DScore - the suitability of the treatment for a particular patient; GScore — the biological relevance of a gene in the tumoral process and its druggability.

Discussion

Chemoresistance to 5-FU poses a major obstacle
in cholangiocarcinoma therapy.!81? Targeting the mo-
lecular drivers of this resistance offers a promising
strategy to restore drug sensitivity. In the present study,
we integrated bioinformatics analyses with PCR valida-
tion to identify TCP1 and NOTCHI as novel mediators
of 5-FU resistance in CCA. Both genes were consistently
upregulated in stable 5-FU-resistant sublines compared
to their parental counterparts, confirming their potential
as therapeutic targets.

Chaperonin containing T-complex polypeptide 1 sub-
unit 1 (TCPI) is a key molecular chaperone that facili-
tates the proper folding of nascent and stress-denatured
proteins. In our study, T7CPI was markedly upregulated
in 5-FU-resistant CCA cell lines, implicating it as a driver
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Fig. 4. Hub gene analysis of common DEGs associated with 5-FU

resistance. The subnetwork shows the top 30 hub genes from of chemoresistance. This finding is in line with reports
the protein—protein interaction (PPI) network, generated using from other malignancies, where TCPI stabilizes oncogenic
Cytoscape software. Node color reflects the degree of connectivity, client proteins and augments pro—survival signaling. For
with a pseudocolor scale from red to yellow representing the hub gene . .

ranks from 1 to 30. Dark red color represents the highest degree while example, in ovarian cancer, TCPI promotes tumor cell
an orange color stands for the intermediate degree and yellow color proliferation, invasion, and migration through activation

is the lowest degree of the PI3K/AKT/mTOR pathway.?
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Fig. 5. Heatmap analysis of the commonly upregulated hub genes from the top 30 identified hub genes associated with 5-FU resistance. The heatmap
displays the expression levels of hub genes across 4 transcriptomics datasets (GSE196900H, GSE196900SW, GSE23776, and GSE81005). The selection criteria
for hub genes were those that showed upregulation in at least 3 out of the 4 5-FU-resistant cell lines. The color intensity represents the gene expression

levels. Red indicates upregulation, whereas white represents downregulation

The expression of TCPI has been linked to upregulation
of oncogenes such as MYC, CCNDI, and CDK2, promot-
ing breast cancer progression.?! Although its role in 5-FU
resistance remains unproven, TCPI overexpression cor-
relates with poor responses to chemotherapy across mul-
tiple malignancies. Elevated TCPI levels confer resistance
to doxorubicin and paclitaxel in breast and lung _cancer
cell lines, while TCPI knockdown reduces X-linked inhib-
itor-of-apoptosis protein (XIAP) and -catenin expression
and inhibits metastatic behavior both in vitro and in vivo.??

TCPI has been shown to enhance adriamycin resistance
in acute myeloid leukemia by promoting autophagy via
AKT/mTOR pathway activation. In the context of 5-FU
resistance, key mediators include XIAP, B-catenin, and

the AKT/mTOR signaling axis. XIAP, a potent inhibitor
of apoptosis, blocks caspase activation, and its overexpres-
sion correlates with increased resistance to both radiother-
apy and chemotherapy.?® Activation of the Wnt/B-catenin
pathway has been implicated in 5-FU resistance in oral
squamous cell carcinoma and colorectal cancer?*?> while
hyperactivation of AKT/mTOR signaling is a hallmark
of 5-FU-resistant colorectal tumors. By targeting TCP1,
which sits upstream of these critical pro-survival networks,
it may be possible to disrupt autophagy-mediated drug
resistance mechanisms and improve therapeutic outcomes
in CCA and other malignancies.

Notch signaling is an evolutionarily conserved path-
way that governs development, cell-fate determination,
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Fig. 6. The relative expression of common upregulated hub genes associated with 5-FU resistance in CCA tissues from Thai patients. Box plots show

the mRNA expression levels of TCP1, RPS6, RPS29, HSPAS5, RPST5A, NOTCH1, CALR, and ACO2 in CCA tissues (n = 91) compared to normal tissues (n = 92). For
genes analyzed using Mann-Whitney U tests, the box plots display median with interquartile range (IQR; Q1 to Q3), while for HSPA5 (analyzed using a t-test),
the box plot presents mean with 95% confidence intervals (Cl). Outliers were plotted as individual points; *p < 0.05 was considered statistically significant
(**p < 0.01,*** p < 0.001). TCPT - chaperonin containing t-complex polypeptide 1 subunit 1; RPS6 — ribosomal protein S6; RPS29 — ribosomal protein S29;
HSPA5 — heat shock protein family A (Hsp70) member 5; RPS15A - ribosomal protein S15A; NOTCHT — notch receptor 1; CALR - calreticulin; ACO2 — aconitase 2

and tissue homeostasis through ligand—receptor inter-
actions between the 4 Notch receptors (NOTCHI-4)
and their cognate ligands (Jaggedl, Jagged2, and Delta-
like ligands).?¢>” Aberrant Notch activation contributes
to tumorigenesis and cancer progression by upregulating
oncogenic transcription factors (e.g., MYC, NF-«B), dys-
regulating cell-cycle regulators (such as p21, p27, cyclin D1,
and CCND3), and enhancing expression of antiapoptotic
proteins (including BCL-2 and survivin).?

In intrahepatic cholangiocarcinoma (ICC), NOTCH1
is markedly overexpressed compared with normal biliary
epithelium, and its suppression induces apoptosis in ICC
cell lines, indicating that NOTCH1 promotes tumor cell
survival by inhibiting apoptotic pathways?®. Likewise,
JAGGEDI expression is elevated in ICC tissues relative
to adjacent non-neoplastic mucosa.?’ More broadly, aber-
rant Notch signaling, especially via NOTCH1I, drives che-
moresistance across multiple malignancies. For example,
in esophageal squamous cell carcinoma, NOTCHI-high
KYSE70 cells display significantly greater resistance to 5-FU
than NOTCHI-negative KYSE450 cells, and NOTCH1
knockdown restores 5-FU sensitivity in KYSE70 cells.?°

Knockdown of NOTCHI in CCA cell lines (RBE and
HCCC-9810) significantly enhanced 5-FU sensitivity

by downregulating the drug-efflux transporters ABCBI
and MRPI, which are key mediators of chemoresistance.
Given NOTCH1’s role in promoting resistance to mul-
tiple chemotherapeutics, including 5-FU, its inhibition
may represent a viable strategy to resensitize CCA cells
and improve treatment outcomes. Several NOTCH1I in-
hibitors are currently undergoing clinical evaluation,
such as the y-secretase inhibitor nirogacestat,? the anti-
NOTCH1 monoclonal antibody brontictuzumab,3? and
the oral inhibitor crenigacestat.

In our study, NOTCHI was markedly upregulated
in 5-FU-resistant CCA cell lines compared with their
parental counterparts, implicating NOTCH1I activation
in the maintenance of chemoresistance. Importantly, co-
treatment with 5-FU and pharmacologic NOTCHI in-
hibitors, such as the y-secretase inhibitor nirogacestat,3!
the anti-NOTCH1 antibody brontictuzumab,?? or the small-
molecule crenigacestat, has been shown to restore drug
sensitivity in CCA models. These findings support the ther-
apeutic potential of combining NOTCHI blockade with
5-FU to overcome resistance and improve clinical outcomes.

The identification of TCPI and NOTCHI as key me-
diators of 5-FU resistance in CCA cells opens up new av-
enues for therapeutic intervention. Targeting TCPI with
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small-molecule inhibitors or RNA-based therapies could dis-
rupt its role in stabilizing oncogenic proteins and sensitizing
cancer cells to 5-FU. Similarly, the use of NOTCH1 inhibitors,
such as brontictuzumab or crenigacestat, which are cur-
rently in clinical trials for other cancers, may enhance the ef-
ficacy of 5-FU in CCA. Combination therapies that include
5-FU and inhibitors of TCPI or NOTCH1 could be explored
in preclinical models to evaluate their potential to overcome
chemoresistance and improve treatment outcomes.

Limitations

Further research is required to validate these findings
in the tissues of CCA patients with resistance to 5-FU
treatment vs 5-FU sensitive patients.

Conclusions

This study is the 1 report to identify TCPI and NOTCH1
as key molecules associated with 5-FU resistance in CCA.
Our findings suggest that the overexpression of these genes
contributes to chemoresistance through mechanisms such
as protein folding, cellular stress response, and drug ef-
flux regulation. Importantly, targeting TCP1 and NOTCH1
holds promise as a strategy to overcome 5-FU resistance
and improve therapeutic outcomes in CCA patients. Future
studies should validate these findings in clinical samples
and explore the efficacy of combining NOTCH1I inhibitors
with 5-FU in preclinical models. These efforts could pave
the way for novel therapeutic interventions that enhance
the effectiveness of chemotherapy and address the pressing
challenge of chemoresistance in CCA.
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Abstract

Background. Hyperlipidemia is a major risk factor for cardiovascular diseases and is associated with
complications such as atherosclerosis and tendon injury. Though atorvastatin reduces cholesterol, genetic
variants ((YP2D6-4, SULTIAT, CYP2(192) affect its response. These genetic variations influence atorvastatin
metabolism, thereby affecting its therapeutic effectiveness.

Objectives. Toadvance personalized therapeutic drug monitoring and improve lipid profile management, this
study aims to develop a robust and LG-MS/MS method for quantifying atorvastatin levels in human plasma.
Additionally, to investigate the influence of genetic polymorphisms — particularly CYP2D6-4—on plasma
concentrations of atorvastatin in patients with hyperlipidemia.

Materials and methods. Ethical approval for the study was obtained from the appropriate institutional
review boards, and written informed consent was obtained from all participants. Atorvastatin was mea-
sured using LGMS/MS. PCR-based methods were used for genotyping. Statistical analyses were performed
to evaluate relationships between plasma atorvastatin levels and genetic variants.

Results. The L(-MS/MS method demonstrated excellent linearity, accuracy, precision, and stability, for
the quantification of atorvastatin in human plasma. Higher atorvastatin concentrations were tied to (YP206-4.
Furthermore, the study validated the analytical method for consistent and reliable measurement of atorv-
astatin levels in clinical samples.

Conclusions. This study successfully developed and validated a straightforward and reliable LGMS/MS
method for quantifying atorvastatin levels in human plasma. Significant CYP2D64 — atorvastatin links highlight
the value of pharmacogenetic dosing. Integrating pharmacogenetics — especially in the Jordanian population
—may enhance the safety, efficacy, and individualization of atorvastatin therapy.

Key words: genotype, polymorphism, atorvastatin, hyperlipidemia, statins
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therapeutic drug monitoring for hyperlipidemia.
guided, personalized dosing.
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ing a clear exposure-response link.
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adverse-event risk in hyperlipidemic patients.

Validated LC-MS/MS assay ensures precise atorvastatin quantification in human plasma, powering accurate
+ CYP2D6*4 polymorphism is the chief genetic driver of atorvastatin exposure, underscoring the value of genotype-
+ Dose-dependent pharmacokinetics reveal distinct absorption and metabolism profiles at low vs high atorvastatin
Elevated plasma atorvastatin strongly correlates with LDL-cholesterol and total-cholesterol reductions, confirm-

Findings advocate routine pharmacogenetic testing to optimize atorvastatin therapy, maximize efficacy, and cut

Background

Hyperlipidemia is a condition where blood lipid concen-
trations exceed normal limits, leading to severe compli-
cations like vascular stenosis, atherosclerosis, and heart
diseases.! It is a significant risk factor for cardiovascular
diseases and deaths worldwide, with cardiovascular dis-
eases responsible for 20.5 million deaths in 2021, approx.
80% occurring in low- and middle-income countries.?

Hyperlipidemia, a condition causing high mortality and
morbidity rates, is triggered by elevated lipid levels in the vas-
cular endothelium. This leads to inflammation, lipid ag-
gregation, foam cell formation, cell death, mitochondrial
dysfunction, and fibrotic plaques.® Plaque lipids cause car-
diovascular diseases, tendon failure, and tendon failure, par-
ticularly in the patellar tendon. Over time, hyperlipidemia
increases macrophages in tendon tissues, replacing collagen
fiber damage with lipids, resulting in less efficient tendons.*

Atorvastatin is a statin used for lipid control. It low-
ers blood cholesterol and triglyceride levels and reduces
the risk of cardiac diseases in patients with normal cho-
lesterol levels.®

Atorvastatin is an orally administered medication with
alow bioavailability of 14% due to its high first-pass metabo-
lism. It binds extensively to plasma proteins and is metabo-
lized to its active metabolites via CYP450 3A4. Its plasma
elimination half-life is around 14 h.°

Several necessary enzymes are involved in the metabo-
lism of atorvastatin, including CYP2D6-4, SULT1A1, and
CYP2C19-2. Many medications, including statins, are
metabolized oxidatively by CYP2D6-4. Individual differ-
ences in medication toxicity and efficacy can result from
variations in CYP2D6 gene variants, which can profoundly
impact drug metabolism rates. In the case of atorvastatin,
the CYP2D6-4 polymorphism is associated with higher
plasma concentrations, suggesting that individuals with
this genetic variant may require lower doses of the drug
for the same therapeutic effect. Drugs and endogenous
compounds are subject to sulfonation and elimination,
which can affect their bioavailability and activity. SULTI1A 1

mediates this process. Variations in SULTIA1 polymor-
phisms may result in distinct drug responses. Another en-
zyme involved in drug metabolism is CYP2C19-2. Variations
in this enzyme’s polymorphism can change enzyme activity,
impacting drug concentration and treatment results.

Due to the distinct genetic makeup of this population,
which may display different frequencies of CYP2D6-4,
SULTIAI and CYP2C19-2 polymorphisms, this study
focuses on Jordanian patients. Comprehending these ge-
netic variances is essential to creating customized medicine
strategies for the Jordanian population. This study’s find-
ings could pave the way for a more personalized approach
to hyperlipidemia treatment, where medication dosages and
types are tailored to an individual’s genetic profile. More-
over, cardiovascular illnesses constitute a significant cause
of morbidity and death in Jordan, so it is critical to optimize
hyperlipidemia treatment approaches in this population.

Objectives

The study aims to develop a simple LC-MS/MS method
for determining atorvastatin concentration in human plasma
and investigating genetic polymorphisms that affect the re-
sponse to atorvastatin. The objectives include correlating
plasma atorvastatin levels with liver enzymes, examining
the relationship between atorvastatin concentration and
clinical lipid profile parameters, and assessing the impact
of daily dose intake on plasma concentration. Additionally,
the study explores drug—drug interactions influencing atorv-
astatin levels, as well as the influence of demographic factors
and patient genotypes on atorvastatin concentration. Finally,
the study aims to identify the highest and lowest atorvastatin
concentration values and their associations.

Materials and methods

The study employed a robust analytical cross-sectional
pragmatic multidisciplinary approach to achieve its
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objectives, integrating laboratory preparation for genetic
analysis, precise quantification of atorvastatin concentra-
tions, comprehensive clinical data collection from patients,
and rigorous statistical analysis to synthesize the findings.

Settings and ethical approval and
individual consent

Between March 2022 and August 2024, samples were
collected, analyzed, and systematically managed in Jordan.
The present study was conducted in accordance with the Dec-
laration of Helsinki and complied with the principles of Good
Clinical Practice (GCP) and Good Laboratory Practice (GLP).
Ethical approvals for this study were obtained from the In-
stitutional Review Board (IRB) of Prince Hamza Hospital,
the Jordanian Ministry of Health, and Hashemite University
in Zarqa, Jordan (approval reference numbers 8/3/2021/2022
and MH-14/3/2022, respectively). At Prince Hamza Hospi-
tal, separate informed consent forms were provided to each
participant. All procedures and interventions were carried
out in accordance with the guidelines of the Jordanian Min-
istry of Health. Data were anonymized and securely stored
in compliance with applicable data protection regulations,
and patient confidentiality was strictly maintained.

Participants recruitment

The study included patients aged 20—80 years diagnosed
with hyperlipidemia and regularly using atorvastatin (ATC
code: C10A A05), with complete electronic medical records
detailing anthropometric measurements, atorvastatin
dosage, and lipid profiles. Exclusion criteria comprised
patients using other statin agents, those with incomplete
medical records, individuals with secondary hyperlip-
idemia (e.g., uncontrolled hypothyroidism or nephrotic
syndrome), severe comorbidities (e.g., advanced liver dis-
ease or malignancies), and non-consenting patients. Only
individuals who met the inclusion criteria and provided
written informed consent were enrolled in the study.

Variables and measures
for LC-MS/MS analysis

Method validation

The European Medicines Agency (EMA) 2012 bioana-
lytical method validation guidelines’ stipulated stringent
validation procedures for this study’s LC-MS/MS analysis
method. To avoid bias and guarantee the analytical method’s
dependability and resilience, validation included thorough
evaluations of linearity, accuracy, precision, and stability.

Individuals’ plasma sample preparation for analysis

The plasma samples from the individuals were treated
the same way as the validation samples before LC-MS/
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MS analysis. Strict adherence to established protocols was
observed during these preparations to minimize analytical
variability and preserve sample integrity. The analytical
results were more dependable and consistent because stan-
dardized sample handling techniques ensured uniformity
across all sample preparations.

Variables and measures for genotyping
DNA extraction method

Genomic DNA was extracted from biological samples
using the Blood DNA Preparation Column Kit (Jena Bio-
science, Jena, Germany). A few minor modifications were
made to the manufacturer’s suggested protocols to maxi-
mize the efficiency of DNA extraction, guaranteeing strong
and dependable isolation of high-quality DNA appropriate
for further genotyping analyses.

Amplification using polymerase chain reaction

Polymerase chain reaction was used to ramp up the de-
sired genes using the Labnet® PCR System TC6000-G-
230V (PCR) (Labnet, international, Edison, USA).o guar-
antee targeted and effective amplification of the intended
genetic loci, PCR reactions were carefully prepared, and
amplification conditions were optimized. To verify the ac-
curacy and precision of the amplification procedure, PCR
amplification was applied to every DNA sample in con-
junction with suitable controls. A mixture with a total
volume of 20 pL was created for every DNA sample except
the negative samples.

Polymerase chain reaction-restriction fragment
length polymorphism

The previously amplified DNA fragments were digested
using polymerase chain reaction-restriction fragment
length polymorphism (PCR-RFLP). The PCR reaction
products were further incubated in the appropriate reac-
tion buffer supplied by the manufacturer using a 25 pL
reaction mixture that contained 0.5 pL units of CutSmart
Haell for the SULTAI gene and 0.5 pL units of BstN1 for
all the CYPs genes. To facilitate enzyme digestion, the mix-
ture for SULT1A I was incubated at 37°C for 20 min. After
that, the heat was inactivated for 20 min at 80°C. The CYPs
were incubated at 60°C for 15 min.

Statistical analyses

The sample size calculation was primarily based
on the prevalence of CYP2CI9 genotype in the Jordanian
population, which has been documented at 0.3. Based
on this prevalence rate, 2 sample size scenarios were cal-
culated: 1) A minimum of 50 patients would be required
to detect a 0.25 difference in atorvastatin concentrations;
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2) To detect a smaller difference of 0.2, a sample size
of 74 patients would be necessary. Both calculations were
anchored to the established CYP2C19 prevalence of 0.3.

Accuracy and completeness were guaranteed by the elec-
tronic collection of patient data and associated variables
using Microsoft Excel. IBM SPSS for Windows v. 25 was
used to code and import the data for statistical analysis
(SPSS Inc., Chicago, USA). To reduce errors, bias, and guar-
antee data integrity, strict quality control procedures were
implemented at every stage of the data collection.

The statistical analysis encompassed multiple comple-
mentary approaches to ensure robust data interpretation.
Descriptive statistics were applied, with categorical vari-
ables reported as frequencies and percentages, and con-
tinuous variables presented as medians with ranges due
to non-normal distribution. Two non-parametric tests were
used in this study: The Kruskal-Wallis test and the Mann—
Whitney U test, selected based on the results of the Shap-
iro—Wilk test, which indicated a violation of the normality
assumption for atorvastatin concentrations. The Krus-
kal-Wallis test was used to compare atorvastatin con-
centrations across 3 independent dose groups (10 mg/day,
20 mg/day and 40 mg/day), followed by post hoc pairwise
comparisons using Dunn’s procedure with Bonferroni cor-
rection to identify specific group differences. To compare
atorvastatin concentrations between patients with and
without a specific genotype, the Mann—Whitney U test was
applied, stratified by daily dose to control for dosing effects.
The interaction effects between genotype and dose were
not examined, as this was not an objective of the study.
Given that Allel/genotype is a naturally occurring, non-
manipulated variable, our analysis focused on evaluating
atorvastatin concentrations separately by genotype and
dose level, rather than exploring potential interactions
between these independent variables. A p < 0.05 was con-
sidered statistically significant for all tests.

Results
Demographic data

Data were collected from a total of 90 patients. The partici-
pants’ characteristics are summarized in Table 1. The cohort
included 41 women (45.6%) and 49 men (54.4%), with an age
range of 42 to 81 years. The majority of participants were
classified as overweight or having obesity class I (66.6%).
Most individuals were non-smokers, and coffee consump-
tion was more frequently reported than tea consumption.

Patient polypharmacy profile

On average, patients were taking 6 medications, with
some reporting the use of up to 14. Details on polyphar-
macy and supplement intake are presented in the accompa-
nying dataset. The most commonly used medications were
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Table 1. Descriptive demography

Variable | Description | n (%)
Gender female 41 (45.6)
male 49 (54.4)
40-59 years old 26 (28.9)
Age 60-65 years old 33(36.7)
>65 years old 31(344)

normal weight (18-24.9) 8(8.9)
overweight (25-29.9) 30(333)
BMI obesity class | (30-34.9) 30(33.3)
obesity class Il (35-39.9) 10(11.1)
obesity class Il (=40) 12 (13.3)
no 52(57.8)
Smoking yes 28 (31.1)
ex 10(11.1)
Coffee intake no 37(41.1)
(1-3 cups per day) yes 53 (58.9)
Tea intake no 56 (622)
(1-3 cups per day) yes 34 (37.8)

n - number of participants (their percentage of 90 participants);
BMI - body mass index.

metformin (64.4%) and aspirin (57.8%), while vitamin D
(cholecalciferol, 50,000 IU) was the most frequently re-
ported supplement, used by 37.8% of participants.

Genotyping

Figures 1-3 illustrate the results obtained using Gel-Imag-
ing analysis with a 3% (w/v) agarose gel stained with ethidium
bromide, alongside a 100 bp DNA ladder for fragment size
reference. As summarized in Table 2, more than half of the re-
cruited patients were homozygous mutants for SULTIA1
(55.6%). In contrast, the majority of patients were homozygous
wild-type for CYP2C19-2 (76.6%) and CYP2D6-4 (73.3%).

Dose-dependent variations in atorvastatin concentration

Patients were divided into 3 dosage groups: 10 mg (12.2%),
20 mg (67.8%), and 40 mg (20%). The Kruskal-Wallis test
revealed significant differences in atorvastatin concentra-
tions across these groups (p = 0.003): 10 mg (n = 11, me-
dian = 0.1 ng/mL, range: 0.028-1.35), 20 mg (n = 61, me-
dian = 3.6 ng/mL, range: 0.54-6.0), and 40 mg (n = 18,
median = 2.7 ng/mL, range: 0.38—5.29). Pairwise compari-
sons using Dunn’s procedure with Bonferroni correction
showed a significant difference between the 10 mg and
20 mg groups (p = 0.002), and a borderline significant dif-
ference between the 10 mg and 40 mg groups (p = 0.051).
No significant difference was found between the 20 mg and
40 mg groups (Table 3).

In addition to the observed dose-dependent differences,
women receiving 10 mg daily had significantly higher plasma
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Table 2. Description of the genotype for the patients

Gene o
Allele ‘ Genotype expression n (%)
wild-type e L)
(homozygous) yes 20(22.2)
U mutant-type o 40 (444)
(homozygous) yes 50 (55.6)
no 70 (77.8)
heterozygous
yes 20(22.2)
wild-type e =)
(homozygous) yes 69 (76.6)
CYP2C19-2 mutant-type - A
(homozygous) yes 0(0)
no 69 (76.6)
heterozygous
yes 21(233)
mutant-type e B2 1)
(homozygous) yes 8(8.9)
CYP2D64 wild-type - e
(homozygous) yes 66 (73.3)
no 74(82.2)
heterozygous
yes 16 (17.8)

n - number of participants (their percentage of 90 participants).

atorvastatin concentrations than men. This gender-based
variation may be attributed to differences in pharmacoki-
netics (PK), enzyme activity, or hormonal factors. No sig-
nificant associations were observed between atorvastatin
plasma concentrations and age, body mass index (BMI),
smoking status, or caffeine consumption (coffee or tea).

Atorvastatin drug-drug interactions
and polypharmacy

No significant correlations were found between the num-
ber of medications or supplements taken and plasma ator-
vastatin concentrations, nor between any specific medica-
tion and atorvastatin levels (see shared data).

Clinical parameters related to lipid profile

The analysis of atorvastatin’s impact on lipid profiles re-
vealed compelling associations. A statistically significant,
robust negative correlation was found between atorvastatin
concentration and low-density lipoprotein (LDL) levels,
with a similar correlation for total cholesterol (rs = —0.45,
p <0.001, and rs = —-0.41, p < 0.001, respectively). A weaker
but still statistically significant correlation was observed
with triglyceride levels (rs = -0.28, p = 0.016).

Regarding liver enzymes, most levels, including alanine
transaminase (ALT) and aspartate transaminase (AST), were
within the normal range, and there was no discernible cor-
relation between their levels and atorvastatin concentration
in plasma. Conversely, creatinine serum displayed a moderate
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Fig. 1. SULTIAT restriction gel-imaging results. Band 1,2: heterozygous,
band 3,4: mutant type (homozygous), Band 5,6: wild type (homozygous),
and L: 100 bp ladder

312b
212bp .

100 bp

L1123 4|5 ]L

Fig. 2. CYP2C19-2 restriction gel-imaging results. Band 1,2: Heterozygous,
band 3,4,5: wild type (homozygous), and L: 100 bp ladder

250 bp
103 bp

L1234 ]|5]6]L

Fig. 3. CYP2D6-4 restriction gel-imaging results. Band 1,2: heterozygous,
band 3,4: wild type (homozygous), band 5,6: mutant type (homozygous),
and L: 100 bp ladder

positive correlation with creatinine levels (rs = 0.28, p = 0.01),
indicating a potential influence on renal function. Lastly,
in the assessment of the uric acid serum, no correlation was
detected between atorvastatin plasma concentration and uric
acid serum levels, suggesting a distinct metabolic interaction.
These findings underscore the multifaceted effects of ator-
vastatin on various physiological parameters, necessitating
comprehensive monitoring in clinical contexts.
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Table 3. Atorvastatin concentration based on daily dose intake

Atorvastatin daily dose

Concentration/daily dose

20 mg

Independent-samples

Kruskal-Wallis test

Number of patients (%) 11 (12.2%) 61 (67.8%) 18 (20%)
Median (range) of concentration 0.10 (0.028-1.35) 3.6 (0.54-6.0) 2.7 (0.38-5.29) =113,

_ c
Shapiro-Wilk® test (df)? o.sgo< i O';S G=ey o.ss =i p=0003
Sample 1-Sample 2 test statistic standard test statistic Sig. Adj. Sig.®
10-40 —23.874 9.998 —2.388 0.017 0.051
10-20 —28.835 8.558 —3.369 0.001 0.002
40-20 4.961 7.007 0.708 0479 1.000

Jassumption of normality was assessed using the Shapiro-Wilk test, which indicated a non-normal distribution of the data (p < 0.05); °degrees of freedom
(df) correspond to the sample size minus one in each subgroup; ‘comparison to a x>-distribution (df, which is k = 1 (where k = number of groups)); p < 0.05
is considered statistically significant; “pairwise comparisons using Dunn’s procedure with Bonferroni correction; SE - standard error.

Atorvastatin concentrations are due to other variables,
including daily dose-dependent

In addition to daily dose intake showing a statistically
significant association with atorvastatin plasma concentra-
tion, women who received a daily dose of 10 mg showed
a significantly higher level of atorvastatin plasma concen-
tration than men. Several factors could contribute to this
gender difference, including pharmacokinetic differences,
enzyme activity, and hormone differences.

Age, BMI, smoking, coffee, and tea variables exhibited
no significant association with the plasma concentration.

Table 4. Genotype affecting atorvastatin concentration

Atorvastatin

Patients without genotype

(prevalence of genotype/

Allele CATEdfa daily dose | median (range) atorvastatin
concentration in plasma)
4 (100%)
10 mg
0.05 (4.9%)
Tl 44 (72.1%)
wild-type 20mg
(homozygous) 2.5(33.6)
16 (88.9%)
40 mg
2.7 (14.2)
1(9.1%)
10 mg
0.1(0)
. 28 (45.9%)
SULTIAT mutant-type 20 mg
(homozygous) 4.2(336)
11 (61.1%)
40 mg
2.8(14.2)
11 (100%)
10 mg
0.05 (4.9)
] . 50 (82%)
eterozygous mg
3.8(18.9)
9 (50%)
40 mg
26(6.1)

Among patients receiving 40 mg daily, those with
the CYP2D6-4 wild-type homozygous genotype
showed significantly higher atorvastatin levels

This group exhibited significantly higher plasma lev-
els compared to others at the same dose (Table 4). These
findings suggest that the CYP2D6-4 genotype influences
atorvastatin metabolism, with wild-type homozygous indi-
viduals potentially requiring lower doses to achieve thera-
peutic effects. This highlights the role of pharmacogenet-
ics in guiding individualized statin therapy to enhance
efficacy and minimize adverse outcomes.

Patients with
genotype (prevalence
of genotype/median
(range) atorvastatin
concentration in plasma)

Mann-Whitney
U test value

0 (0%)
17 (27.9%)
44(177)
2(11.1%)

1.8(2.7)
10 (90.9%)
0.05 (4.9)
33 (54.1%)
2.7 (18.9)
7 (38.9%)

26(6.1)

0 (0%)

11 (18%)
2.3(330)

9 (50%)

26(14.2)

4 (100%)
0.05 (4.9)
61 (100%)
33(33.6)
18 (100%)
2.7 (14.2)
11 (100%)
0.05 (4.9)
61 (100%)
33(33.6)
18 (100%)
2.7 (14.2)
11 (100%)
0.05 (4.9)
61 (100%)
3.2(33.6)
18 (100%)
2.7 (14.2)

N/A N/A
421 0.25
14 0.84
4 0.9
408 0.58
37 0.93
N/A N/A
238 0.53
44 0.79
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Table 4. Genotype affecting atorvastatin concentration— cont.

Patients with
genotype (prevalence
of genotype/median
(range) atorvastatin
concentration in plasma)

Patients without genotype
Atorvastatin (prevalence of genotype/
daily dose median (range) atorvastatin
concentration in plasma)

Mann-Whitney
U test value

Allele Genotype

3(27.3%) 8 (72.7%) 11 (100%)
10 mg 11 0.9
0.05 (1.3) 0.1(49) 0.05 (4.9)
iId- 14 (23%) 47 (77%) 61 (100%)
wild-type 20 mg 246 0.29
(homozygous) 3.6 (33.6) 29(17.7) 33(336)
4(22.2%) 14.(77.8%) 18 (100%)
40mg 10 0.06
51(11.1) 1.1(7.1) 27(142)
11 (100%) 0 (0%) 11 (100%)
10mg N/A N/A
0.05 (4.9) - 0.05 (4.9)
; 61 (100%) 0 (0%) 61 (100%)
Cypacig2 | mutanttype 20mg N/A N/A
(homozygous) 33(336) - 33(336)
18 (10%) 0 (0%) 18 (100%)
40 mg N/A N/A
27(142) - 27(142)
8 (72.7%) 3(27.3%) 11 (100%)
10 mg 13 1
0.1 (49) 005 (1.3) 0.05 (4.5)
] % 47 (77%) 14 (23%) 61 (100%) e 00
eterozygous m L
v J 29(17.6) 36 (336) 33(336)
14.(77.8%) 4(22.2%) 18 (100%)
40mg 46 0.06
11(7.1) 51(11.1) 27(142)
10 (90.9%) 1(9.1%) 11 (100%)
10mg 10 0.18
0.05 (1.6) 49(0) 0.05 (4.9)
; 56 (91.8%) 5 (8.2%) 61 (100%)
mutant-type 20 mg 364 043
(homozygous) 3.8(336) 28(38) 33(336)
16 (88.9%) 2(11.19%) 18 (100%)
40 mg 3 0.07
29(14.2) 02(03) 27(142)
4(36.4%) 7 (63.6%) 11 (100%)
10mg 145 1
0.09 (4.9) 0.05 (1.6) 0.05 (4.9)
iId- 15 (24.6%) 46 (75.4%) 61 (100%)
CYP2D6-4 wild-type 20 mg 107 065
(homozygous) 2.8(10.3) 3.9(33.6) 33(336)
5 (27.8%) 13 (72.2%) 18 (100%)
40 mg 62 0.002
04(04) 42(14.1) 27(142)
8 (72.7%) 3(27.3%) 11 (100%)
10mg 6.5 0.28
0.1 (49) 0.04(0.1) 0.05 (4.9)
51 (83.6%) 10 (16.4%) 61 (100%)
heterozygous 20mg 254 093
33(336) 33(336) 33(336)
15 (83.3%) 3 (16.7%) 18 (100%)
40 mg 6 0.06
3.1(142) 04(04) 27(142)

N/A - not applicable; values in bold are statistically significant.

Highest and lowest values Discussion

Notably, the top 5 patients with the highest atorvas- This study investigated the connection between ator-
tatin plasma concentrations — all receiving either 40 mg vastatin plasma levels in hyperlipidemic patients and
or 20 mg daily — shared the CYP2D6-4 wild-type homo- drug-metabolizing enzymes, particularly SULTIAI,

zygous genotype. This further supports the association CYP2D6-4, and CYP2CI19-2. Our investigation showed
between this genotype and elevated atorvastatin levels. a statistically significant correlation between the plasma
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levels of atorvastatin and the homozygous individuals
in the CYP2D6-4 wild type.

According to a 2012 randomized trial, rosuvastatin
raises plasma PCSK9 levels by 35% and 28% in men and
women after a year of use compared to a placebo. None-
theless, PCSK9 levels were not predictive of the LDL-C
response to statin treatment, as an inverse relationship was
observed — participants with lower LDL-C levels tended
to have higher PCSK9 concentrations.?

A 2012 study examined the relationship between SNP
rs1121617 and metformin glycemic response in 5 cohorts.
The effectiveness of metformin and genotype were found
to be related in patients with decompression sickness
(DCS). According to meta-analyses of prior cohorts and
studies, the metformin drug efficacy in type 2 diabetic
patients in the UK and the Netherlands is strongly cor-
related with the rs11212617 genotype.’

A 2012 study discovered that the CYP2C9 genotype sig-
nificantly reduces triglycerides and LDL-C in hypercholes-
terolemic patients taking fluvastatin. However, the rarity
of certain CYP genotypes makes it challenging to demon-
strate a positive genotype-fluvastatin effect correlation,
which is why the study’s conclusions are inconclusive.!

Interindividual variations in LDL-C response to statins
are attributed to genetics. A 2016 study assessed 59 LDL-C
SNPs, finding lead SNPs for APOE, SORT1, and NPC1L1
linked to lowered responses and a genetic predisposition
for higher LDL-C levels. This suggests that genetic pre-
disposition for elevated LDL-C levels may lower statin
therapy’s effectiveness.!!

A 2020 study found that patients with CYP2D6*3 and
ABCA1 mutations are less likely to meet therapeutic lipid
goals. Findings also suggest that genotyping of ABCAI,
CYP2D6, and CETP, pending further validation, could
support the selection and dosing of statins in the context
of personalized treatment strategies.!?

In a 2020 study involving 269 Chinese patients with hy-
percholesterolemia and diabetes mellitus, the ABCG2 421C
SNP was found to be the most significant SNP. The study
also examined the effect of transport-related SNPs on ro-
suvastatin PK.13

A study published in 2021 investigated the impact of ge-
netic polymorphisms on the therapeutic response to rosuv-
astatin, atorvastatin, and simvastatin in hyperlipidemic pa-
tients. The study enrolled 180 individuals aged 40-75 years.
Over a 4-month treatment period, all 3 statins were found
to effectively reduce LDL-C and total cholesterol levels. How-
ever, patients with the 51CC genotype exhibited a reduced
response to statin therapy. In contrast, the MRD1 polymor-
phism did not show a significant effect on statin efficacy.!*

Since 2021, Chinese researchers have investigated the re-
lationship between statin efficacy and ApoE gene polymor-
phisms. In a clinical study, 220 hyperlipidemic patients re-
ceiving statin therapy were enrolled to assess how variations
in the ApoE gene may influence treatment outcomes. Periph-
eral venous blood samples were obtained from all participants,
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and genotyping was performed to identify ApoE variants
(ApoE2, ApoE3, and ApoE4) to assess their potential influ-
ence on statin treatment efficacy. The findings of the study
demonstrated that ApoE4 differs from non-ApoE4 gene car-
riers. Comparing ApoE4 to non-ApoE4 gene carriers, ApoE4
demonstrated lower rates of TG and LDL reduction as well
as lower rates of high-density lipoprotein (HDL) rise. The re-
sults of the study indicate that the ApoE4 polymorphism is not
only linked to hyperlipidemia but also significantly influences
the therapeutic response to statin treatment.!”

A significant correlation was found between the CYP2D6-4
polymorphism and interindividual variability in plasma atorv-
astatin levels among hyperlipidemic patients, suggesting a po-
tential role in influencing drug metabolism and therapeutic re-
sponse. This finding emphasizes the value of tailored medicine
in treating hyperlipidemia, making it clinically substantial.
Genotyping-based personalized dosing can improve patient
compliance, minimize side effects, and maximize therapeutic
results. Patients with the homozygous CYP2D6-4 wild-type
genotype, in particular, may benefit from therapy at lower dos-
ages, lowering the possibility of adverse effects linked to higher
atorvastatin concentrations. By incorporating genotyping into
standard clinical practice, physicians can better manage lipid
levels and reduce the risk of cardiovascular disease by custom-
izing statin therapy to each patient’s genetic profile.

Limitations

Although the findings of this study are significant, certain
limitations should be acknowledged. Although 90 patients
is a sufficient sample size for preliminary analysis, it might
not be enough to extrapolate the findings to the larger Jor-
danian population or other ethnic groups. Furthermore, only
a few genetic polymorphisms (CYP2D6-4, SULT1A1, and
CYP2C19-2) were examined in this study; however, other
genetic factors may also affect the metabolism and response
to atorvastatin. Furthermore, the study’s detailed investigation
of lifestyle factors that may affect drug metabolism, nor its
accounting for possible interactions with other medications,
is beyond the scope of this study. Finally, the study’s cross-
sectional design makes it difficult to determine causality.

Recommendations

Expanding the sample size and incorporating diverse
populations into future research is imperative to ensure
cross-validation of the findings across genetic back-
grounds. Plasmid plasma concentrations and genetic
polymorphisms may be related in a causal manner, ac-
cording to a long-term research design. Comprehensive
pharmacogenomics profiling, encompassing a wider va-
riety of genetic variants, may also offer a more compre-
hensive understanding of the variables influencing statin
metabolism and efficacy. Further refining individualized
treatment strategies would involve examining the effects
of other medications, lifestyle factors, and comorbidities



Adv Clin Exp Med. 2026;35(1):121-129

on atorvastatin levels. Lastly, tests integrating genotyping
into standard medical practice illustrate the usefulness
and viability of tailored statin treatment, which may result
in revised protocols for treating hyperlipidemia.

Conclusions

This study successfully developed a validated LC-MS/
MS method for quantifying atorvastatin in plasma and
demonstrated its application in therapeutic drug monitor-
ing for hyperlipidemic patients. A key finding was the sig-
nificant influence of the CYP2D6-4 wild-type homozygous
genotype on atorvastatin plasma concentrations, indicat-
ing the potential for dose adjustment based on genetic
profile. These results underscore the value of integrat-
ing pharmacogenetic testing into routine clinical practice
to guide individualized statin therapy, particularly in ge-
netically diverse populations like Jordanians.

Data availability

The datasets supporting the findings of the current
study are available from the corresponding author on rea-
sonable request. The data are not publicly available due
to legal/ethical reasons. The study adheres to the ethical
guidelines of Jordan Ministry of Health, as well as the Hel-
sinki Declaration and Good Clinical Practice (GCP) stan-
dards, which emphasize the protection of patient data
and confidentiality. Disclosure of sensitive medical data
to the public would conflict with these standards and local
health regulations.
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Highlights

pivotal clinical data.
(VGPR; 9.6%) fell below trial benchmarks.
reduced Kd-70 effectiveness.

treatment regimens.

+ Real-world Kd-70 regimen matches A.R.R.O.W. trial overall response rate (ORR): Achieved a 67.2% ORR, mirroring
+ Lower deep-response rates vs A.R.R.O.W Complete responses (CR; 5.3%) and very good partial responses
+ Primary resistance limits early efficacy: Patients progressing within 12 months of diagnosis showed significantly

« Prior therapy lines don’t impact Kd-70 success: Efficacy remained consistent regardless of the number of previous

Background

The A.R.R.OW. trial demonstrated that once-weekly dos-
ing of carfilzomib (70 mg/m?) in combination with dexa-
methasone (Kd-70) is more effective than the traditional
twice-weekly dosing of carfilzomib (27 mg/m?) in patients
with relapsed and refractory plasma cell myeloma (RRMM).!
Specifically, progression-free survival (PFS) was significantly
improved with the Kd-70 regimen (11.2 months vs 7.6 months,
p =0.003), while maintaining a similar safety profile. This reg-
istration study provides the evidence supporting the imple-
mentation of the Kd-70 regimen into clinical practice. Accord-
ing to the National Comprehensive Cancer Network (NCCN)
guidelines, as well as the European Hematology Association
— European Society for Medical Oncology (EHA-ESMO)
recommendations, the Kd-70 schedule is a treatment option
for selected previously treated myeloma patients.>* Although
6 years have passed since the publication of the A.R.R.O.W.
study results, to the best of our knowledge, only 1 publication
has been released to date regarding the effectiveness of this
two-drug regimen with carfilzomib at a 70 mg/m? dosage
in clinical practice.

Objectives

We aimed to assess the effectiveness of the two-drug regi-
men Kd-70 in real-world clinical practice, focusing on its per-
formance in everyday clinical settings. We evaluated the re-
sponse to Kd-70 and PDS in patients with RRMM, considering
factors such as monoclonal protein type, age, the number
of prior treatment lines, and the time since diagnosis.

Materials and methods

According to the Polish guidelines published between
2018 and 2023, the standard first-line therapy in Poland for
transplant-eligible patients included bortezomib, thalido-
mide and dexamethasone (VTD). For patients ineligible for
transplantation, the recommended regimen was melpha-
lan, prednisone, and thalidomide (MPT).

Kd-70 was available during that period of time for 2",
3'd- and 4*"-line treatment under a ministry-regulated drug
—access program. Lenalidomide with dexamethasone (LD)
and daratumumab with bortezomib and dexamethasone
(DVD) were also available through the same program.*®
In accordance with the guidelines of the Polish Ministry
of Health, baseline patient demographics, clinical data and
treatment outcomes for all patients treated within the drug
programs had to be reported to the Ministry’s registers.
We assumed that all patients met the eligibility criteria
for the drug program that were in effect during the study
period. These criteria included 1-3 prior therapy lines, no
heart failure of New York Heart Association (NYHA) class
IIT or IV, and no other cardiac contraindications to the use
of carfilzomib, as well as sufficient bone marrow func-
tion, indicated by appropriate hematological parameters.
We conducted an analysis of data from 412 consecutive
patients reported in the Ministry of Health’s electronic
records in Poland, covering the period from May 1, 2021,
to April 5,2023. The treatment protocol involved adminis-
tering intravenous carfilzomib at 20 mg/m? for the 1** dose
in the first cycle, followed by 70 mg/m? in subsequent weeks
(on days 1, 8 and 15), in combination with oral dexameth-
asone (40 mg) once weekly, in 28-day cycles. Treatment
was to be continued until evidence of disease progression.
The primary endpoint of our study was the overall response
rate (ORR). We analyzed various clinical data available
in the Ministry’s records, including monoclonal protein
type, age, gender, therapy line, and time since diagnosis,
to identify response predictors. The current International
Myeloma Working Group (IMWG) criteria were used to as-
Sess responses.

Statistical analyses

Data from all eligible patients were collected using a stan-
dardized, anonymized case report form. The collected vari-
ables included patient age, gender, M protein type, number
of previous treatment lines, time from diagnosis to Kd-70
treatment, response to Kd-70 treatment, time to disease
progression, and time to death. The distribution of con-
tinuous variables was assessed. Since age did not follow
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anormal distribution, as confirmed with the Shapiro—Wilk
test (W = 0.9765, p < 0.001), it was reported as the median
and interquartile range (IQR). Categorical variables were
summarized as frequencies and percentages based on avail-
able data. Comparisons between groups based on response
to Kd-70 treatment were performed using the x? test for
categorical variables. Progression-free survival was defined
as the time from the initiation of Kd-70 treatment to disease
progression, death from any cause or the end of the obser-
vation period. Overall survival (OS) was defined as the time
from the initiation of Kd-70 treatment to death from any
cause or the end of the observation period. The probabili-
ties of PES and OS were estimated using the Kaplan—Meier
method. All statistical analyses were performed using Sta-
tistica v. 13.3 (TIBCO Software Inc., Palo Alto, USA).
This study was conducted in accordance with the prin-
ciples outlined in the Declaration of Helsinki. The study
was approved by the Bioethics Committee of Wroclaw
Medical University, Poland (approval No. KB 208/2023).

Results
Patients’ characteristics

The median age of the patients was 67 years (IQR:
61-72). There were 190 women (46.1%) and 222 men
(53.9%). The majority of patients (74.8%) had an Eastern
Cooperative Oncology Group (ECOG) performance sta-
tus of 1. Monoclonal protein characteristics were typi-
cal, with dominance of immunoglobulin G (IgG) (57.6%)
in the heavy chain and kappa (67.5%) in the light chain.
Selected laboratory and demographic characteristics are
provided in Table 1. All patients were required to have
adequate heart function, with an ejection fraction >40%,

Table 1. Selected demographic and laboratory characteristics of patients
treated with the Kd-70 regimen in Poland

Feature | n (%) or median (Q1-Q3)
Age [years] 67 (61-72)
female 190 (46.1)
Sex
male 222 (53.9)
ECOGT1 308 (74.8)
ECOG scale
ECOG2 104 (25.3)
IgG 237 (57.6)
IgA 86 (20.9)
M protein
type IgM 1(0.2)
light chain disease 118 (28.6)
non-secretory 16 (3.9)
Number 1 210(51.0)
of previous 2 123 (29.8)
therapy lines 3 79(19.2)

Q1 - lower quartile; Q3 — upper quartile; ECOG - Eastern Cooperative
Oncology Group; M protein — monoclonal protein.
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as patients with an ejection fraction <40% were excluded.
Fifty-one percent of patients had received 1 prior line
of treatment.

Response rate

Response to treatment was assessed in 344 patients, with
34 early deaths (ED) observed. Early deaths had occurred
before assessment was conducted and were considered
treatment failure, i.e., lack of response. In an additional
68 patients, the effectiveness of therapy was not assessed
at the time of data collection. The ORR was 67.15%. Just
under 15% of patients achieved a complete response (CR)
or very good partial response (VGPR), approx. 52% met
the criteria for a partial response (PR), and nearly 33% did
not achieve a sufficient treatment effect (stable disease
(SD), progressive disease (PD) or ED). Nearly 10% (34/344)
of patients died before response assessment could be con-
ducted. The best response achieved after a median of 2 cy-
cles (range: 1-4) is shown in Fig. 1. There was no differ-
ence in response rate based on patients’ age or the number
of prior therapy lines (Table 2). The stratification into age
groups, including the 40—49 age range, also did not reveal
statistically significant differences in response to the Kd-70
regimen. However, our observations revealed a significant
difference in ORR between patients who received Kd-70
within 1 year of diagnosis and those who received treat-
ment later. Specifically, the ORR was 50% in the former
group, compared to 72.7% in the latter group (p = 0.00003)
(Table 3). Therapy was discontinued in 197 patients (47.8%)
after a median of 4 cycles (range: 1-19 cycles) of Kd-70 due
to various reasons (n = number of patients): no response
(n = 120), death (n = 45) and toxicities (n = 22). In 6 pa-
tients, Kd-70 was not continued after autologous stem
cell transplantation. In 4 patients, the reason for therapy
termination was not provided. Among the 87 patients di-
agnosed <1 year before the introduction of Kd-70, therapy
was discontinued in 58 (66.6%) cases, while in those di-
agnosed >1 year prior, therapy was discontinued in 42.7%
(139/325) of cases.

Survival

The median follow-up time was 8 months (range:
1-23 months). The median progression-free survival
(PFS) was 7.2 months (95% confidence interval (95% CI):
6.1-8.4), with a 1-year PFS rate of 35.1% (95% CI: 31.1-39.3)
and a 1-year OS rate of 85.6% (95% CI: 62.0-95.6). A total
of 45 deaths (10.9%) were reported during the follow-up
period. The majority of these deaths, 34 in total, occurred
before response assessment was conducted (ED). In most
cases, no cause of death was reported, except for 5 patients
in whom disease progression was noted. The death rate
in patients treated with Kd-70 within 1 year of diagnosis
was 20.7% (18/87), compared to 8.3% (27/325) in those di-
agnosed more than 1 year before Kd-70 implementation.
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Fig. 1. Best response achieved during Kd-70 therapy

CR - complete response; VGPR - very good partial response; PR — partial response; SD + PD - stable disease and progressive disease.

Table 2. Relationships between response to treatment and patients’ age and previous therapy lines in the x? independence test

Parameter >0+ FD ED"
n n n (%) n (%)
Age
Age: <60 years 74 5(6.8) 5(6.8) 35(47.3) 22(29.7) 7(9.5) 45 (60.8)
Age: 60-69 years 147 7 (4.8) 15(10.2) 77 (524) 31(21.1) 17(11.6) | 10.89 0.21 99 (67.4) 207 0.36
Age: >69 years 123 6(4.9) 13(10.6) 68 (55.3) 26 (21.1) 10 (8.1) 87 (70.7)
Number of prior therapy lines
Kd-70 as 2 line 180 7(3.9) 21(11.7) 97 (53.9) 39(21.7) 16 (8.9) 125 (69.4)
Kd-70 as 3 line 97 9(93) 8(83) 46 (47.4) 24 (24.7) 10(10.3) 7.62 047 63 (64.9) 0.18 091
Kd-70 as 4" line 67 2(3) 4(6) 37(55.2) 16 (23.9) 8(11.9) 43 (64.2)

CR - complete response; VGPR - very good partial response; PR — partial response; ORR — overall response rate (CR + VGPR + PR); SD - stable disease;
PD - progressive disease; *in early deaths (ED) response was not assessed; n — number of patients.

Table 3. Relationships between Kd-70 timeline and its effectiveness in the x? independence test

Tl ses reaparas Kd-70 <1 ye;:(r){;(l):\:di%gnosis (n, %) Kd-70 >1 yetzz)rt;rlor:n:dziggnosis (n, %)
CR 0 18 (6.7)
VGPR 7(9.2) 26 (9.7)
PR 29 (38.2) 151 (45.3) 2142 0.0003
SD+PD 26 (34.2) 53(19.8)
ED before response assessment 4(18.4) 20 (7.5)
ORR (CR +VGPR + PR) 38 (50) 195 (72.7) 14.03 0.0002

CR - complete response; VGPR - very good partial response; PR — partial response; ORR — overall response rate (CR + VGPR + PR); SD - stable disease;
PD — progressive disease; *in early deaths (ED) response was not assessed.

Discussion 2021 under the ministry-regulated access to the drug pro-
gram. We analyzed the information available in the minis-

The two-drug Kd-70 regimen (carfilzomib 70 mg/m? and try’s records for all patients treated in the country (n = 412)
dexamethasone) was approved for use in Poland in May from May 1, 2021, to April 5, 2023. Upon reviewing
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the collected data, we compared the obtained results with
the findings of the registry study. Noteworthy distinc-
tions emerged between the Polish Kd-70 population and
the A.R.R.O.W. study. Our study group comprised patients
treated with Kd-70 after 1-3 prior lines of therapy, whereas
in the A.R.R.O.W. study, patients had received 2 or 3 prior
lines of treatment, according to the inclusion criteria. Ad-
ditionally, in our dataset, patients’ ECOG scores ranged
from O to 2, while in the A.R.R.O.W. study, the inclusion
criterion was ECOG scores of 0-1.°

Recently, an analysis of 114 cases of RRMM treated with
Kd-70 in Japan, the “Weekly-CAR” study, was published.
However, comparing our observations with the cohort de-
scribed in this analysis is challenging due to differences
in patient characteristics. In the mentioned study, more
than 48% of the patients had previously received at least
4 lines of treatment.”

The ORR reported in our study, 67.15%, closely mirrored
the outcomes documented in the A.R.R.O.W. study, where
the ORR ranged between 61% and 65%, and in the Japanese
publication, which reported an ORR of 66.3%. However,
our Kd-70 population exhibited a lower percentage of CR
and VGPR compared to the A.R.R.O.W. and “Weekly-CAR”
studies. The therapeutic benefits of Kd-70 were evident
regardless of age and the number of prior therapy lines,
consistent with observations from the A.R.R.O.W. study.®

We were unable to find any publications on the clinical
use of Kd-70 beyond the “Weekly-CAR” project. Therefore,
we briefly compare our results with studies that exclusively
or primarily involve earlier versions of the Kd regimen,
including the twice-weekly administration of carfilzomib.

In a prospective observational study (n = 273; carfilzo-
mib at a dose of 20/56 mg/m? weekly), the ORR was 63%
in patients who had previously received an average of 2
or 3 lines of treatment. The mortality rate ranged from 7%
in groups without lenalidomide resistance to 9% in those
with lenalidomide resistance.®

Comparable ORR values were reported in a study by Ter-
pos et al.,” with an ORR of 62.1% (n = 93; carfilzomib
at a dose of 20/56 mg/m? weekly), and by Onda et al., with
an ORR of 62% (n = 41 for Kd-56 and n = 9 for Kd-70).1°

In another observational study (n = 103; carfilzomib
at a dose of 20/56 mg/m? weekly), the ORR was 54.7%.
Notably, nearly 36% of patients in this cohort were treated
with this regimen as the 5% or later line of therapy.!!

An assessment of the safety profile based on the avail-
able data was not possible. We found that Kd-70 therapy
was discontinued after an average of 4 cycles in the Polish
patient population. The primary reason for discontinua-
tion was lack of efficacy, followed by the occurrence of ad-
verse effects. This is consistent with observations from
the “Weekly-CAR” project.’

Our analysis revealed a significant distinction among
patients treated with Kd-70 within the 1% year of diagnosis.
This subgroup demonstrated significantly poorer outcomes
compared to those who received Kd-70 at a later stage.
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These outcomes included a lower response rate, higher
mortality and more frequent discontinuation of Kd-70 ther-
apy. This disparity suggests a potential association between
treatment refractoriness to Kd-70 in patients treated within
1 year of diagnosis and the presence of primary resistance,
characterized by a more aggressive clinical course.

Limitations

This study has several limitations, primarily stemming
from its retrospective design and the limited clinical data
available in the ministry’s drug program registries. Nota-
bly, the absence of information on patients’ genetic profiles
and the specific types of adverse events limits the ability
to conduct a more comprehensive and detailed analysis.
Nevertheless, it is important to note that these data provide
valuable insights derived from real-world practice involving
the two-drug Kd-70 regimen in a substantial population
of patients with relapsed and refractory multiple myeloma.

Conclusions

In real-world practice, the Kd-70 regimen yielded a com-
parable ORR to the results observed in the A.R.R.O.W. trial,
but with a lower rate of CR and VGPR. Notably, treatment
outcomes with the Kd-70 regimen during the 1% year fol-
lowing diagnosis were markedly inferior compared to those
in patients with a more extended treatment history. This dis-
crepancy may be attributed to primary resistance and a more
aggressive disease profile within this particular subgroup.
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Abstract

Background. Vascular injury is a central and early feature of systemic sclerosis (S5¢) pathogenesis. Although
nailfold capillaroscopy (NC) effectively visualizes characteristic peripheral arteriolar and capillary changes,
the retinal microcirculation provides a noninvasive, high-resolution view into subtler vascular dysfunction.
Consequently, retinal vascular imaging may offer an ideal modality for monitoring microvascular injury and
detecting early manifestations of SSc.

Objectives. To compare retinal microvascular parameters between SSc patients and healthy controls us-
ing adaptive optics (AO) imaging, and to evaluate the correlation between adaptive optics-derived retinal
measurements and NC findings in SSc.

Materials and methods. The study included 31 patients with SSc and 41 healthy controls. The AQ im-
ages of the retinal arteries were obtained in both groups and the measurements were compared. Nailfold
capillaroscopy was also performed in the SSc cohort, and its findings were directly compared with the AQ
imaging results.

Results. Retinal arterial wall thickness was significantly lower in SSc patients than in healthy controls
(p=10.016), and the wall-to-lumen ratio was similarly reduced in the SSc group (p = 0.048). Within the SS¢
cohort, hypertensive patients exhibited a significantly greater wall cross-sectional area compared to those
without hypertension (p = 0.026).

Conclusions. Adaptive optics retinal imaging demonstrated a significant reduction in mean arterial wall
thickness in SSc patients compared with healthy controls. However, no correlation was identified between
the AQ findings and the NC parameters or the disease stage. Our analysis revealed that alterations in retinal
vascular parameters were confined to SSc patients with comorbid hypertension or those receiving sildenafil
therapy. To fully establish the clinical utility of adaptive opticsimaging in SSc, and to elucidate its relationship
with NC findings, larger, multicenter studies with more diverse patient cohorts are warranted.

Key words: systemic sclerosis, scleroderma, adaptive optics, nailfold capillaroscopy, retinal microvasculature
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Highlights

AQ imaging in scleroderma patients.

in detecting SSc microangiopathy.

monitoring of microvascular changes in scleroderma.

« Adaptive optics unveils retinal microvascular changes in systemic sclerosis (SSc): First study to apply high-resolution
«+ Concordance between nailfold capillaroscopy and adaptive optics metrics: Combined modalities enhance accuracy

« Thinner retinal vessel walls in SSc vs controls: Quantitative AO analysis shows significant retinal wall thinning.
+ Adaptive optics as a novel diagnostic tool for SSc microvascular injury: Promises noninvasive, early detection and

Background

Systemic sclerosis (SSc) is a connective tissue disorder
caused by autoimmunity. It is characterized by obliterative
vasculopathy, widespread fibrosis and a dysregulated im-
mune response."? Vascular involvement represents an ini-
tial and pivotal factor in the pathogenesis of the disease,
as well as in the development of multiple organ dysfunction.
The vasculopathy in SSc includes thrombosis, vasospasm
and vessel lumen obliteration leading to microangiopathy.?
Microcirculatory changes observed in the capillaries are
the hallmark of the disease.

Nailfold capillaroscopy (NC), as a noninvasive imaging
technique, is routinely used to assess peripheral capillary
abnormalities in scleroderma patients and is included
in the diagnostic criteria for SSc.>* Therefore, this tool
plays a pivotal role in both diagnosing and monitoring
the progression of the disease.

A range of ocular manifestations have been observed
in patients with scleroderma, including those affecting
the posterior segment of the eye.>~1° Recent research
has concentrated on retinal and choroidal alterations
observed in these individuals. Advanced imaging meth-
ods, such as optical coherence tomography angiogra-
phy (OCTA), have facilitated the detection of structural
changes in the retinal microvasculature linked to systemic
diseases.

Adaptive optics (AO) imaging represents a noninvasive
tool for the visualization of retinal structures, including
photoreceptors, blood vessels and nerve fibers, in vivo
at the microscopic level. The camera employs infrared
illumination with a wavelength of 850 nm.!* The AO tech-
nology is employed for the evaluation of retinal vessels
in healthy eyes and arterial hypertension, as well as in ocu-
lar pathologies such as diabetic retinopathy, glaucoma,
retinal vessel occlusion and retinal vasculitis.!?-22

Objectives

The study aimed to assess and compare the retinal
microvasculature parameters in scleroderma patients
and healthy controls using AO imaging. Furthermore,

we aimed to evaluate the relationship between NC find-
ings, disease characteristics and AO results within the SSc

group.

Materials and methods

The study was conducted at the Military Institute of Avi-
ation Medicine (Warsaw, Poland) between March 2022 and
May 2023. The study received approval from the Ethics
Committee Reviewing Biometric Research at the Military
Institute of Aviation Medicine (approval No. 1/2022) and
followed the tenets of the Declaration of Helsinki.

The purpose and procedures of the study were thoroughly
explained to the participants, and written consent was sub-
sequently obtained from individuals. The study sample
comprised patients with SSc from the Department and Poly-
clinic of Systemic Connective Tissue Diseases at the Na-
tional Institute of Geriatrics, Rheumatology and Rehabilita-
tion in Warsaw. Healthy participants were enrolled during
routine appointments at the Department of Ophthalmology
in the Military Institute of Aviation Medicine.

Participants

A total of 31 patients (61 eyes) diagnosed with SSc and
41 healthy controls (81 eyes) were included in this and our
previous study.?® No significant differences were observed be-
tween the scleroderma patients and the control group regard-
ing age, gender distribution or axial length (Table 1,2). Within
the study cohort, 71.4% of patients were diagnosed with diffuse
cutaneous SSc, while 28.6% were diagnosed with limited cu-
taneous SSc. Nailfold capillaroscopy revealed an early sclero-
derma pattern in 5 patients, an active pattern in 12 and a late
pattern in 9. Within the SSc cohort, 2 patients had pulmonary
arterial hypertension (PAH), 8 developed digital ulcers and
8 were hypertensive. A total of 13 participants were treated
with sildenafil, while 12 were treated with amlodipine. Inter-
stitial lung disease was identified in 11 patients, of whom 64%
were classified as having nonspecific interstitial pneumonia
(NSIP) and 36% as having usual interstitial pneumonia (UIP).
Elevated pro-B-type natriuretic peptide (proBNP) levels were
observed in 16.1% of the studied cases (Table 3).
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Table 1. Baseline characteristics of the study cohort

Analyzed trait* | Statistic
Number of participants, n (%) 72 (100.00)
Number of eyes, n (%) 142 (100.00)
female 49 (60.06)
Gender
male 23(31.94)
Age [years], Me (Q;-Q5) 46 (36-55)
) ) . W =0.933
Shapiro-Wilk W test for normality 0 < 0001

*Statistic parameters used: n — absolute number; % — percentage;
Me - median; Q — quartiles.

Table 2. Baseline characteristics of the study cohort by occurrence
of scleroderma

Scleroderma

Analyzed trait

present absent
Number
of participants, n (%) SIE AR ee ) a
Number of eyes, n (%) | 61(42.96) = 81 (57.04) -
Gender,  female | 22(70.97) | 27(6585) xzd:f(i-2]09
n male | 9(2903) | 14(3415) b= 0647
Levene's test
48 F(1,140)=1.137
Age [years], (40-54) 41 (35-55) p=0.2838
Me (Q,-Q3) W= 0935 W=0.0867 Mann-Whitney test
Shapiro-Wilk test jObO3 p <0.001 U =2070.000
p=" Zeo = 1651
p = 0.099
2353 2378 Levene’s test
(2288 23.13- F(1,121)=0475
AL [mm], Me (Q]*Qg) ' ’ p= 0492
) ) 24.20) 24.35)
Shapiro-Wilk test ANOVA
W=0968 | W=0970
0114 ~0129 F(1,121)=0.138
p=L p=5 p=0711

*Statistic parameters used: n — absolute number; % — percentage;
Me — median; Q - quartiles; ANOVA — analysis of variance; df — degrees
of freedom; AL - axial length.

Methods

A comprehensive ophthalmic examination was per-
formed on all participants. This included assessments
of best-corrected visual acuity (BCVA), intraocular pres-
sure, refraction, anterior segment examination, fundos-
copy with pupillary dilatation, and axial length (AL)
measurement. Exclusion criteria were refractive errors
beyond -3.0 or +3.0 diopters and any pathological ocular
condition, including glaucoma or retinal and choroidal
diseases. Moreover, eyes with low-quality AO images were
also excluded. The BCVA was measured monocularly us-
ing LogMAR charts (Lighthouse International, New York,
USA) at 5 m, while AL was assessed using the IOL Master
500 (Carl Zeiss Meditec AG, Jena, Germany).

All participants with scleroderma underwent a clinical
evaluation and NC. The clinical data collected from each
SSc patient comprised the following: The type of SSc (either

Table 3. Baseline characteristics of the scleroderma group (n = 31)

n %
M (SD) Me (Q-Q3)
Gender female 22 710
male 9 29.0
localized 8 286
Scleroderma systemic 20 714
capillaroscopy 27 96.4
none 2 7.1
Scleroderma early 5 17.9
pattern active 12 429
late 9 321
anti-PM/SCL 1 36
PCTH fibrillarin 3 10.7
anti-Scl-70-antibodies 17 54.8
Centromere 8 258
normal 2 7.1
glf“v”;i:s reduced 20 715
very reduced 6 214
Avascular are 16 57.1
Giant capillaries 14 50.0
Hemorrhages 11 393
Branched vessels 10 357
MES 22(1.1) 2.5(1.1-3.1)
Shapiro-Wilk test W =0.848 p < 0.001
Interstitial lung disease 12 429
PAH 2 7.1
NSIP 7 226
ulP 4 143
MMF 13 419
MTX 7 25.0
mRSS 8.1(79) 2.0(2.0-120)
Shapiro-Wilk test W=0.771 p < 0.001
Finger ulcers 8 286
RVSP > 35 mm Hg 3 1.1
Elevated proBNP 5 185
Arterial hypertension 8 258
Administration of sildenafil 13 419
Administration of amlodipine 12 387

Missing data were pair-wise deleted. For discrete variables: n — number;
% — percentage. For numerical traits: M — mean; SD - standard deviation;
Me - median; Q - quartiles; anti-PM/SCL - anti-polymyositis/scleroderma
antibodies; PAH — pulmonary arterial hypertension; NSIP — non-

specific interstitial pneumonia; UIP — usual interstitial pneumonia,

MMF — mycophenolat mofetil; MTX — methotrexate, mRSS — modified
Rodnan Skin Score; RVSP - right ventricle systolic pressure;

MES - the microangiopathy evolution score.

limited or diffuse cutaneous scleroderma), the presence of in-
terstitial lung disease (classified as either NSIP or UIP), hyper-
tension, elevated proBNP, and the treatment method (admin-
istrations of sildenafil or amlodipine). The NC was conducted
using the CapillaryScope 200 Pro (Dino-Lite, Taipei, Taiwan),



140

K. Paczwa et al. Adaptive optics in scleroderma patients

following the manufacturer’s guidelines. To ensure consis-
tency, allimages were captured by the same expert, maintain-
ing uniformity in lighting, focus and positioning.

The study aimed to categorize scleroderma microangi-
opathy using the Cutolo classification and to assess multiple
capillaroscopic parameters — vessel density, hemorrhages,
capillary morphology, giant capillaries, and avascular areas.
The classification was based on identifying specific capillary
abnormalities linked to different disease stages. In each NC
image, vessel density was classified as normal (=7 capillaries),
reduced (4—6 capillaries) or severely reduced (<3 capillaries).
This classification offered valuable insights into the micro-
vascular changes linked to the progression of scleroderma.
For each participant, we recorded capillaroscopic features
— including hemorrhages, tortuous (branched) vessels, gi-
ant capillaries, and avascular zones — offering crucial insight
into the microvascular abnormalities characteristic of SSc¢.2*
The Dino-Lite capillaroscope underwent routine quality con-
trol checks, during which calibration images were acquired
to confirm accurate color reproduction and resolution.

Images of retinal arterioles using an AO retinal cam-
era (rtx1™; Imagine Eyes, Orsay, France) were captured
in both patient groups. Before imaging, participants re-
ceived 1 drop of 1% tropicamide for pupil dilation. Reti-
nal artery images were analyzed with AOdetectArtery
software (rtx1™; Imagine Eyes), focusing on the superior
quadrant arterioles with a lumen diameter of at least 40 um
and no bifurcations. Two measurements were taken, and
the highest-quality scan was selected for analysis.

The main vascular parameters obtained with AO were
total vessel diameter (TD), lumen diameter (LD) and wall
thickness (WT). The software also calculates 2 additional
vascular metrics: The wall-to-lumen ratio (WLR), defined
as wall thickness (WT) divided by lumen diameter (LD),
and the wall cross-sectional area (WCSA), computed
as 1t x [(TD/2)? — (LD/2)?], which represents the area oc-
cupied by the vessel wall (Fig. 1,2).

Statistical analyses

Qualitative variables were shown as integers with per-
centages. Quantitative parameters were presented accord-
ing to their weighted arithmetic mean, median, standard
deviation (SD), and min—max values. Relationships among
the examined qualitative variables were illustrated using
contingency tables. Relationships among categorical vari-
ables were assessed using Pearson’s x? test when all expected
cell counts were >5, and Fisher’s two-tailed exact test when
any expected count fell below 5. The Shapiro—Wilk W test
was used to assess the normality of distribution and Lev-
ene’s test was fitted to check the homogeneity of variances.
Differences between independent groups for normally dis-
tributed numerical variables with homogeneous variances
were assessed by one-way analysis of variance (ANOVA)
without replication. Variables failing to meet normality
or homogeneity of variance assumptions were analyzed

Fig. 1. Adaptive optics (AO) image of the retinal artery in a patient with
scleroderma

Fig. 2. Adaptive optics (AO) image of the retinal artery in a patient with
scleroderma

with nonparametric tests — namely, the Mann—Whitney
U test for dichotomous independent variables and the Krus-
kal-Wallis H test for variables with more than 2 categories.
A level of p < 0.050 was deemed statistically significant.
All the statistical procedures were performed using STA-
TISTICA v. 13.3 (TIBCO Software Inc., Palo Alto, USA).

Results

The study included 31 SSc patients (61 eyes) and
41 healthy controls (81 eyes). No significant differences
between the 2 groups regarding retinal arteries TD, LD,
second wall thickness, and WCSA were found (Table 4).
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Fig. 4. Graphical presentation of the measures of location (median,
quartiles) and dispersion (min—-max values) of the wall-to-lumen ratio in
the study participants’ eyes by occurrence of scleroderma

Mean retinal arterial wall thickness was significantly
lower in SSc patients than in healthy controls (p = 0.016),
and the wall-to-lumen ratio was also notably decreased
in the SSc group (p = 0.048) (Table 4; Fig. 3,4).

Retinal vessel parameters obtained through AO, includ-
ing TD, LD, wall thicknesses, WLR, and WCSA, were
analyzed in relation to NC findings and clinical features
of SSc. No statistically significant correlation was observed
between retinal vessel parameters and capillaroscopic pat-
terns, nor between these parameters and the type of SSc
(Table 5-7). The WCSA was significantly higher in hyper-
tensive SSc patients compared to those without hyperten-
sion (p = 0.026; Table 7).

Discussion

Vascular damage is a hallmark of SSc and plays a piv-
otal role in its pathogenesis. It has been established that

4

microvascular changes primarily affect peripheral ar-
terioles and capillaries. Generalized vasculopathy has
been demonstrated to contribute significantly to perfu-
sion disorders in both the retina and the choroid. There-
fore, the retinal microvasculature offers an ideal window
for monitoring disease progression and detecting early
pathological changes. Previous studies have shown that
retinal findings, such as hard exudates, vascular tortuos-
ity and arterial narrowing, as well as microhemorrhages,
have been discovered in patients with SSc during fundus
examination.?>~*” The presence of small retinal capillary
abnormalities can be detected through a range of diag-
nostic techniques, including OCTA and fluorescein an-
giography (FA). The morphological changes in the retinal
caliber, shape, or lumen diameter are valuable for assessing
the state of microcirculatory perfusion. Therefore, we hy-
pothesized that adaptive optics retinal imaging, as a novel
noninvasive method, could aid in the detection of abnor-
malities in the structure of retinal vessels.

In this study, AO was used for retinal artery assess-
ment in both groups. To the best of our knowledge, our
study is the first to use AO imaging in SSc. A comparison
of the 2 groups revealed no statistically significant differ-
ences in terms of LD, TD and WLR. According to previ-
ous studies, WLR and WCSA are optimal parameters for
evaluating vascular remodeling in cases of diabetic reti-
nopathy and arterial hypertension.'?8-32 Zmijewska et al.
analyzed arterial measurements using AO in 36 patients
with nonproliferative diabetic retinopathy (DR). Their re-
sults demonstrated thicker arterial walls, increased WLR
and WCSA in DR group than in controls.”” Matuszewski
et al.3® and Cristescu et al.3* also demonstrated compa-
rable outcomes. However, our results showed that the WLR
was significantly decreased among SSc patients compared
to the healthy group (p = 0.048).

Lombardo et al.?® reported that, in eyes with nonpro-
liferative DR, the parafoveal capillary lumen diameter
was significantly reduced compared to healthy controls.
Similarly, Zaleska-Zmijewska et al.'® demonstrated that
prediabetic patients exhibit distinct alterations in both
capillary lumen diameter and wall-to-lumen ratio relative
to control subjects.

An elevated WLR reflects both thickening of the vessel
wall and concomitant narrowing of the lumen. Piantoni
et al.?® used AO in patients with active rheumatoid ar-
thritis treated with abatacept to evaluate cardiovascular
risk factors. Their results indicated a significant reduction
in the WLR of the arterioles after abatacept treatment.
However, our results showed that the mean arterial wall
was thinner in the scleroderma group than in the con-
trols (p = 0.016). It is possible that the observed results
may be attributed to the vasodilator treatment employed
in the management of SSc.?”

Pache et al.?” demonstrated that in 10 healthy volun-
teers, a single dose of sildenafil induced significant di-
lation of both retinal arterioles and venules 30 minutes



Table 4. Descriptive statistics for the adaptive optics by occurrence of scleroderma (n = 142 eyes)

Statistical parameter
Statistical tests

Adaptive optics

Study group

Total diameter
[um]

Wall 1 thickness
[um]

Wall 2 thickness
[pm]

Mean wall thickness
[um]

Lumen diameter
[um]

Wall-to-lumen ratio

[um?]

Wall cross-sectional area

scleroderma

control

scleroderma

control

scleroderma

control

scleroderma

control

scleroderma

control

scleroderma

control

scleroderma

control

67.25

69.03

6.53

8.20

746

7.52

6.99

7.86

53.25

53.64

0.2710

0.2940

13383

1479.3

1137

12.88

478

1.72

1.34

2.52

1049

14.03

0.0681

0.0724

410.0

4313

67.15

69.30

6.60

7.50

745

7.5

7.60

52.65

53.30

0.2600

0.2600

1386

1498

58.00-75.50

58.00-78.40

5.60-7.40

6.60-8.90

6.10-8.50

6.40-8.10

6.20-8.10

6.70-8.55

44.80-61.10

44.20-62.40

0.2200-0.3200

0.2200-0.3300

983-1594

1129-1724

normality test
W=0979,p=0411
W =0.966, p = 0.033
Levene’s test
F(1,135)=1.083
p=0300
Mann-Whitney test
U=2130.000
Zwyy = =016
p = 0484

normality test
W =0985,p=0677
W =0.325,p < 0.001
Levene’s test
F(1,135)=1337
p=0.250
Mann-Whitney test
U =1323.000
Lo =—4216
p <0.001

normality test
W=0976,p=0317
W =0.950, p = 0.004
Levene’s test
F(1,135)=0.686
p = 0409
Mann-Whitney test
U = 2284500
Z gy, = =002
p=0979

normality test
W =0.983,p=0.589
W=0.512,p<0.001
Levene's test
F(1,135)=0.285
p=0.594
Mann-Whitney test
U =1740.000
Zeor. =—2.398
p=0.016

normality test
W =0983, p=0.585
W=0962,p=0018
Levene's test
F(1,135)=2.123
p=0.147
Mann-Whitney test
U =2279.000
Zcorr. =0.050
p = 0.960

normality test
W =0.970,p=0.159
W =0.946, p = 0.002
Levene's test
F(1,135)=0.024
p=0878
Mann-Whitney test
U =1837.000
Zeon =—1976
p=0.048

normality test
W =0.952, p=0.024
W =0.960, p=0.015
Levene’s test
F (1,135) = 0.006
p=0941
Mann-Whitney test
U =1843.000
Ly = Q051
p=0051

M = mean; SD - standard deviation; Me — median; Q — quartiles. Values in bold are statistically significant.
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Table 5. Descriptive statistics for the lumen diameter [um] in the study participants with scleroderma by selected capillaroscopic assessments (n = 61 eyes)

Statistical parameter
Investigated trait Statistics

Scleroderma

Scleroderma
pattern

Number of vessels

Avascular areas

Giant capillaries

Hemorrhages

Branched vessels

localized

systemic

early

active

late

normal

reduced

very reduced

yes

no

yes

no

yes

no

yes

no

M (SD)

55.81(13.23)

51.15 (8.65)

48.80(9.92)

55.94(11.75)

49.78 (7.85)

5223(11.12)

51.51(943)

5559 (12.71)

52.83(11.23)

52.04 (9.03)

5266 (12.52)

5233 (7.64)

49.38 (12.18)

5445 (8.51)

50.38 (9.78)

53.62 (10.49)

Me (Q;-Q3)

58.20 (41.83-61.18)

50.00 (44.73-57.20)

5240 (41.33-55.83)

57.20 (45.85-64.53)

49.00 (43.63-55.97)

58.20 (42.53-58.95)

50.00 (44.57-59.77)

5450 (44.07-62.04)

51.35(44.52-61.70)

5250 (43.95-58.83)

49.95 (42.23-61.24)

52.90 (44.78-58.28)

46.65 (40.92-55.28)

54.55 (48.30-61.49)

49.10 (44.56-57.58)

53.35(43.68-59.27)

normality test
W =0980,p=0721
W=0929,p=0261
Levene’s test
F(1,50)=4.027, p=0.051
ANOVA
F(1,50)=2.244
p=0.140

normality test
W =0964, p=03841
W =0970, p=0.692
W=0959,p=0612
Levene’s test.
F(3,48)=1.884,p=0.145
ANOVA
F(3,48)=1.718
p=0.176

normality test
W =0.784,p=0.077
W=0982,p=0811
W =10.932,p=0403
Levene’s test
F(2,49) = 0365,
p=0.696
ANOVA
F(2,49)=1.718
p=0498

normality test
W =0.968, p=0.667
W =0.980, p = 0.820
Levene's test
F(1,50)=0.797, p=0.376
ANOVA
F(1,50)=0.072
p=0.789

normality test
W=0.970,p=0613
W =0.968,p=0576

Levene's test

F(1,50)=6.718,p=0.012
ANOVA
F(3,48)=0014
p=0907

normality test

W =0978,p=0.726

W =0.906, p = 0.054
Levene’s test

F(1,50)=1.244,p=0270
ANOVA
F(1,50)=3.127
p=0.083

normality test
W =0959, p=0232
W =0975p=0878
Levene’s test
F(1,50)=0.116,p=0.735
ANOVA
F(1,50)=1.175
p=0.283




Table 5. Descriptive statistics for the lumen diameter [um] in the study participants with scleroderma by selected capillaroscopic assessments (n = 61 eyes)

—cont.

Investigated trait

Statistical parameter

Me (Q,-Q3)

Statistics

yes
Finger ulcers

no

yes
Arterial
hypertension

no

yes
Sildenafil

no

yes
Amlodipine

no

54.05 (12.26)

52.04 (9.54)

5630 (13.02)

52.29(9.52)

4892 (8.21)

56.54 (10.94)

5444 (10.87)

52.53(10.34)

52.70 (46.08-60.95)

5250 (43.21-59.10)

55.15 (49.00-65.50)

52.50 (44.70-59.10)

49.00 (44.10-53.60)

58.20 (48.50-64.20)

54.80 (47.80-59.10)

49.95 (44.70-61.45)

normality test
W=0951,p=0.114
W = 0954, p=0.586

Levene's test

F(1,49)=0.168, p = 0.683
ANOVA
F(1,50)=0.399
p=0.530

normality test
W =0975,p=0566
W=0961,p=0.731
Levene’s test
F(1,49)=1.248,p=0269
ANOVA
F(1,49) = 2871
p =0.097

normality test
W=0972,p=0676
W =0.985,p=0957

Levene's test

F(1,49)=2625p=0.112
ANOVA
F(1,49) = 6.062
p=0.017

normality test
W=0.967,p=0491
W =0.955p=0392
Levene's test
F(1,49)=0.024,p=0877
ANOVA
F(1,49)=1.554
p=0218

M —mean; SD - standard deviation; Me — median; Q — quartiles; ANOVA — analysis of variance. Values in bold are statistically significant.

Table 6. Descriptive statistics for the wall-to-lumen ration in the study participants with scleroderma by selected capillaroscopic assessments (n = 61 eyes)

Investigated trait

Statistical parameter

M (SD)

Me (Q-Q3)

Statistics

localized
Scleroderma
systemic
early
Scleroderma )
active
pattern
late
normal
Number of vessels reduced
very reduced

0.2593 (0.0794)

0.2816 (0.0641)

0.2989 (0.0924)

0.2626 (0.0726)

0.2753 (0.0516)

0.2367 (0.0971)

0.2895 (0.0696)

0.2408 (0.0448)

0.2500 (0.2300-0.2850)

0.2800 (0.2267-0.3233)

0.3000 (0.2500-0.3500)

0.2500 (0.2117-0.2900)

0.2700 (0.2267-0.3300)

0.2600 (0.1517-0.3100)

0.2800 (0.2500-0.3300)

0.2350 (0.2142-0.2658)

normality test
W =0.983,p=0835
W =0.876,p=0.041
Levene's test
F(1,50) =0.009, p=0.925
Mann-Whitney test
U=212.000
Zeor.=1.315
p=0.188

normality test
W =0.964, p=0837
W=0917,p=0.057
W =0.886, p =0.040
Levene's test
F (3,48)=0.574, p = 0.635
Kruskal-Wallis test
H(3,n=52)=3453
p=0327

normality test
W =0.957, p=0.600
W =0.968, p = 0.368
W =0.963,p=0820
Levene's test
F(2,49)=1.151,p=0.229
ANOVA
F(2,49)=2972
p=0.061




Table 6. Descriptive statistics for the wall-to-lumen ration in the study participants with scleroderma by selected capillaroscopic assessments (n = 61 eyes)
- cont.

Statistical parameter

Investigated trait Statistics
Me (Q,-Q;)

normality test
W=0911,p=0049
W=0.975p=0678
Levene’s test
F (1,50) = 0445, p = 0.508
ANOVA
no 0.2750 (0.0678) 0.2600 (0.2475-0.3200) F (1, 50) = 00003
p=0986
normality test
yes 0.2838 (00784) 0.2600 (0.2292-0.3208) W=0953,p =0.269
W =0.933, p=0.090
Levene’s test
F(1,50) = 0447, p = 0235
ANOVA
no 0.2665 (0.0580) 0.2750 (0.2292-0.3200) F(1.50)= 0819
p=0370

normality test
W =10.966, p=0.393
W=0943,p=0271
Levene's test
F(1,50)=3.232, p=0.078
ANOVA
no 0.2631 (0.0561) 0.2650 (0.2242-0.3158) F (1,50) = 2.639

p=0111

yes 0.2753 (0.0707) 0.2700 (0.2292-0.3300)

Avascular areas

Giant capillaries

yes 0.2945 (0.0833) 0.2750 (0.2383-0.3300)

Hemorrhages

normality test
W =0.944, p = 0.080
W=0939,p=0277
Levene’s test
F(1,50)=0.818,p=0370
ANOVA
no 0.2694 (0.0658) 0.2600 (0.2300-0.3200) F(1,50)=0688

p=0411

yes 0.2861 (0.0750) 0.2750 (0.2200-0.3317)

Branched vessels

normality test
W =0968, p=0373
W =0939,p=0374
Levene's test
F(1,49)=0.279, p=0.599
ANOVA
no 0.2720 (0.0652) 0.2700 (0.2300-0.3067) F (1,49) = 0.001
p=0914

normality test
W =0.960, p =0.200
W =0.978,p=0958
Arterial Levene's test
hypertension F(1,49)=0.081,p=0.777
ANOVA
no 0.2700 (0.0704) 0.2650 (0.2200-0.3150) F (1,49) = 0.0002

p=0989

yes 0.2728 (0.0684) 0.2600 (0.2242-0.3200)

Finger ulcers

yes 0.2760 (0.0626) 0.2600 (0.2300-0.3300)

normality test
W=0.944,p=0.162
W =0949, p=0239
Levene's test
F (1,49 =0011,p=0918
ANOVA
no 0.2560 (0.0677) 0.2600 (0.2200-0.2900) F (1,49) = 2449

p=0.124

yes 0.2910 (0.0648) 0.2800 (0.2400-0.3300)

Sildenafil

normality test
W =0.938, p=0.089
W=0.980,p=0914
Levene's test
F(1,49)=0.143,p=0.707
ANOVA
no 0.2800 (0.0697) 0.2700 (0.2250-0.3200) F(1,49) = 3.051

p = 0087

yes 0.2560 (0.0643) 0.2550 (0.2200-0.3000)

Amlodipine

M = mean; SD - standard deviation; Me — median; Q — quartiles; ANOVA — analysis of variance.
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Table 7. Descriptive statistics for the wall cross-sectional area [um?] in the study participants with scleroderma by selected capillaroscopic assessments

(n =61 eyes)

Investigated trait

localized
Scleroderma
systemic
early
Scleroderma .
active
pattern
late
normal
Number of vessels reduced

very reduced

yes
Avascular areas

no

yes
Giant capillaries

no

yes
Hemorrhages

no

yes
Branched vessels

no

M (SD)

1399.9 (540.5)

12913 (323.1)

1235.8 (382.5)

14204 (458.6)

12105 (314.5)

10783 (4134)

1350.1 (362.8)

1298.8 (493.5)

13223 (392.2)

1323.0 (409.1)

12782 (461.3)

1323.0(319.5)

12494 (440.7)

13583 (364.1)

1260.5 (324.7)

1355.5(429.1)

Statistical parameter

Me (Q-Q3)

1438 (874-1619)

1379 (1032-1534)

1389 (840-1601)

1428 (1079-1703)

1244 (897-1434)

912 (796-1444)

1389 (1067-1608)

1325 (922-1446)

1381 (1048-1496)

1433 (866-1605)

1405 (892-1620)

1356 (981-1532)

1195 (864-1467)

1397 (1059-1600)

1353 (899-1530)

1397 (981-1605)

Statistics

normality test
W=0907,p=0.122
W=0959,p=0.187
Levene's test
F(1,50)=3.233,p=0.078
ANOVA
F(1,50)=0.802
p=02375

normality test
W=0.787,p=0.015
W=0951,p=0315
W =0.946, p = 0.391
Levene's test
F(3,48)= 1493, p=0228
Kruskal-Wallis test
H(3,n=52)=3.104
p=0376

normality test
W =0879, p=0322
W = 0964, p = 0265
W =0.828,p=0020
Levene’s test.
F(2,49)=0.124,p=0.883
Kruskal-Wallis test
H(2,n=52)=1857
p=0395

normality test
W=0919, p=0.025
W=10.915, p = 0.060
Levene’s test
F(1,50) =0.535, p=0.468
Mann-Whitney test

U =310.000
Zeon =—0361
p=0718

normality test
W =0.931, p=0.083
W =0952,p=0.262
Levene’s test
F(1,50)=1.790,p=0.187
ANOVA
F(1,50)=0.657
p=0421

normality test
W =0.857, p=0.007
W =0.968, p=0.437
Levene's test
F(1,50) = 0.443, p = 0.509
Mann-Whitney test
U = 248.000
Zeor, = 1.345
p=0.179

normality test
W =0.945,p=0353
W =0.935,p=0.045

Levene's test.

F(1,50)=0.925,p=0.341
Mann-Whitney test
U =267.000
Zeon. = —0.741
p = 0459
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Table 7. Descriptive statistics for the wall cross-sectional area [um?] in the study participants with scleroderma by selected capillaroscopic assessments

(n =61 eyes) - cont.

Statistical parameter

Investigated trait

Statistics
Me (Q;-Q;5)

yes 1291.3 (376.8)
Finger ulcers

no 1377.9 (450.1)

yes 1517.5 (476.9)
Arterial
hypertension

no 1281.2 (374.6)

yes 1224.4 (300.2)
Sildenafil

no 1424.6 (462.6)

yes 13164 (422.9)
Amlodipine

no 1351.6 (407.4)

normality test
W =0.884, p = 0.054
W=0.934,p=0033
Levene’s test.
F(1,49) =0.154, p = 0.696
Mann-Whitney test

1353 (896-1576)

1389 (1079-1489) U =263.000
Zcorr. =-0.134
p=0893

normality test

W =0.929, p=0.295

W =0.940, p = 0.047
Levene's test

F(1,49)=0.296, p=0.589
ANOVA
F(1,49)=5.252
p=0.026

1466 (1259-1717)

1324 (905-1547)

normality test
W =0963,p=0478
W =0.931, p=0.080
Levene’s test
F(1,49)=2494,p=0.121
ANOVA
F(1,49) = 2.821
p =0.099

normality test
W =0.895p=0.023
W =0.958,p=0291
Levene's test
F(1,49)=0.015,p=0903
Mann-Whitney test

1244 (987-1428)

1466 (983-1717)

1356 (912-1541)

1392 (985-1612) ZU = 30860380
corr. — T Ve
p=0842

M = mean; SD - standard deviation; Me — median; Q — quartiles; ANOVA — analysis of variance. Values in bold are statistically significant.

after administration (p < 0.001). Moreover, Polak at al.?®
reported increased retinal blood flow in healthy controls
after sildenafil administration. Sildenafil can enhance
the vasodilatory effect of nitric oxide (NO), the primary
regulator of vascular smooth muscle tone. In addition,
we compared the measurements of the retinal arter-
ies obtained in AO with the results of the NC. However,
we did not find a statistically significant correlation with
the type of scleroderma, finger ulcers and scleroderma
patterns, number of vessels, avascular areas, hemorrhages,
or branched vessels visualized in NC. In our previous study,
we found that scleroderma microangiopathy patterns cor-
related significantly with both superficial and deep foveal
avascular zone (FAZ) areas, as well as with deep retinal
vessel density measured by OCTA.?? Several studies have
explored the relationship between peripheral capillary den-
sity measured with nailfold capillaroscopy and both cho-
riocapillaris vessel density® and overall retinal perfusion.?°
However, these findings have been inconsistent. It is there-
fore possible that high-resolution imaging of the retinal

microvasculature may yield stronger correlations with NC
abnormalities.

These findings corroborate earlier reports that hyperten-
sion is associated with increased wall cross-sectional area,
reflecting arteriolar remodeling.!! Furthermore, in our
study, we evaluated the impact of vasodilator medications
employed for the management of complications associated
with scleroderma vasculopathy. Contrary to expectations,
the findings of this study indicated a decreased LD in pa-
tients treated with sildenafil (p = 0.017). It is worth not-
ing that most patients in our NC cohort exhibited a late
scleroderma pattern — reflecting severe vasculopathy and
advanced disease — so the observed arterial lumen nar-
rowing likely reflects the chronicity and severity of SSc.

Limitations
It is important to acknowledge the limitations of the re-

search, including the relatively small number of partici-
pants and the cross-sectional nature of the study.
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Conclusions

Our study analysis of the AO retinal imaging data set
revealed a reduced mean arterial wall thickness in patients
with SSc compared to healthy controls. However, no corre-
lation was identified between the AO findings and the NC
parameters or the disease stage. The retinal vessel param-
eters revealed significant differences only in hypertensive
or sildenafil-treated patients. Further studies on a larger
cohort of patients are necessary to draw reliable conclu-
sions about the usefulness of AO in the diagnosis of SSc
and its possible correlation with capillaroscopic findings.

Data Availability Statement

All data generated or analyzed during this study are
included in this article.

Consent for publication
Not applicable.

Use of Al and Al-assisted technologies
Not applicable.

ORCID iDs

Katarzyna Paczwa @ https://orcid.org/0000-0003-3825-3727
Magdalena Szeretucha @ https://orcid.org/0000-0002-8944-856X
Katarzyna Romanowska-Prochnicka
https://orcid.org/0000-0003-1326-2600
Radostaw Rézycki @ https://orcid.org/0000-0001-7040-026X
Joanna Gotebiewska @ https://orcid.org/0000-0002-3013-4363
Sylwia Ornowska @ https://orcid.org/0000-0002-2895-4178
Marzena Olesinska @ https://orcid.org/0000-0003-3028-1061

References

1. Nikpour M, Stevens WM, Herrick AL, Proudman SM. Epidemiolo-
gy of systemic sclerosis. Best Pract Res Clin Rheumatol. 2010;24(6):
857-869. doi:10.1016/j.berh.2010.10.007

2. Postlethwaite R, Pattanaik D, Brown M. Vascular involvement in sys-
temic sclerosis (scleroderma). J Inflamm Res. 2011;4:105. doi:10.2147/
JIR.S18145

3. PawlikK, Bohdziewicz A, Maciejewska M, et al. Evaluation of cutane-
ous microcirculation in systemic sclerosis: An update. Dermatol Rev.
2023;110(4):499-517. d0i:10.5114/dr.2023.131385

4. Lambova SN, Mller-Ladner U. Nailfold capillaroscopy in systemic
sclerosis: State of the art. The evolving knowledge about capillaro-
scopic abnormalities in systemic sclerosis. J Scleroderma Relat Dis.
2019;4(3):200-211. doi:10.1177/2397198319833486

5. de AF Gomes B, Santhiago MR, Magalhdes P, Kara-Junior N,
De Azevedo MNL, Moraes HV. Ocular findings in patients with sys-
temic sclerosis. Clinics (Sao Paulo). 2011;66(3):379-385. doi:10.1590/
$1807-59322011000300003

6. de AF Gomes B, Santhiago MR, De Azevedo MNL, Moraes HV. Eval-
uation of dry eye signs and symptoms in patients with systemic
sclerosis. Graefes Arch Clin Exp Ophthalmol. 2012;250(7):1051-1056.
doi:10.1007/s00417-012-1938-3

7. Sahin Atik S, Koc F, Akin Sari S, Sefi Yurdakul N, Ozmen M, Akar S.
Anterior segment parameters and eyelids in systemic sclerosis.
Int Ophthalmol. 2016;36(4):577-583. doi:10.1007/s10792-015-0165-4

8. Kozikowska M, Lubon W, Kucharz E, Mrukwa-Kominek E. Ocular
manifestations in patients with systemic sclerosis. Reumatologia.
2020;58(6):401-406. doi:10.5114/reum.2020.102004

20.

21.

22.

23.

24,

25.

26.

27.

K. Paczwa et al. Adaptive optics in scleroderma patients

Tailor R, Gupta A, Herrick A, Kwartz J. Ocular manifestations of sclero-
derma. Surv Ophthalmol. 2009;54(2):292-304. d0i:10.1016/j.survoph-
thal.2008.12.007

. Szucs G, Szekanecz Z, Aszalos Z, et al. A wide spectrum of ocular

manifestations signify patients with systemic sclerosis. OculImmunol
Inflamm. 2021;29(1):81-89. d0i:10.1080/09273948.2019.1657467

. Szewczuk A, Zaleska-Zmijewska A, Dziedziak J, Szaflik JP. Clinical

application of adaptive optics imaging in diagnosis, management,
and monitoring of ophthalmological diseases: A narrative review.
Med Sci Monit. 2023;29:e941926. doi:10.12659/MSM.941926

. Yao X, Ke M, Ho Y, et al. Comparison of retinal vessel diameter mea-

surements from swept-source OCT angiography and adaptive optics
ophthalmoscope. BrJ Ophthalmol. 2021;105(3):426-431. doi:10.1136/
bjophthalmol-2020-316111

. BakkerE, Dikland FA, Van Bakel R, et al. Adaptive optics ophthalmos-

copy: A systematic review of vascular biomarkers. Surv Ophthalmol.
2022;67(2):369-387. doi:10.1016/j.survophthal.2021.05.012

. Rosenbaum D, Mattina A, Koch E, et al. Effects of age, blood pres-

sure and antihypertensive treatments on retinal arterioles remod-
eling assessed by adaptive optics. JHypertens. 2016;34(6):1115-1122.
doi:10.1097/HJH.0000000000000894

. Dziedziak J, Zaleska-Zmijewska A, Szaflik JP, Cudnoch-Jedrzejewska A.

Impact of arterial hypertension on the eye: A review of the patho-
genesis, diagnostic methods, and treatment of hypertensive reti-
nopathy. Med Sci Monit. 2022;28:€935135. d0i:10.12659/MSM.935135

. BaltaF, Cristescu IE, Mirescu AE, Balta G, Zemba M, Tofolean IT. Inves-

tigation of retinal microcirculation in diabetic patients using adap-
tive optics ophthalmoscopy and optical coherence angiography.
J Diabetes Res. 2022;2022:1516668. doi:10.1155/2022/1516668

Gallo A, Dietenbeck T, Giron A, Paques M, Kachenoura N, Girerd X.
Noninvasive evaluation of retinal vascular remodeling and hyper-
trophy in humans: Intricate effect of ageing, blood pressure and
glycaemia. Clin Res Cardiol. 2021;110(7):959-970. doi:10.1007/s00392-
020-01680-3

. Zaleska-Zmijewska A, Piatkiewicz P, Smigielska B, et al. Retinal pho-

toreceptors and microvascular changes in prediabetes measured
with adaptive optics (rtx1™): A case-control study. J Diabetes Res.
2017;2017:4174292. doi:10.1155/2017/4174292

. Szewczuk A, Wawrzyniak ZM, Szaflik JP, Zaleska-Zmijewska A.

Is primary open-angle glaucoma a vascular disease? Assessment
of the relationship between retinal arteriolar morphology and
glaucoma severity using adaptive optics. J Clin Med. 2024;13(2):478.
doi:10.3390/jcm13020478

Hugo J, ChavaneF, Beylerian M, Callet M, Denis D, Matonti F. Morpho-
logic analysis of peripapillary retinal arteriole using adaptive optics
in primary open-angle glaucoma. J Glaucoma. 2020;29(4):271-275.
doi:10.1097/1JG.0000000000001452

Errera MH, Laguarrigue M, Rossant F, et al. High-resolution imaging
of retinal vasculitis by flood illumination adaptive optics ophthalmos-
copy: A follow-up study. OculImmunol Inflamm. 2020;28(8):1171-1180.
doi:10.1080/09273948.2019.1646773

Venkatesh R, Mutalik D, Reddy NG, Akkali MC, Yadav NK, Chhablani J.
Retinal vessel wall imaging using fluorescein angiography and
adaptive optics imaging in acute branch retinal artery occlusion.
Eur J Ophthalmol. 2023;33(4):NP85-NP90. doi:10.1177/11206721221
113202

Paczwa K, Rerych M, Romanowska-Préchnicka K, Olesinska M,
Rézycki R, Gotebiewska J. Retinal microvasculature in systemic scle-
rosis patients and the correlation between nailfold capillaroscopic
findings and optical coherence angiography results. J Clin Med. 2024;
13(7):2025. doi:10.3390/jcm13072025

Cutolo M, Pizzorni C, Secchi ME, Sulli A. Capillaroscopy. Best Pract Res
Clin Rheumatol. 2008;22(6):1093-1108. d0i:10.1016/j.berh.2008.09.001
Waszczykowska A, Go$ R, Waszczykowska E, Dziankowska-Bartkowiak B,
Jurowski P. Prevalence of ocular manifestations in systemic sclerosis
patients. Arch Med Sci. 2013;6:1107-1113. d0i:10.5114/aoms.2013.39217
Ushiyama O, Ushiyama K, Yamada T, et al. Retinal findings in sys-
temic sclerosis: A comparison with nailfold capillaroscopic patterns.
Ann Rheum Dis. 2003;62(3):204-207. doi:10.1136/ard.62.3.204
Shenavandeh S, Afarid M, Hasanaghaei T, Ali Nazarinia M. Prevalence
of retinal changes in patients with systemic sclerosis: The association
between retinal vascular changes and nailfold capillaroscopic findings.
Reumatologia. 2021;59(1):27-34. doi:10.5114/reum.2021.103436


https://www.doi.org/10.1016/j.berh.2010.10.007
https://www.doi.org/10.2147/JIR.S18145
https://www.doi.org/10.2147/JIR.S18145
https://www.doi.org/10.5114/dr.2023.131385
https://www.doi.org/10.1177/2397198319833486
https://www.doi.org/10.1590/S1807-59322011000300003
https://www.doi.org/10.1590/S1807-59322011000300003
https://www.doi.org/10.1007/s00417-012-1938-3
https://www.doi.org/10.1007/s10792-015-0165-4
https://www.doi.org/10.5114/reum.2020.102004
https://www.doi.org/10.1016/j.survophthal.2008.12.007
https://www.doi.org/10.1016/j.survophthal.2008.12.007
https://www.doi.org/10.1080/09273948.2019.1657467
https://www.doi.org/10.12659/MSM.941926
https://www.doi.org/10.1136/bjophthalmol-2020-316111
https://www.doi.org/10.1136/bjophthalmol-2020-316111
https://www.doi.org/10.1016/j.survophthal.2021.05.012
https://www.doi.org/10.1097/HJH.0000000000000894
https://www.doi.org/10.12659/MSM.935135
https://www.doi.org/10.1155/2022/1516668
https://www.doi.org/10.1007/s00392-020-01680-3
https://www.doi.org/10.1007/s00392-020-01680-3
https://www.doi.org/10.1155/2017/4174292
https://www.doi.org/10.3390/jcm13020478
https://www.doi.org/10.1097/IJG.0000000000001452
https://www.doi.org/10.1080/09273948.2019.1646773
https://www.doi.org/10.1177/11206721221113202
https://www.doi.org/10.1177/11206721221113202
https://www.doi.org/10.3390/jcm13072025
https://www.doi.org/10.1016/j.berh.2008.09.001
https://www.doi.org/10.5114/aoms.2013.39217
https://www.doi.org/10.1136/ard.62.3.204
https://www.doi.org/10.5114/reum.2021.103436

Adv Clin Exp Med. 2026;35(1):137-149

28.

29.

30.

31.

32.

33.

34.

Mehta R, Akkali M, Jayadev C, Anuj A, Yadav N. Morphometric analy-
sis of retinal arterioles in control and hypertensive population using
adaptive optics imaging. Indian J Ophthalmol. 2019;67(10):1673.
doi:10.4103/ijo.1JO_253_19

Zaleska-Zmijewska A, Wawrzyniak ZM, Dabrowska A, Szaflik JP. Adap-
tive optics (rtx1) high-resolution imaging of photoreceptors and reti-
nal arteries in patients with diabetic retinopathy. J Diabetes Res. 2019;
2019:9548324. doi:10.1155/2019/9548324

Meixner E, Michelson G. Measurement of retinal wall-to-lumen ratio
by adaptive optics retinal camera: A clinical research. Graefes Arch Clin
Exp Ophthalmol.2015;253(11):1985-1995. doi:10.1007/s00417-015-3115-y
Rizzoni D, Agabiti Rosei C, De Ciuceis C, Semeraro F, Rizzoni M, Doc-
chio F. New methods to study the microcirculation. Am J Hypertens.
2018;31(3):265-273. doi:10.1093/ajh/hpx211

Gallo A, Mattina A, Rosenbaum D, Koch E, Paques M, Girerd X. Retinal
arteriolar remodeling evaluated with adaptive optics camera: Rela-
tionship with blood pressure levels. Ann Cardiol Angeiol (Paris). 2016;
65(3):203-207. doi:10.1016/j.ancard.2016.04.021

Matuszewski W, Gontarz-Nowak K, Harazny JM, Bandurska-StankiewiczE.
Evaluation of morphological changesin retinal vessels in type 1 dia-
betes mellitus patients with the use of adaptive optics. Biomedicines.
2022;10(8):1926. d0i:10.3390/biomedicines10081926

Cristescu IE, Zagrean L, Balta F, Branisteanu DC. Retinal microcircula-
tioninvestigationin type I and Il diabetic patients without retinopa-
thy using an adaptive optics retinal camera. Acta Endocrinol (Buchar).
2019;15(4):417-422. doi:10.4183/aeb.2019.417

35.

36.

37.

38.

39.

40.

149

Lombardo M, Parravano M, Serrao S, Ducoli P, Stirpe M, Lombardo G.
Analysis of retinal capillaries in patients with type 1 diabetes and
nonproliferative diabetic retinopathy using adaptive optics imaging.
Retina. 2013;33(8):1630-1639. doi:10.1097/IAE.0b013e3182899326
Piantoni S, Regola F, Angeli F, et al. Retinal microvascular altera-
tions in patients with active rheumatoid arthritis without cardio-
vascular risk factors: The potential effects of T cell co-stimulation
blockade. Front Med (Lausanne). 2024;11:1247024. doi:10.3389/fmed.
20241247024

Pache M, Meyer P, Priinte C, Orgul S, Nuttli I, Flammer J. Sildenafil
induces retinal vasodilatation in healthy subjects. Br J Ophthalmol.
2002;86(2):156-158. doi:10.1136/bj0.86.2.156

Polak K, Wimpissinger B, Berisha F, Georgopoulos M, Schmetterer L.
Effects of sildenafil on retinal blood flow and flicker-induced retinal
vasodilatation in healthy subjects. Invest Ophthalmol Vis Sci. 2003;
44(11):4872. doi:10.1167/iovs.03-0177

Mihailovic N, Lahme L, Braasch S, et al. Altered ocular microvascula-
ture in patients with systemic sclerosis and very early disease of sys-
temic sclerosis using optical coherence tomography angiography.
Sci Rep. 2022;12(1):10990. d0i:10.1038/541598-022-14377-6

Cutolo CA, Cere A, Toma P, et al. Peripheral and ocular microvascular
alterations in systemic sclerosis: Observations from capillaroscop-
ic assessments, perfusion peripheral analysis, and optical coher-
ence tomography angiography. Rheumatol Int. 2023;44(1):107-118.
doi:10.1007/500296-023-05495-z


https://www.doi.org/10.4103/ijo.IJO_253_19
https://www.doi.org/10.1155/2019/9548324
https://www.doi.org/10.1007/s00417-015-3115-y
https://www.doi.org/10.1093/ajh/hpx211
https://www.doi.org/10.1016/j.ancard.2016.04.021
https://www.doi.org/10.3390/biomedicines10081926
https://www.doi.org/10.4183/aeb.2019.417
https://www.doi.org/10.1097/IAE.0b013e3182899326
https://www.doi.org/10.3389/fmed.2024.1247024
https://www.doi.org/10.3389/fmed.2024.1247024
https://www.doi.org/10.1136/bjo.86.2.156
https://www.doi.org/10.1167/iovs.03-0177
https://www.doi.org/10.1038/s41598-022-14377-6
https://www.doi.org/10.1007/s00296-023-05495-z




Pharyngeal airway changes after functional orthodontic treatment:
A retrospective case-control study on a pediatric population

Zbigniew Paluch™*-F, Robert Warnecki>*~, Marta Rogalska®“, Michat Szlezak*®F,
Katarzyna Miskiewicz-Orczyk®tF, Wojciech Domka®&F, Maciej Misiotek®&F

T Private Orthodontic Practice, Raciborz, Poland
2 Private Orthodonctic Practice, Opole, Poland

3 Department of Otorhinolaryngology and Oncological Laryngology, Faculty of Medical Sciences in Zabrze, Medical University of Silesia in Katowice, Zabrze, Poland

* Fizjosport Medical Center, Gliwice, Poland

5 Department of Otolaryngology, Medical College of the University of Rzeszow, Poland

A — research concept and design; B — collection and/or assembly of data; C — data analysis and interpretation;
D — writing the article; E — critical revision of the article; F — final approval of the article

Advances in Clinical and Experimental Medicine, ISSN 1899—5276 (print), ISSN 2451-2680 (online)

Address for correspondence
Marta Rogalska
E-mail: rogalska_marta@wp.pl

Funding sources
None declared

Conflict of interest
None declared

Received on October 3, 2024
Reviewed on January 11, 2025
Accepted on April 25, 2025

Published online on January 7, 2026

(iteas
Paluch Z, Warnecki R, Rogalska M, et al. Pharyngeal
airway changes after functional orthodontic treatment:

Aretrospective case-control study on a pediatric population.

Adv Clin Exp Med. 2026;35(1):151-166.
d0i:10.17219/acem/204393

DOI
10.17219/acem/204393

Copyright

Copyright by Author(s)

Thisis an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CCBY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Adv Clin Exp Med. 2026;35(1):151-166

Abstract

Background. Initiating orthodontic treatment before the pubertal peak results in more pronounced long-
term craniofacial changes in the maxilla and adjacent structures. Dental malocclusion correction through
maxillary expansion has been shown to significantly increase the patency and decrease the airflow resistance
in several airway compartments, ranging from the nares to the epiglottis plane.

Objectives. We aimed to assess the impact of treatment with a removable functional orthodontic ap-
pliance on the dimensions of selected sections of the upper respiratory tract in pediatric patients, with
the goal of identifying the nasopharyngeal and oropharyngeal regions most susceptible to lateral maxillary
and mandibular expansion.

Materials and methods. We retrospectively reviewed the medical records and lateral cephalometric
radiographs (LCRs) of all consecutive pediatric patients with deciduous or mixed dentition treated with
afunctional appliance between 2014 and 2019 at a private orthodontic practice in Racibérz, Poland. To assess
the impact of the study group and gender on the dependent variables, a Multivariate Analysis of Covari-
ance (MANCOVA) was performed. The variable T1 (age at treatment initiation) was included as a covariate
in the model to control for its potential effect on the outcomes.

Results. The treatment group comprised 55 patients, while 24 subjects served as the control group. In con-
trast to the nasopharyngeal variables, the average annual increase in the oropharyngeal linear measurements
was significantly greater in the treatment group. For the gender factor, after applying the Benjamini—Hochberg
correction, no statistically significant differences were observed in any of the assessed variables. In contrast,
after correction, the covariate T1 was statistically significant for the following variables: CYM1 and CVM2
(skeletal age before treatment initiation and after treatment completion, respectively), and T2 (chronological
age after treatment completion).

Conclusions. Although treatment with a removable functional appliance does not significantly impact
the nasopharyngeal airspace, it significantly increases oropharyngeal dimensions, which may help reduce
the future risk associated with abnormal breathing patterns in treated patients.

Key words: nasopharynx, cephalometric analysis, functional orthodontic treatment, oropharynx, maloc-
clusion
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Highlights

geal airspace measurements.

« Dental malocclusion correction through maxillary expansion has been shown to significantly increase the patency
and decrease the airflow resistance of several airway compartments.
« Results of this study suggest that functional orthodontic treatment does not considerably impact the nasopharyn-

+ Expansive treatment using a removable functional appliance significantly increases oropharyngeal dimensions,
which might reduce the future risk associated with abnormal breathing patterns in treated patients.

Background

Upper airway obstruction, arising from allergic rhi-
nitis, adenoid and tonsil hypertrophy, congenital nasal
deformities, or polyps, has been outlined as a possible
contributing factor to the development of dental mal-
occlusion in adolescents.? Oral respiration pattern due
to the nasal obstruction induces incorrect tongue posi-
tioning with the loss of its upward pressure on the palate,
which hinders the proper development of the upper jaw,
resulting in a narrower dental arch and subsequent teeth
crowding.~?

Long-term complications of not addressing maxillary
and mandibular deficiencies at an early age include ar-
ticulation disturbances, periodontal disorders, temporo-
mandibular joint dysfunction, obstructive sleep apnea,
and psychological sequelae associated with poor facial
esthetics.® Therefore, many transverse abnormalities re-
quire conservative maxillary orthopedic correction during
the growth period.” Interceptive orthodontic treatment,
initiated during the deciduous or early mixed dentition
phase,® may reduce the complexity of future procedures
or even prevent the need for more complicated and costly
interventions.’

Although several orthodontic treatment modalities have
been introduced for maxillary and mandibular deficien-
cies, %! early extraction of deciduous teeth in an attempt
to reduce or avoid future malocclusion has been shown
to neither decrease the need for further orthodontic treat-
ment nor reduce its complexity or duration.!? This has
influenced the current trend toward more conservative,
non-extraction management.!3

Notably, the initiation of maxillary expansion before
the pubertal peak results in significant long-term cra-
niofacial changes at the skeletal level, both in the maxilla
and adjacent structures, which are more pronounced than
when intervention occurs during or slightly after the peak
in skeletal growth.'* Furthermore, maxillary expansion
has been shown to significantly increase the dimensions
of various airway compartments, from the nares to the epi-
glottis plane, contributing to decreased respiratory airway
resistance.!315-18

Objectives

The purpose of our study was to assess the impact
of treatment with a removable functional orthodontic ap-
pliance on the dimensions of selected sections of the up-
per respiratory tract in pediatric patients, with the goal
of identifying the nasopharyngeal and oropharyngeal re-
gions most susceptible to lateral maxillary and mandibular
expansion.

Materials and methods

This study was conducted in accordance with the princi-
ples of the Declaration of Helsinki. Due to its retrospective
nature, institutional approval from the Ethics Committee
was waived. Informed consent was obtained from all en-
rolled participants and their parents. The paper was pre-
pared following the Strengthening the Reporting of Obser-
vational Studies in Epidemiology (STROBE) guidelines.?

Subjects

The data were collected retrospectively from the medi-
cal and dental history records and lateral cephalometric
radiographs (LCRs) of all consecutive pediatric patients
diagnosed and/or treated with a functional orthodontic
appliance between 2014 and 2019 at a private orthodontic
practice in Racib6rz, Poland. The inclusion criteria were
as follows: 1) deciduous or mixed dentition, 2) presence
of at least two teeth distally and mesially from the canines,
and 3) adequate radiographic documentation (2 good qual-
ity LCRs performed in the period of deciduous and/or mixed
dentition). The exclusion criteria comprised: 1) previous
head and neck surgeries, 2) presence of congenital cranio-
facial defects or facial cleft, 3) history of chronic airway/
pulmonary diseases (e.g., asthma, chronic obstructive pul-
monary disease), and 4) history of previous orthodontic
treatment. The management plan included the treatment
without extraction of permanent teeth in individuals with
deciduous teeth without tremas (between incisors and
upper canines, as well as canines and lower molars) and
in patients with different forms of malocclusion in 3 planes
with deciduous or mixed dentition. The treatment goal
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constituted lateral expansion and optimization of shape
development of the dental arches, as well as normal and/
or optimal alignment of the mandible to the maxilla dur-
ing this developmental period. The patients were offered
two-stage orthodontic treatment: 1) with the functional
ERCO appliance created according to the disign of the first
author (Z.P.) and 2) with thin-arch fixed orthodontic ap-
pliances, correcting the position of the teeth. Patients who
completed the first stage of treatment with the ERCO ap-
pliance and, according to the patients and their parents,
strictly adhered to the orthodontic recommendations
(appliance worn 24 h a day except for meals and oral hy-
giene procedures) were enrolled in the treatment group.
The control group included all consecutive patients who
had not started treatment with the ERCO appliance after
diagnosis and attended regular orthodontic checkups dur-
ing the study period.

Functional orthodontic appliance

The orthodontic ERCO appliance (Fig. 1) was created ac-
cording to the design and treatment indications of the first
author (Z.P.). The functional appliance was formed using
a construction bite with a minimum vertical distance be-
tween the upper and lower dental arches (i.e., with the lack
of contact of antagonistic teeth). In the sagittal dimension,
occlusion was established by bringing upper and lower
dental arches close to each other by a maximum of 1 pre-
molar width. In the lateral position, the lower dental arch
was placed so as to bring it closer to the mid-sagittal plane.
The vertical zone separating the dental arches was filled with
acrylic, which could be removed by the clinician. The ap-
pliance had 2 active elements, i.e., upper and lower screws,
activated once a week. During treatment, the appliance was
loosely fitted in the mouth.

Cephalometric analysis

All LCRs were taken using the same device (Vat-
ech, Digital X-ray Imaging System; Voxel Dental Solu-
tions, Houston, USA; PCH-2500, 85 kVp, 10 mA) under
the same exposure conditions. Prior to imaging, patients
were instructed to hold their heads in a natural posi-
tion and look at their eyes in the mirror 250 cm away.
Teeth were in central occlusion, while the lips and tongue
were in the resting position. All subjects were instructed
not to swallow saliva or move their heads during image
acquisition. All LCRs were saved to a computer disk.
The images were corrected for magnification, and a ruler
with a scale was visible on the LCRs. The test measure-
ment was performed using the ruler to ensure compat-
ibility with the actual values. The measurements were
scaled isotropically. Cephalometric measurements were
obtained using DesignCAD software with the Orthodon-
MPaluch program (Mateusz Paluch, Racibérz, Poland).
The following cephalograms were analyzed: 1) the first
diagnostic LCR taken before treatment in both the treat-
ment and control groups, and 2) the second LCR taken
after the last expander screw activation in the treatment
group, and after the change in the treatment method
prior to the insertion of the fixed appliance in the con-
trol group.

Figure 2 shows the main cephalometric landmarks used
in the study. The definitions of the applied cephalometric
landmarks and the variables they formed are presented
in Table 1 and Table 2. Some of the landmarks and the vari-
ables were defined by the first author (Z.P.) and marked
as “zp”. In our experience, they can be used as a stable and
reproducible alternative for already established points, which
may not be clearly visible in many radiographs and might
be affected by orthodontic teeth movements and bone

Fig. 1. ERCO appliance



Table 1. Cephalometric landmarks applied in the study

Cephalometric

: Definition
variable
the posterior nasal spine, the most posterior point
PNS
on the hard palate
ANS the apex of the anterior nasal spine
Me the most inferior point on the mandibular symphysis

in the median plane

the most inferior point on the angle of the mandible
representing the intersection of (1) the line tangent
Go to the posterior outline of the ramus of the mandible
and (2) the inferior border of the body
of the mandible

S the midpoint of the sella turcica
So the midpoint of the Ba-S line
Ba the most anterior point on the foramen magnum

the most superior point of the outline of the external

Po .
auditory meatus

the junction between the inferior surface
Ar of the cranial base and the posterior border
of the ascending rami of the mandible

the most posterior inferior point on the tangent

col to the body of the mandible

the most posterior point on the tangent
Go2 to the ramus of the mandible, near the angle
of the mandible

the most posterior superior point of the maxillary
tu (zp) tuberosity, the deepest point on the anterior outline
of the pterygopalatine fossa

the superior anterior point of the outline

Pt (p) of the pterygopalatine fossa
Pt the superior posterior point of the outline
of the pterygopalatine fossa
Or the most inferior point on the margin of the orbit

the point formed on the line from the PNS point
ad3 towards the S point at the intersection with
the posterior pharyngeal wall

the point formed on the line from the PNS point
ad2 towards the So point at the intersection with
the posterior pharyngeal wall

the point formed on the line from the PNS point
ad1 towards the Ba point at the intersection with
the posterior pharyngeal wall

the point formed on the line passing through
UPW the ANS and the PNS point at the intersection with
the posterior pharyngeal wall

the most inferior posterior point at the tip of the soft
palate

the point on the mesial outline of the soft palate

U1 L : : ;
in its largest sagittal dimension

the point on the distal outline of the soft palate in its

U2 ) : }
largest sagittal dimension

the point on the posterior pharyngeal wall
at the intersection with the line passing through
the U point, parallel to the line passing through
the Po and Or points

TP (zp)

the point on the posterior border of the tongue

at the intersection with the line passing through

the Go point, parallel to the line passing through
the Po and Or points

MP (zp)

the point on the posterior pharyngeal wall
at the intersection with the line passing through
the Et point, parallel to the line passing through
the Po and Or points

MM1 (zp)

Et the superior tip of the epiglottis

Eb the base of the epiglottis

Table 2. Cephalometric variables applied in the study

Cephalometric

: Definition
variable

the surface area of the nasopharynx on the lateral
cephalometric radiograph — points delineate
auxiliary lines, which are based on radiological
anatomy: the inferior border forms a line between
the PNS and UPW points; the posterior superior
border: on the posterior pharyngeal wall from
the UPW point upwards through the following
points: ad2, ad3, Z4, Pt, Pt1; the anterior border: from
the Pt1 point downwards along the anterior border
of the pterygopalatine fossa to the tu point, and
then connect to the PNS point

Nasopharynx
(@p)

PNS-S the distance from the PNS point to the S point

the dimension of the nasopharyngeal airspace,
PNS-ad1 corresponding to the distance from the PNS point
to the ad1 point

the dimension of the nasopharyngeal airspace,
PNS-ad2 corresponding to the distance from the PNS point
to the ad2 point

the dimension of the nasopharyngeal airspace,
PNS-ad3 corresponding to the distance from the PNS point
to the ad3 point

PNS-Ba the distance from the PNS point to the Ba point

the dimension of the pharyngeal airspace,
corresponding to the distance from the PNS point
to the UPW point

PNS-UPW

the distance between the posterior border
of the upper half of the soft palate and the nearest
point on the posterior pharyngeal wall

McN-McN1

the surface area of the oropharynx on the lateral
cephalometric radiograph - points delineate auxiliary
lines, which are based on radiological anatomy:
the superior border forms a line between the PNS
and UPW points; the anterior border: from the PNS
point downwards on the posterior outline of the soft
palate to the U point, from the U point connected
perpendicularly with the posterior outline of the body
of the tongue, then limited by the downward
line along the posterior border of the body
of the tongue to the MP point and connected
to the Et point; the inferior border: the connection
of the Et point with the MM1 point; the posterior
border: from the MM1 point upwards through
the LP and TP points, along the posterior border
of the oropharyngeal airspace to the UPW point

Oropharynx (zp)

middle pharyngeal wall, defined as the connection
MPW of the U and TP points, corresponding
to the retropalatal airspace

middle airway space, defined as the connection
of the MP and LP points, corresponding
MAS to the airspace between the posterior border
of the body of the tongue and the posterior
pharyngeal wall

the largest sagittal dimension of the soft palate
measured on the line perpendicular to the line
passing through the PNS and U points,
corresponding to the soft palate thickness

the length of the soft palate on the line between

AN the PNS and U points

the length of the pharynx on the line between

VAL the Eb and PNS points

the anterior length of the entire pharynx,
corresponding to the connection of the following
cephalometric landmarks on the anterior pharyngeal
wall: Eb, MP, U, and PNS

the posterior length of the entire pharynx,
corresponding to the connection of the following
cephalometric landmarks on the posterior pharyngeal
wall: MM1, LP TP, UPW, ad1, ad2, ad3, and Z4

Pall

Pal2
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Fig. 2. Selected cephalometric landmarks, linear measurements, and
airway areas used in the study — detailed definitions are presented
in Tables 1,2

remodeling in relation to growth??!. Landmarks were de-
termined on all LCRs in the treatment and control groups.
Subsequently, after 1 month, all landmarks were re-deter-
mined to eliminate intra-examiner variability. Craniofacial
skeletal maturation was established according to the cervical
vertebrae maturation (CVM) method.?>?3

Statistical analyses

To assess the impact of the study group (study vs. con-
trol) and gender (female vs. male) on the dependent vari-
ables, a Multivariate Analysis of Covariance (MANCOVA)
was conducted. The variable T1 (treatment initiation time)
was included as a covariate in the model to control for its
potential effect on the outcomes.

Before conducting the MANCOVA, the assumptions
were verified. The normality of the dependent variables
was assessed using the Shapiro—Wilk test. The homoge-
neity of covariance matrices was evaluated using Box’s
M test, while the homogeneity of variances within groups
was tested with Levene’s test.

If a significant MANCOVA effect was found, post-hoc
ANCOVA tests were conducted for each dependent vari-
able separately. The ANCOVA model included Group and
Gender as factors and T1 as a covariate. Additionally,
to control for the false discovery rate (FDR), the Ben-
jamini—Hochberg procedure was applied. The p-values
were sorted in ascending order and adjusted using the for-
mula:, where “n” was the total number of tests, and “rank”
was the position of the p-value in the ordered set. The ad-
justed p-values were then compared to an alpha threshold
of 0.05 to determine significance after correction.
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Results

The analysis included data from 79 patients (51 men
and 28 women): 55 individuals (mean age 8.23 +1.71 years)
constituted the treatment group, while 24 patients (mean
age 7.97 £1.86 years) formed the control group. Detailed
group sizes are presented in Table 3. Since this retrospec-
tive study included complete data for all participants, sta-
tistical analysis was conducted based on 2 LCRs obtained
for each individual.

Table 3. Detailed sample sizes

Group
Feature
study control
male 37 14 51
Gender
female 18 10 28
Total 55 24 79

Before conducting the MANCOVA analysis, the as-
sumptions of this method were verified. The normality
of the distribution of dependent variables was assessed
using the Shapiro—Wilk test. The results indicated no
significant deviations from normality for most variables.
Given the general robustness of MANCOVA to violations
of normality, the analysis was conducted without data
transformation. The homogeneity of covariance matrices
was assessed using Box’s M test, which yielded M = 85.47,
F =1.570, p = 0.002. The homogeneity of variances within
groups was evaluated using Levene’s test, which indi-
cated that the variances of 3 dependent variables differed
significantly (p < 0.05). Consequently, Pillai’s trace was
used as the primary MANCOVA test statistic instead
of Wilks’ lambda.

The analysis revealed a significant effect of the experi-
mental group (Group: treated vs control) on the depen-
dent variables (Pillai’s trace = 0.625, F(df1, df2) = 3.329,
p <0.001, n% = 0.625). The results of the between-subjects
effects tests (Table 4) indicated that, before the Benjamini—
Hochberg correction, significant differences between
groups were observed for 6 variables: middle pharyngeal
wall (MPW), corresponding to the retropalatal airspace,
the posterior length of the entire pharynx (Pal2), the length
of the pharynx (VAL), oropharynx (zp), the dimension
of the pharyngeal airspace (PNS-UPW), and the anterior
length of the entire pharynx (Pall).

After applying the false discovery rate (FDR) correc-
tion, statistical significance was retained for only 3 vari-
ables: MPW (p_adj = 0.009, n* = 0.117), Pal2 (p_adj = 0.007,
n%=0.138),and VAL (p_adj < 0.001, n2 = 0.154). For the gen-
der factor, significant differences were observed before
correction for the variables CVM and middle airway space
(MAS), but after correction, no variables remained signifi-
cant. The group x gender interaction was not significant for
any dependent variable. The covariate T1 (age at treatment
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Table 4. Results of the tests of between-subject effects in ANCOVA

Dependent variable Source ty;sase, m s,:lt?:?e
corrected model 15.089 4 3772 8723 <0.001 = 0.320
constant 0416 1 0416 0.962 0330 - 0.013
T1 12712 1 12.712 29.396 <0.001 <0.001 0.284
group 0536 1 0.536 1.240 0.269 0.635 0.016
CVM1 gender 0.824 1 0.824 1.906 0.172 0.527 0.025
group * gender 0.059 1 0.059 0.136 0.714 0912 0.002
error 32.000 74 0432 - = = -
total 471.000 79 - - - - -
corrected total 47.089 78 = = = = =
corrected model 15.727 4 3.932 6.882 <0.001 - 0.271
constant 2798 1 2.798 4.897 0.030 - 0.062
T 15.571 1 15.571 27.258 <0.001 <0.001 0.269
group 0.001 1 0.001 0.002 0.963 0.974 0.000
CVM2 gender 0.002 1 0.002 0.003 0.956 0.977 0.000
group * gender 0.022 1 0.022 0.039 0.843 0.969 0.001
error 42.273 74 0.571 - - - -
total 769.000 79 - - - - -
corrected total 58.000 78 - - - - -
corrected model 1.263 4 0316 2238 0.073 = 0.108
constant 0.131 1 0.131 0.930 0338 - 0.012
T1 0.279 1 0.279 1.976 0.164 0.520 0.026
group 0.098 1 0.098 0.692 0.408 0.751 0.009
CVM gender 0.688 1 0.688 4.880 0.030 0.251 0.062
group * gender 0.004 1 0.004 0.029 0.865 0.959 0.000
error 10438 74 0.141 — = - -
total 26.240 79 - - - - -
corrected total 11.701 78 = = = = =
corrected model 11.233 4 2.808 1.442 0.229 - 0.072
constant 0496 1 0.496 0.255 0.615 - 0.003
T 0.027 1 0.027 0.014 0.907 0.959 0.000
group 0.639 1 0.639 0328 0.569 0.844 0.004
MAS gender 10.138 1 10.138 5.205 0.025 0.230 0.066
group * gender 0.122 1 0.122 0.062 0.803 0.959 0.001
error 144.130 74 1.948 - - - -
total 165.847 79 - - - - -
corrected total 155363 78 - - - - -
corrected model 1.271 4 0318 0.427 0.789 = 0.023
constant 1451 1 1451 1.947 0.167 - 0.026
T1 0323 1 0323 0434 0512 0812 0.006
group 0.560 1 0.560 0.752 0.389 0.761 0.010
McN-McN1 gender 0.164 1 0.164 0.220 0.640 0.879 0.003
group * gender 0.004 1 0.004 0.005 0.944 0.976 0.000
error 55.126 74 0.745 = = = =
total 136.690 79 - - - - -
corrected total 56.397 78 = = = = =
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Table 4. Results of the tests of between-subjects effects of the ANCOVA analysis — cont

Dependent variable Source

MPW

Nasopharynx (zp)

Oropharynx (zp)

Pall

PNS-ad1

corrected model
constant
T1
group
gender
group * gender
error
total
corrected total
corrected model
constant
T
group
gender
group * gender
error
total
corrected total
corrected model
constant
T1
group
gender
group * gender
error
total
corrected total
corrected model
constant
T
group
gender
group * gender
error
total
corrected total
corrected model
constant
T1
group
gender
group * gender
error
total

corrected total

‘ SS, Mean
type lll square
11.762 4 2.941
0.605 1 0.605
0.073 1 0.073
8.408 1 8.408
2362 1 2362
0478 1 0478
63.207 74 0.854
77.371 79 =
74.969 78 -
4236518 4 1059.130
31370 1 31.370
1753.157 1 1753.157
1169.287 1 1169.287
968.316 1 968316
724.528 1 724528
31268311 74 422.545

71560307 79 -
35504.829 78 =
13467.719 4 3366.930
393.134 1 393.134
1240.647 1 1240.647
9524.541 1 9524.541
1228.107 1 1228.107
1394.475 1 1394.475
129339.959 74 1747.837
224181376 79 -
142807.678 78 -
28483 4 7.121
7.105 1 7.105
1.984 1 1.984
19.865 1 19.865
5.052 1 5.052
0.875 1 0.875
338.870 74 4.579
788467 79 -
367.353 78 =
1.761 4 0.440
0.108 1 0.108
0.609 1 0.609
0.306 1 0.306
0.044 1 0.044
0.923 1 0.923
136.438 74 1.844
167.083 79 -
138.199 78 -

2.507
0.074
4.149
2.767
2.292
1.715

1.926
0.225
0.710
5449
0.703
0.798

1.555
1.551
0433
4.338
1.103
0.191

0.239
0.059
0.330
0.166
0.024
0.500

0.049
0.786
0.045
0.100
0.134
0.194

0.115
0.637
0.402
0.022
0.405
0.375

0.195
0.217
0.512
0.041
0.297
0.663

0916
0.809
0.567
0.685
0.877
0482

0.318
0418
0514
0.541

0.771
0.253
0.760
0.750

0.798
0314
0.666
0.884

0.855
0.888
0.961
0.806

0.119
0.001
0.053
0.036
0.030
0.023

0.094
0.003
0.010
0.069
0.009
0.011

0.078
0.021
0.006
0.055
0.015
0.003

0013
0.001
0.004
0.002
0.000
0.007
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Table 4. Results of the tests of between-subject effects in ANCOVA - cont

Dependent variable Source ty;sase, m ‘ s,:lt?:?e ‘
corrected model 2334 4 0.583 0.889 0475 = 0.046
constant 0.139 1 0.139 0212 0.647 - 0.003
T1 1.388 1 1.388 2115 0.150 0493 0.028
group 0.302 1 0.302 0460 0.500 0.821 0.006
PNS-ad2 gender 0.702 1 0.702 1.069 0.305 0.668 0.014
group * gender 0.020 1 0.020 0.030 0.863 0.968 0.000
error 48.585 74 0.657 = = = =
total 105.006 79 - - - - -
corrected total 50919 78 = = = = =
corrected model 5912 4 1478 1.127 0.350 - 0.057
constant 3.908 1 3.908 2981 0.088 - 0.039
T 1.561 1 1.561 1.191 0.279 0.642 0.016
group 2987 1 2.987 2278 0.135 0497 0.030
PNS-ad3 gender 0.320 1 0320 0.244 0.623 0.868 0.003
group * gender 0.041 1 0.041 0.031 0.860 0977 0.000
error 97.023 74 1311 - - - -
total 109.958 79 - - - - -
corrected total 102.935 78 - - - - -
corrected model 5.291 4 1323 1.202 0317 = 0.061
constant 4.439 1 4439 4.034 0.048 - 0.052
T1 2422 1 2422 2201 0.142 0.484 0.029
group 0.304 1 0.304 0.276 0.601 0.864 0.004
PNS-Ba gender 0.718 1 0.718 0.653 0422 0.761 0.009
group * gender 2456 1 2456 2232 0.139 0.492 0.029
error 81.438 74 1.101 — = - -
total 93.669 79 - - - - -
corrected total 86.729 78 = = = = =
corrected model 11.661 4 2915 2176 0.080 - 0.105
constant 17.711 1 17.711 13218 0.001 - 0.152
T 7.200 1 7.200 5374 0.023 0.235 0.068
group 0.077 1 0.077 0.058 0.811 0.944 0.001
PNS-S gender 1.239 1 1.239 0.924 0339 0.709 0.012
group * gender 3.901 1 3.901 2912 0.092 0423 0.038
error 99.149 74 1.340 - - - -
total 166.423 79 - - - - -
corrected total 110.810 78 - - - - -
corrected model 22944 4 5.736 2932 0.026 = 0.137
constant 1.029 1 1.029 0.526 0471 - 0.007
T1 0.369 1 0.369 0.189 0.665 0.874 0.003
group 11.599 1 11.599 5929 0.017 0223 0.074
PNS-UPW gender 6.621 1 6.621 3384 0.070 0429 0.044
group * gender 2.829 1 2.829 1.446 0.233 0.579 0.019
error 144.769 74 1.956 = = = =
total 232627 79 - - - - -
corrected total 167.713 78 = = = = =
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Table 4. Results of the tests of between-subject effects in ANCOVA - cont

Dependent variable Source ‘ ty?)se'lll ‘ S’:‘SZ;
corrected model 6.761 4 1.690 1.536 0.201 - 0.077
constant 2.956 1 2.956 2.686 0.105 = 0.035
T 0.238 1 0.238 0216 0.643 0.870 0.003
group 4.276 1 4.276 3.885 0.052 0.342 0.050
PNS-Z44 gender 1.017 1 1.017 0.924 0339 0.693 0.012
group * gender 3.564 1 3.564 3.238 0.076 0437 0.042
error 81.437 74 1.101 - - - -
total 134.805 79 = = = = =
corrected total 88.198 78 - - - - -
corrected model 120.196 4 30.049 3.990 0.006 - 0.177
constant 12.844 1 12.844 1.705 0.196 - 0.023
T 0.575 1 0.575 0.076 0.783 0.960 0.001
group 89.577 1 89.577 11.893 0.001 0.018 0.138
Pal2 gender 14.045 1 14.045 1.865 0.176 0.522 0.025
group * gender 7.128 1 7.128 0.946 0334 0.715 0.013
error 557.352 74 7.532 = = = =
total 1271383 79 - - - - -
corrected total 677.548 78 = = = = =
corrected model 9.126 4 2281 1.806 0.137 - 0.089
constant 0.074 1 0.074 0.059 0.810 = 0.001
T 0317 1 0317 0.251 0.618 0.875 0.003
group 3.642 1 3.642 2.883 0.094 0412 0.037
U-PNS gender 2.187 1 2.187 1.731 0.192 0.552 0.023
group * gender 0422 1 0.422 0334 0.565 0.866 0.004
error 93.494 74 1.263 - - - -
total 108.900 79 - - - - -
corrected total 102.620 78 - - - - -
corrected model 0437 4 0.109 0.210 0932 - 0.011
constant 0.179 1 0.179 0.344 0.559 - 0.005
T 0.064 1 0.064 0.124 0.726 0.915 0.002
group 0012 1 0.012 0.024 0.878 0.950 0.000
U1-u2 gender 0.034 1 0.034 0.066 0.798 0.966 0.001
group * gender 0.236 1 0.236 0.455 0.502 0.810 0.006
error 38478 74 0.520 = = = =
total 39.445 79 - - - - -
corrected total 38915 78 = = = = =
corrected model 47.002 4 11.750 3.597 0.010 - 0.163
constant 8.536 1 8.536 2613 0.110 = 0.034
T 0.205 1 0.205 0.063 0.803 0.947 0.001
group 43.905 1 43.905 13439 <0.001 <0.001 0.154
VAL gender 0.063 1 0.063 0.019 0.890 0.952 0.000
group * gender 0.002 1 0.002 0.001 0.980 0.980 0.000
error 241.765 74 3.267 - - - -
total 651574 79 = = = = =
corrected total 288.767 78 - - - - -
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Table 4. Results of the tests of between-subject effects in ANCOVA - cont

Dependent variable Source ty;sase, m s,:lt?:?e

corrected model 210.843 4 52711 97.877 <0.001 = 0.841
constant 16463 1 16463 30.570 <0.001 - 0.292
T1 208.366 1 208.366 386.906 <0.001 <0.001 0.839
group 0.835 1 0.835 1.551 0217 0570 0.021
T2 gender 1.596 1 1.596 2.964 0.089 0455 0.039
group * gender 0.279 1 0.279 0518 0474 0.823 0.007

error 39.852 74 0.539 = = = =

total 7908914 79 - - - - -

corrected total 250.696 78 = = = = =
corrected model 3515 4 0.879 1631 0.175 - 0.081
constant 16.468 1 16.468 30.569 <0.001 - 0.292
T 0.893 1 0.893 1.657 0.202 0.547 0.022
group 0.834 1 0.834 1.549 0.217 0.555 0.021
Study duration gender 1.597 1 1.597 2.964 0.089 0431 0.039
group * gender 0.279 1 0.279 0.517 0474 0.808 0.007

error 39.865 74 0539 - - - -

total 268.555 79 - - - - -

corrected total 43.379 78 - - - - -
corrected model 2.725 4 0.681 0.983 0422 = 0.050
constant 2.340E-5 1 2340E-5 0.000 0.995 - 0.000
T1 0.008 1 0.008 0.012 0914 0.956 0.000
group 0219 1 0219 0316 0.576 0.841 0.004
74-744 gender 2.155 1 2.155 3.110 0.082 0.444 0.040
group * gender 0.881 1 0.881 1.271 0.263 0.637 0.017

error 51.277 74 0.693 = = = =

total 54.142 79 - - - - -

corrected total 54.002 78 = = = = =

SS = sum of squares; df — degree of freedom; F — between-groups variance divided by within-groups variance; p_adj — Benjamini-Hochberg adjusted
p-value; ny’ — partial eta squared; CVM1 — skeletal age before treatment initiation according to the cervical vertebrae maturation method; CVM2 — skeletal
age after completion of treatment with the functional appliance according to the cervical vertebrae maturation method; CVM - skeletal age according

to the cervical vertebrae maturation method; MAS — middle airway space, defined as the connection of the MP and LP points, corresponding

to the airspace between the posterior border of the body of the tongue and the posterior pharyngeal wall; McN-McN1 - the distance between

the posterior border of the upper half of the soft palate and the nearest point on the posterior pharyngeal wall; MPW — the distance between the most
inferior posterior point at the tip of the soft palate and the posterior pharyngeal wall, corresponding to the retropalatal airspace; nasopharynx

(zp) — the surface area of the nasopharynx on the lateral cephalometric radiograph; oropharynx (zp) - the surface area of the oropharynx on the lateral
cephalometric radiograph; Pall — the anterior length of the entire pharynx, corresponding to the connection of the following cephalometric landmarks
on the anterior pharyngeal wall: Eb, MP, U, and PNS; PNS-ad1 — the dimension of the nasopharyngeal airspace, corresponding to the distance from the PNS
point to the ad1 point; PNS-ad2 — the dimension of the nasopharyngeal airspace, corresponding to the distance from the PNS point to the ad2 point;
PNS-ad3 - the dimension of the nasopharyngeal airspace, corresponding to the distance from the PNS point to the ad3 point; PNS-Ba - the distance

from the PNS point to the Ba point; PNS-S — the distance from the PNS point to the S point; PNS-UPW — the dimension of the pharyngeal airspace,
corresponding to the distance from the posterior nasal spine to the point formed on the line passing through the anterior and posterior nasal spine

at the intersection with the posterior pharyngeal wall; PNS-Z4 — the distance from the PNS point to the Z44 point; Pal2 — the posterior length of the entire
pharynx, corresponding to the connection of the following cephalometric landmarks on the posterior pharyngeal wall: MM1, LP, TP, UPW, ad1, ad2,

ad3, and Z4; U-PNS - the length of the soft palate on the line between the PNS and U points; U1-U2 - the largest sagittal dimension of the soft palate
measured on the line perpendicular to the line passing through the PNS and U points, corresponding to the soft palate thickness; VAL -the length

of the pharynx on the line between the base of the epiglottis and posterior nasal spine; T1 — patient chronological age before treatment initiation;

T2 - patient chronological age after treatment completion; study duration, length of study T2-T1; Z4-744 — the distance from the point at the intersection
of the posterior wall of the nasal pharynx with the posterior outline of the pterygopalatine fossa to the point created on a straight line from the PNS point
towards the Z4 point, at the intersection with the skull base.



Adv Clin Exp Med. 2026;35(1):151-166

Table 5. Adjusted p-values (Benjamini-Hochberg) for post-hoc ANCOVA
comparisons

Group Gender (G;eonudpe:
CVM1 <0.001 0.635 0.527 0912
CVMm2 <0.001 0974 0977 0.969
CYM 0.520 0.751 0.251 0.959
MAS 0.959 0.844 0.230 0.959
McN-McN1 0.812 0.761 0.879 0.976
MPW 0.957 0.031 0404 0.809
Nasopharynx (zp) 0318 0418 0514 0.541
Oropharynx (zp) 0.771 0.253 0.760 0.750
Pal1 0.798 0314 0.666 0.884
PNS-ad1 0.855 0.888 0.961 0.806
PNS-ad2 0493 0.821 0.668 0.968
PNS-ad3 0.642 0.497 0.868 0.977
PNS-Ba 0.484 0.864 0.761 0492
PNS-S 0.235 0.944 0.709 0423
PNS-UPW 0.874 0.223 0429 0.579
PNS-z44 0.870 0.342 0.693 0437
Pal2 0.960 0018 0.522 0.715
U-PNS 0.875 0412 0.552 0.866
u1-uz2 0915 0.950 0.966 0.810
VAL 0.947 <0.001 0.952 0.980
T2 <0.001 0.570 0455 0.823
Study duration 0.547 0.555 0431 0.808
74-744 0.956 0.841 0444 0.637

initiation) was statistically significant for the following
variables: skeletal age before treatment initiation (CVM1),
skeletal age after treatment completion (CVM2), naso-
pharynx (zp), the distance between the posterior nasal
spine and the midpoint of the sella turcica (PNS-S), and
chronological age after treatment completion (T2). How-
ever, after applying the Benjamini—Hochberg correction,
significance remained only for 3 variables: CVM1, CVM2,
and T2. The results of the post-hoc ANCOVA with Ben-
jamini—Hochberg correction are presented in Table 5. Box-
and-whiskers plots illustrating the results are presented
in Fig. 3,4.

Discussion
Oropharyngeal measurements

In the present study, the analysis of changes in upper air-
way variables on LCRs (taken in the sagittal plane) was con-
ducted in patients where the primary therapeutic forces,
due to the presence of 2 screws in the orthodontic appli-
ance, were directed laterally, perpendicular to the sagittal
plane. Notably, the MPW values increased significantly
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CVMT1 - skeletal age before treatment initiation according to the cervical
vertebrae maturation method; CYM2 - skeletal age after completion

of treatment with the functional appliance according to the cervical
vertebrae maturation method; CVM - skeletal age according to the cervical
vertebrae maturation method; MAS — middle airway space, defined

as the connection of the MP and LP points, corresponding to the airspace
between the posterior border of the body of the tongue and the posterior
pharyngeal wall; McN-McNT1 - the distance between the posterior
border of the upper half of the soft palate and the nearest point

on the posterior pharyngeal wall; MPW - the distance between the most
inferior posterior point at the tip of the soft palate and the posterior
pharyngeal wall, corresponding to the retropalatal airspace; nasopharynx
(zp) - the surface area of the nasopharynx on the lateral cephalometric
radiograph; oropharynx (zp) - the surface area of the oropharynx

on the lateral cephalometric radiograph; Pall — the anterior length

of the entire pharynx, corresponding to the connection of the following
cephalometric landmarks on the anterior pharyngeal wall: Eb, MP, U,

and PNS; PNS-ad1 - the dimension of the nasopharyngeal airspace,
corresponding to the distance from the PNS point to the ad1 point;
PNS-ad2 - the dimension of the nasopharyngeal airspace,

corresponding to the distance from the PNS point to the ad2 point;
PNS-ad3 - the dimension of the nasopharyngeal airspace, corresponding
to the distance from the PNS point to the ad3 point; PNS-Ba - the distance
from the PNS point to the Ba point; PNS-S - the distance from the PNS
point to the S point; PNS-UPW - the dimension of the pharyngeal
airspace, corresponding to the distance from the posterior nasal spine

to the point formed on the line passing through the anterior and
posterior nasal spine at the intersection with the posterior pharyngeal
wall; PNS-744 — the distance from the PNS point to the Z44 point;

Pal2 — the posterior length of the entire pharynx, corresponding

to the connection of the following cephalometric landmarks

on the posterior pharyngeal wall: MM1, LP, TP, UPW, ad1, ad2, ad3, and

Z4; U-PNS - the length of the soft palate on the line between the PNS
and U points; U1-U2 - the largest sagittal dimension of the soft palate
measured on the line perpendicular to the line passing through the PNS
and U points, corresponding to the soft palate thickness; VAL - the length
of the pharynx on the line between the base of the epiglottis and
posterior nasal spine; T1 — patient chronological age before treatment
initiation; T2 — patient chronological age after treatment completion;
74-744 - the distance from the point at the intersection of the posterior
wall of the nasal pharynx with the posterior outline of the pterygopalatine
fossa to the point created on a straight line from the PNS point towards
the Z4 point, at the intersection with the skull base.

more in the treatment group, despite the main expansion
forces acting in a plane different from the measurement
direction. Our study results align with those presented
in the report by Ozbek et al., where, however, the forces
used in the appliance acted in the anteroposterior direc-
tion, thus aligning with the plane of the LCRs.?* In turn,
Ulusoy et al. reported that although a statistically signif-
icant increase in the oropharyngeal area was observed
in the treatment group during the retention period (af-
ter the active treatment phase with an appliance involv-
ing anteroposterior and vertical activation), the overall
changes in the horizontal oropharyngeal measurements
and the surface area of the oropharynx on LCRs did not
differ significantly between the analyzed groups. These
findings are in line with our observations.?®

Among patients with sleep-disordered breathing, a ret-
rognathic position of the mandible in relation to the cranial
base is often observed, which predisposes to the narrowing
of the pharyngeal airway passage.26~28 The posteriorly posi-
tioned tongue and soft palate, which reduce the pharyngeal
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dimensions early in life, may contribute to subsequent
impaired respiratory function, snoring, upper airway
resistance syndrome, and obstructive sleep apnea.26:272°
Concurrent soft tissue changes, attributable to age, obe-
sity, and genetic background, further reduce the oropha-
ryngeal airway.?” The observed MPW increase following
treatment (reflecting the enlargement of the oropharynx
depth)?*?” might be attributed to the mandibular advance-
ment caused by the functional appliances, influencing
the position of the hyoid bone and, consequently, leading
to the forward relocation of the tongue.?%?” Since changes
in pharyngeal dimensions following functional appliance
therapy have been reported to be maintained in the long
term, such management may help prevent adaptive changes
in the upper airway, thereby potentially influencing the risk
of obstructive sleep apnea development later in life.2%:30:31

Before the functional treatment in patients with mandib-
ular retrognathism, the backward position of the tongue
tends to press the soft palate, which leads to a decrease
in its thickness, with a concurrent increase in its length and
inclination.?®?” Despite the lack of statistically significant
differences in soft palate thickness between the treatment
and control groups, we observed a lower average annual
increase in soft palate length after expansion treatment.
In contrast, Ghodke et al. found a tendency toward im-
provements in soft palate length, thickness, and inclination
after mandibular retrusion correction, with the change
in inclination reaching statistical significance.?® Similarly,
Jena et al. observed significant improvements in the adap-
tation of the soft palate (i.e., an increase in its thickness with
a concurrent decrease in its length and inclination) follow-
ing the treatment of Class I malocclusion using functional
appliances. After treatment with a twin-block appliance,
the soft palate measurements were found to align with
the values seen in healthy controls.”” Therefore, the posi-
tive impact of functional treatment on airway dimensions
cannot be attributed solely to the induced skeletal changes
but also to the increased genioglossal muscle tone and soft
tissue adaptations resulting from the forward positioning
of the mandible during treatment.?”3°

Nasopharyngeal measurements

Contrary to the oropharyngeal variables, we observed
that the linear measurements and the surface area
of the nasopharynx did not differ significantly between
the treatment group and the controls. Similarly, several au-
thors have reported no significant differences in nasopha-
ryngeal measurements when compared with the control
group in both the short and long term, despite the favorable
alterations in the nasopharyngeal area induced by func-
tional treatment.?” Therefore, it has been postulated that
the growth of the nasopharynx occurs independently
of functional appliance treatment, and that nasopharyn-
geal dimensions may not be influenced by mandibular-
sagittal changes but rather by sphenoid wing expansion and
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the forward sliding of the palate.?”32 Furthermore, the lack
of significant differences was found to be partially attrib-
uted to the age of patients at the initiation of functional
treatment (beginning of pubertal growth), and thus, no
expected alterations in airway size related to the growth
process were observed, as the airway capacity was already
adequate.?> Additionally, it has been hypothesized that
a more pronounced advancement in airway dimensions
could have been observed in patients with retrognathic
facial structures or breathing-related sleep disorders, due
to their more significant intrinsic stimulus to increase air-
way capacity.?> Moreover, the values of the nasopharyngeal
measurements on LCRs may be associated with the physi-
ological development pattern of the adenoid tissue, which
continues to grow until puberty, followed by a gradual
decline.?>33

Limitations

The study’s limitations include its retrospective de-
sign and the use of conventional LCRs in the evaluation
of airway spaces, which precluded a detailed multiplanar
analysis of the dentomaxillofacial complex. Nevertheless,
LCRs are still routinely used in orthodontic practice and,
in most conservative treatment cases, serve as a sufficient
tool for monitoring growth and conducting accurate treat-
ment progress assessments.?*~%” Since a positive correlation
between linear naso- and oropharyngeal cephalometric
measurements and the corresponding pharyngeal volume
in cone beam computed tomography (CBCT) exams has
been described, it becomes even more critical to strictly
adhere to the directive of limiting radiation exposure in pe-
diatric patients to the greatest extent possible and to fully
justify the acquisition of CBCT scans in routine orthodontic
practice.34-38

Furthermore, in our study, the division of the treatment
and control groups according to skeletal classifications (re-
garding the anteroposterior relationship between the max-
illa and mandible) was not implemented. Mislik et al. found
only a few weak correlations between the “p” distance
(the shortest distance between the soft palate and the pos-
terior pharyngeal wall) and the “t” distance (the shortest
distance between the tongue and the posterior pharyngeal
wall) to various cephalometric landmarks with no signifi-
cant correlations to the angle of the mandible or skeletal
class.?® Additionally, Alves et al. reported no significant
correlations between the ANB (the cephalometric param-
eter of choice for assessing the anteroposterior relationship
between the maxilla and mandible) angle (formed between
the most concave point of the anterior maxilla, nasion, and
the most concave point on mandibular symphysis) and
pharyngeal linear and surface measurements.*® Neverthe-
less, since discrepancies in pharyngeal airway dimensions
depending on the mandibular position have been observed,
the implementation of skeletal classifications might have
been valuable in interpreting the results.*!
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Moreover, the study’s retrospective nature precluded
the analysis of confounding factors (such as initial maloc-
clusion severity and patient compliance) on the functional
treatment outcomes. Additionally, the presented results
should be interpreted with caution due to the lack of long-
term follow-up data, which would help define the ultimate se-
quelae following treatment with the ERCO appliance. Future
studies evaluating larger patient cohorts, including those
treated during the early permanent dentition phase, and with
a more extended follow-up period (e.g., during the retention
phase after the active treatment phase) are highly warranted.

Conclusions

Expansive treatment using a removable functional appli-
ance in children during the deciduous or mixed dentition
phase does not significantly impact nasopharyngeal air-
space dimensions. In contrast, lateral expansion of the max-
illa and mandible with the functional appliance significantly
increases the oropharyngeal airspace dimensions in the sag-
ittal plane, which may reduce the future risk associated with
abnormal breathing patterns in these patients.
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Abstract

Cornelia de Lange syndrome (CdLS) is a complex genetic disorder affecting multiple body systems. Itis char-
acterized by distinctive facial features, skeletal anomalies, neurological and developmental impairments,
physiological cutaneous manifestations such as hirsutism and synophrys, and numerous other signs and
symptoms. Among affected individuals, the clinical presentation of CdLS varies widely, ranging from relatively
mild to severe forms. Additionally, CdLS increases the frequency of certain dermatoses, including cutaneous
bacterial infections and idiopathic thrombocytopenic purpura. Six genes have been identified in association
with CdLS: NIPBL (Nipped-B-like protein), RAD27 (double-strand break repair protein rad21 homolog),
SMCTA and SMC3 (structural maintenance of chromosomes 1A and 3), BRD4 (bromodomain-containing
protein 4), and HDAC8 (histone deacetylase 8). Cornelia de Lange syndrome is estimated to occur in 1 out
of every 10,000—-30,000 live births, making it a rare condition and posing diagnostic challenges due to its
low incidence. The present review aims to raise awareness of (dLS among dermatologists by providing a brief
overview of the syndrome and summarizing the current literature on its dermatological manifestations.

Key words: dermatology, genetics, pediatrics
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+ Cornelia de Lange Syndrome (CdLS) is caused by genetic variations in the cohesin complex.
+ Given the variety of symptoms, recognizing the characteristic dermatological features of CdLS is essential for

+ Cutaneous manifestations in CdLS include hirsutism, synophrys and cutis verticis gyrate, which can affect patients’

+ As self-injury is also common in individuals with CdLS, support groups and psychological counseling should be

Introduction

Cornelia de Lange syndrome (CdLS) is an uncommon
and complicated genetic illness characterized by unusual
facial traits, developmental delays, limb abnormalities,
and several systemic abnormalities.”> Cornelia de Lange
Syndrome, initially recognized by Brachmann in 1916 and
later named by Cornelia de Lange in 1933, affects approx. 1
in every 10,000-30,000 live births.*>* The disorder has
been related to genetic differences in the cohesin com-
plex, particularly mutations in 6 genes: NIPBL, RAD2I,
SMCI1A, SMC3, BRD4, and HDAC8.5"7 These genes play
critical roles in chromatin organization, gene expression,
and DNA repair. This underscores the causes of the effects
of CdLS on various physiological systems.” Despite their
potential relevance for diagnosis and therapeutic manage-
ment, the dermatological aspects of CdLS have received
limited attention in recent research, creating a vacuum
in our understanding of the wide range of clinical symp-
toms of this condition.

Previous research has primarily focused on the develop-
mental, neurological and systemic features of the disease,
with dermatological symptoms being highlighted as sec-
ondary findings. In the early 1960s and 1970s, investi-
gators described the physical characteristics associated
with CdLS, including hirsutism — specifically referring
to excessive male-pattern hair growth in women — and hy-
pertrichosis, which describes excessive hair growth in any
area, regardless of pattern or gender.

In CdLS, both conditions may be present, with hypertricho-
sis being more common.”!® This study established a frame-
work for understanding the dermatological features of CdLS,
although this was constrained by the diagnostic tools avail-
able at the time. Additional studies have helped us understand
the genetic foundation and clinical presentation of CdLS.
A groundbreaking research by Krantz et al. and Tonkin et al.
identified NIPBL as the first gene related to CdLS.!*2

Unfortunately, there is a conspicuous lack of thorough
and up-to-date research on dermatological signs of CdLS.
While some studies have examined skin symptoms, in-
cluding cutis marmorata telangiectatic congenita and ab-
normal dermatoglyphics, studies on the dermatological
characteristics of patients with CdLS are limited.!*>'* Kline

et al. conducted a detailed clinical examination of CdLS;
however, their primary focus was not on its dermatological
aspects.’® The absence of expertise in this field is especially
concerning, because skin symptoms can be pivotal for
detecting uncommon genetic disorders and impact treat-
ment and general wellbeing of the patients.

New research highlighted the varied appearances
of CdLS, underlining the significance of recognizing
milder versions of the disorder.!® Boyle et al. provided valu-
able insights into the incidence of self-injurious behaviors
in CdLS, which might influence the skin.? However, previ-
ous studies have not adequately examined the numerous
skin symptoms observed in people with CdLS.

Objectives

The objectives of this work are to provide an overview
of CdLS and to recognize its cutaneous manifestations.

Methods

Our literature search was conducted using PubMed, Co-
chrane Library, Scopus, Web of Science, and Google Scholar
databases, spanning from 1963 to May 2022. All photo-
graphs presented in this manuscript are from the authors’
own clinical collections and were obtained with appropriate
patient consent. The primary search term used in the lit-
erature review was “CdLS.”A literature review identified
all studies that addressed the clinical features of CdLS. All
studies discussing the dermatological aspects of this syn-
drome were selected. Publications discussing the genetic
background of this syndrome were also included.

Review
Overview of CdLS

Cornelia de Lange syndrome is a developmental mul-
tisystem disorder with variable physical, cognitive, and
behavioral characteristics.!” This prevalence is probably
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underestimated, because milder or atypical cases may not
have been diagnosed. This syndrome affects both genders
equally.'8

Clinical case illustration

A 6-year-old female patients presented with characteris-
tic facial features, including synophrys and long eyelashes,
accompanied by generalized hypertrichosis. The patient
showed a low anterior hairline with thick, dark hair and
distinctive facial features, including arched eyebrows
that met in the midline (synophrys). Generalized hyper-
trichosis was noted, particularly prominent on the back
and extremities. Initial dermatological examination led
to suspicion of CdLS, which was subsequently confirmed
through genetic testing. This case illustrates how recogni-
tion of characteristic dermatological features can facilitate
early diagnosis of CdLS.

Genetic background

The etiology of CdLS has been elucidated through mo-
lecular investigations of genetic variants affecting the co-
hesin complex. To date, 6 genes have been implicated:
nipped-B-like protein (NIPBL), double-strand break re-
pair protein rad21 homolog (RAD21), structural main-
tenance of chromosomes 1A (SMC1A) and 3 (SMC3),
bromodomain-containing protein 4 (BRD4), and histone
deacetylase 8 (HDACS).. Mutations in the NIPBL gene
were associated with 50-60% of cases.'”

The cohesin complex and its associated regulatory
proteins help to contact sequence elements and regulate
gene expression. In addition to gene expression regulation,
the cohesin complex plays a role in sister chromatid cohe-
sion and DNA damage signaling and repair.'”

Cornelia de Lange syndrome has an autosomal dominant
familial or X-linked pattern of inheritance. Nonetheless,
most cases result from de novo heterozygous mutations
in patients with no family history of CdLS."”

Classification

Cornelia de Lange syndrome can be categorized into
3 types based on clinical variability. Type I, the clas-
sic form, is characterized by distinctive facial features
and significant skeletal abnormalities. Type II, the mild
form, presents with typical facial features accompanied
by milder skeletal anomalies. Type I1I refers to cases where
CdLS-like phenotypic manifestations are observed either
in the presence of chromosomal aneuploidies or following
teratogenic exposure. The classic features of CdLS include
distinctive craniofacial characteristics, limb anomalies,
growth retardation, and intellectual disability.. Additional
features include cutaneous manifestations, gastrointesti-
nal disorders, genitourinary malformations, and cardio-
vascular defects.'”
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Cutaneous manifestations
of De Lange syndrome

Hirsutism and hypertrichosis

Hirsutism and hypertrichosis are prominent and typi-
cal features of CdLS, observed in most patients (80%).'8
Although hirsutism does not necessarily require treatment,
it may affect patients’ psychological wellbeing. Therefore,
rather than the amount of hair growth, the subjective per-
ception of the patient should be the deciding factor when
determining whether the patient needs treatment."”

Hypertrichosis in CdLS is typically generalized, with par-
ticularly prominent involvement of the nape of the neck,
the lateral aspects of the elbows, and the lower sacral area
(Fig. 1).20 Scalp hair is often characterized by low frontal
hair implantation and a low posterior hairline, observed
in approx. 92% of patients. Additionally, individuals with
CdLS tend to have thick scalp hair that frequently extends
into the temporal regions.? Eyelashes are long and curly
in 99% of patients (Fig. 1).2° The eyebrows are neat, well-
penciled, arched, and thick. Moreover, patients almost
always have synophry, which is the fusion of the eyebrows
above the bridge of the nose (Fig. 2).%

Dark hair color

Cornelia de Lange syndrome tends to be associated with
dark hair and eyebrows due to a disturbance in hair pig-
mentation (Fig. 2). However, there has been no evidence
of pigmentation disorders in the skin or eyes.?"?2

Cutis verticis gyrate

Cutis verticis gyrate is an overgrowth of the scalp skin,
resulting in deep furrows and convoluted folds of the skin.
Cutis verticis can be diagnosed clinically. Surgery is the de-
finitive treatment for cutis verticis. However, appropriate
scalp hygiene is important to avoid the accumulation of se-
cretions (Fig. 3).2% Cutis verticis gyrate has been reported
in several patients with CdLS.?*

Sweat gland abnormalities

Sweat gland density was reduced in 34% of the individu-
als with CdLS. Decreasing sweat gland density with age
is normal; however, individuals with CdLS exhibit a reduc-
tion in size that exceeds typical age-related expectations.?®

Cutis marmorata telangiectatic congenita

Cutis marmorata telangiectatic congenita (CMTC)
is a rare congenital rash resulting from vascular malfor-
mations. It presents with fixed reticulate erythema, un-
like physiological cutis marmorata, which resolves with
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Fig. 1. Hypertrichosis in the back (A) and arm (B) and long curly eyelashes (C)

skin warming. Cutis marmorata telangiectatic congenita
is clinically diagnosed, but histopathological examination
of the skin is insufficient for diagnosis. It is most associated
with reticulate erythema, which is observed in persistent
CdLS (Fig. 4).1 CMTC shows a strong correlation with CdLS,
as more than half of the patients with CdLS have CMTC.2¢

0. Shahada et al. Cornelia de Lange syndrome

Fig. 2. Distinctive facial features of CdLS, including dark hair color, low
anterior hairline, hirsutism, and thick, arched, and confluent eyebrows

Fig. 3. Cutis verticis gyrate

Nail abnormalities

Approximately 35% of patients with patients with CdLS
had aplastic or hypoplastic nails (Fig. 5).2”28

Abnormal dermatoglyphics

Patients with CdLS usually have abnormal epidermal
ridge patterns, including a hypoplastic ridge pattern, which
is characterized by ridges that are reduced in height. This
is often accompanied by an excess of white lines on prints
(Fig. 6).13 Under these conditions, the ridges are short,
curved and disorganized, instead of running neatly in par-
allel lines. Dotted ridges are also a type of ridge dissocia-
tion associated with CdLS.*
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Fig. 4. Cutis marmorata telangiectatic congenita

Fig. 6. The dotted ridges
’ pattern in the sole seen

a . ’ in patients with CdLS

Fig. 5. Hypoplastic nails of the foot
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Crease anomalies
Many syndromes are associated with abnormal palmar
creases, and CdLS is among them, with approx. 60% of pa-

tients exhibiting a single transverse palmar crease (Fig. 7).28

Cutaneous syndactyly

Cutaneous syndactyly is a malformation that arises dur-
ing limb development, characterized by the fusion of adja-
cent digits involving only the skin. Cutaneous syndactyly
of the toes is illustrated in Fig. 8.28:30

Fig. 7. Single transverse palmar crease

Fig. 8. Cutaneous syndactyly of the toes

Cutaneous bacterial infection

Due to CdLS-associated antibody deficiency and im-
paired T-cell function, a high frequency of recurrent in-
fections has been reported, with bacterial skin infections
occurring in approx. 4% of cases.?!

Hypoplastic nipples and umbilicus

Hypoplastic nipples and the absence of nipples
or the umbilicus have been observed in approx. 50% of pa-
tients, most commonly among individuals with classic
CdLS (Fig. 9).18:32

Fig. 9. Absence of the nipples

Thrombocytopenia and its complications

Although thrombocytopenia in CdLS typically resolves
over time, in some cases it may persist, leading to the de-
velopment of idiopathic thrombocytopenic purpura.t833

Self-injury and aggressive behaviors

Self-injury is common in individuals with CdLS, with
roughly of them exhibiting clinically significant self-in-
jury.!® This includes some behaviors that may concern der-
matologists, including onychotillomania, trichotillomania
and dermatillomania, which refer to the impulse or urge
to pick or pull out nails, hair and skin, respectively.>* Par-
ent management training (PMT) and cognitive behavioral
therapy (CBT) are 2 effective interventions for these be-
havioral problems and are well supported in randomized
controlled trials (RCTs). Parent management training aims
to improve family interactions through aggressive behav-
iors. The basic principle of PMT is that there is a direct
relationship between aggressive behavior and the conse-
quences that follow that behavior. Cognitive behavioral
therapy aims to enhance social problem-solving skills,
using techniques such as identifying patterns of anger
expression, recognizing the consequences of self-injurious
behavior, and reshaping aggressive reactions into more
socially appropriate responses.3
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Differential diagnosis

Several conditions may present with features resembling
CdLS, including Fryns syndrome, Coffin—Siris syndrome,
and Rubinstein—-Taybi syndrome.! Each of these conditions
shares some dermatological features with CdLS but can be
distinguished through careful clinical examination and
genetic testing.3

Impact on quality of life

The dermatological manifestations of CdLS can sig-
nificantly impact patients’ psychosocial wellbeing. Vis-
ible features such as hirsutism and facial differences may
affect self-image and social interactions. Support groups
and psychological counseling should be considered as part
of comprehensive care.?”38

Limitations

This review has several limitations. First, the available
literature on the dermatological manifestations of Cornelia
de Lange syndrome (CdLS) is scarce, and most published
studies focus primarily on systemic or developmental as-
pects. As a result, much of the dermatological evidence
is derived from case reports or small case series, which may
reduce the generalizability of the findings. Second, vari-
ability in diagnostic approaches and reporting styles across
studies makes it difficult to establish precise prevalence
rates of skin manifestations. Third, because this work was
conducted as a narrative review rather than a systematic
review, some relevant studies may not have been captured
despite a broad database search. Finally, the rarity of CdLS
itself and the frequent under-recognition of milder pheno-
types may have led to underreporting of dermatological
features in the literature.

Conclusions

This review achieves its stated aim of providing a com-
prehensive overview of CdLS and its cutaneous manifes-
tations. Key findings include the high prevalence of hair
abnormalities, the significance of cutaneous markers for
diagnosis, and the importance of dermatological care
in management. Future research should focus on geno-
type-phenotype correlations in skin manifestations, long-
term outcomes of dermatological interventions, and im-
pact of cutaneous features on quality of life.

Use of Al and Al-assisted technologies

Not applicable.
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Abstract

This study examines soft tissue injuries secondary to the prevalence of local anesthesia, differential diagnosis
and therapeutic approaches.

In October 2024, a comprehensive search was performed in PubMed, Web of Science and Scopus along
with gray literature sources, adhering to the PRISMA (Preferred Reporting Items for Systematic reviews and

/)

Meta-Analyses) quidelines, using the following keywaords: “bite”, “traumatic injuries”, “soft tissue injuries”,
“self-inflicted injuries”, “topical anesthesia”, “local anesthesia”, “pediatric”, or “children”. The search was
limited to English-language publications. Additional manual screening of reference lists was performed.
The risk of bias was assessed using the checklist developed by the Joanna Briggs Institute (JBI).

Outof 574identified studies, 21 were included in the qualitative analysis (9 randomized controlled trials (RCTs),
6 case reports and 6 cohort studies), mainly focusing on children aged 6—12. Anesthesia methods included
traditional techniques (12 studies) and computer-controlled injection (5 studies). The role of articaine (9)
and lidocaine (10) was analyzed. Suggested interventions to mitigate injury risks and improve recovery
included the use of phentolamine mesylate (2 studies) and non-pharmacological strategies: intraoral ap-
pliances (2 studies) and photobiomodulation (2 studies). The included studies varied in design, sample size
and duration, limiting direct comparisons. Effect sizes and confidence intervals were inconsistently reported,
and the risk of bias assessment using the Cohen’s kappa test highlighted methodological heterogeneity and
potential reporting bias.

Soft tissue injuries from local anesthesia in children can cause significant pain and cooperation issues. Effective
strategies include early intervention with pharmacological and non-pharmacological approaches. Increased
awareness and patient-specific management are essential for reducing risks and improving outcomes.

Key words: children, local anesthesia, soft tissue injuries, anesthesia
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Highlights

and tongue.
differential diagnosis.
shortens numbness time and lowers injury risk.

and treatment of soft-tissue injuries in children.

« Self-inflicted soft-tissue injuries after pediatric dental anesthesia are common, most often involving the lips, cheeks
+ These wounds can progress to infection, allergic reaction or neuropathy, so each must be considered in the clinical
« Rapid anesthetic reversal with intra-oral splints, phentolamine mesylate (OraVerse®) or photobiomodulation therapy

« Standardized anesthesia protocols and long-term, multicenter studies are essential to refine prevention, diagnosis

Introduction

Lesions secondary to local anesthesia in children are
rare but may occur as the child’s response to the proce-
dure. These lesions are typically related to the local an-
esthetic agent used by the technique. However, they are
mainly the result of inappropriate behavior of the child
due to prolonged numbness after administration of local
anesthesia.”? After the procedure, when stress levels have
subsided and the child is still under anesthesia, they may
be unfamiliar with the sensation of numbness. As a result,
they might bite or chew on their lips, cheeks or tongue,
potentially causing painful injuries.! Timely diagnosis and
appropriate management help minimize complications
and promote healing of soft tissue injuries caused by local
anesthesia.

Regular follow-up is crucial to monitor recovery and
prevent complications.? If the lesion does not resolve
or worsens, it is recommended to seek the help of a pe-
diatric dentist, oral surgeon or appropriate specialist. All
cases with severe or non-healing ulcers should be indicated
when considering malignancies or systemic causes such
as autoimmune diseases, as well as complicated infections
requiring surgical drainage or hospitalization.? If the le-
sions recur or appear in different areas, neuropathy should
be considered, as this may indicate persistent sensory dis-
turbances or underlying nerve damage.* These injuries
are usually preventable with careful planning of the time
needed for anesthesia for the procedure, a precise tech-
nique of anesthetic administration, considering the use
of local anesthetic reversal agents such as phentolamine
mesylate, and careful post-procedure education of health-
care professionals to monitor the child.>®

To effectively address this often misdiagnosed condition,
athorough understanding of proper diagnostic techniques
is essential.”8 The differential diagnosis of soft tissue injury
should consider trauma during anesthesia delivery, which
may present as redness, swelling or ulceration caused
by mechanical or physical damage during injection.”’
Rare allergic reactions to local anesthesia may manifest
as itching, swelling or rash, while infection may pres-
ent with localized pain, warmth, erythema, or systemic

symptoms.” Chemical or thermal burns resulting from ex-
posure to caustics or excessive heat should also be assessed.
Injection site complications, such as localized hematoma,
edema or necrosis caused by improper injection technique,
can lead to swelling or discoloration. In addition, neu-
ropathy resulting from temporary or permanent nerve
injury can cause symptoms such as paresthesia (tingling
or numbness) or dysesthesia (abnormal, often painful sen-
sations). Accurate identification of these potential causes
is essential for effective management and the prevention
of complications.”1°

Although often self-limiting, traumatic soft tissue
injuries following local anesthesia in children can lead
to complications such as ulceration, secondary infection
or neuropathic pain, highlighting the importance of early
recognition and management. Despite their clinical signifi-
cance, research on these injuries remains fragmented, with
most studies limited to case reports or small-scale observa-
tions rather than comprehensive evidence-based assess-
ments. There is a lack of high-quality evidence on effective
prevention and management strategies, and inconsisten-
cies in age-specific clinical approaches further complicate
decision-making. Given these gaps, a systematic review
is needed to consolidate existing knowledge, evaluate di-
agnostic and preventive strategies — such as anesthetic
reversal agents and post-procedural education — and assess
treatment effectiveness, ultimately guiding standardized,
evidence-based clinical practices.

Objectives

There is no current published literature review on soft
tissue injuries resulting from local anesthesia in children.
While most complications occur immediately, late-onset
issues can affect essential functions like eating, speaking
and chewing, particularly in young children and those with
behavioral challenges. These complications may cause pain
and impact future dental cooperation. This review aims
to synthesize existing research, provide insights into prev-
alence, diagnosis and management strategies, and raise
clinical awareness to improve patient outcomes.
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Materials and methods
Focused question

This systematic review was conducted using the PICO
framework to address the following clinical question: In chil-
dren undergoing local anesthesia (Population), how does
the diagnosis of traumatic injuries related to anesthesia (In-
tervention) and the strategies for their management (Compari-
son) influence the reduction of postoperative trauma (Out-
come) compared to no specific intervention or standard care?!!

Protocol

The process of selecting articles in the systematic review
was carefully outlined following the Preferred Reporting
Items for Systematic reviews and Meta-Analyses (PRISMA)
flowchart (Fig. 1).12 The systematic review was registered
on the Open Science Framework at the following link:
https://osf.io/4xwdz (accessed December 9, 2024).
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Eligibility criteria

Studies were considered acceptable for inclusion
in the review if they met the following criteria'2:

— children up to 18 years old;

— use of local anesthesia;

— observation of soft tissue trauma in a few postopera-
tive days;

— clinical cases;
studies in English;
prospective case series;

— non-randomized controlled clinical trials (NRS);

— randomized controlled clinical trials (RCTs).

The exclusion criteria on which the reviewers agreed
were as follows!%:

— adult patients;

— studies have focused on pain or numbness of tissues
without paying attention to self-inflicted trauma;

— articles not in English;

— opinions;

Identification of studies via databases and registers

Fig. 1. Preferred Reporting Items
for Systematic Reviews and

Databases searching:

Meta- Analyses (PRISMA) 2020
flow diagram illustrating the study
selection process

= PubMed (134)
= Scopus (388)
o Web of Science (52)
= Trip Database (64)
s The New York Academy
=2 of Medicine Library (0)
WorldCat (155)
Records identified through
first database search (n = 574)
Records excluded (n = 406) with
Records after duplicates »| following reason: did not meet
=] removed (n = 438) the inclusion criteria
'
v
b
Records screened (n = 438) - Full-text gxcluded with fo!lowmg
reason: did not meet the inclusion
+ criteria (n = 5), lack of full text (n = 4)

Full-text articles assessed
for eligibility (n = 32)

Y

Articles included
in qualitative synthesis
(n=21)

Included
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— editorial articles;
review articles;
it is not possible to access the full text;
— duplicate publications.
No restrictions have been applied with regard to the year
of publication.

Sources of information, search strategy
and selection of studies

In October 2024, a comprehensive search was per-
formed in the PubMed, Scopus and Web of Science
(WoS) databases to identify articles that meet the pre-
defined inclusion criteria. Additionally, searches were
conducted in gray literature sources, including World-
Cat, The New York Academy of Medicine Library and
the Trip Database. The search criteria were meticulously
crafted, utilizing a strategic blend of the specified key-
words. For PubMed, we used ((biting[Title/Abstract]) OR
(bite[Title/Abstract]) OR (traumatic injuries) OR (soft-
tissue injury|[Title/Abstract]) OR (soft tissue injury[Title/
Abstract]) OR (self-inflicting injuries[Title/Abstract]))
AND ((topical anesthesia[Title/Abstract]) OR (local
anesthesia[Title/Abstract])) AND ((pediatric[Title/Ab-
stract]) OR (children[Title/Abstract])). For WoS, we used
ALL= ((biting OR bite OR Traumatic injuries OR Soft-
tissue injury OR soft tissue injury OR self-inflicting
injuries) AND (topical anesthesia OR local anesthesia)
AND (pediatric OR children)). For Scopus, we used ((bit-
ing OR bite OR Traumatic injuries OR Soft-tissue injury
OR soft tissue injury OR self-inflicting injuries) AND
(topical anesthesia OR local anesthesia) AND (pediatric
OR children)). For WorldCat and The New York Acad-
emy of Medicine Library, we used biting OR biting OR
traumatic injuries OR soft tissue injuries OR soft tissue
injuries OR self-inflicted injuries) AND (topical anesthe-
sia OR local anesthesia) AND (pediatric or children. For
Trip Database, we searched (self-inflicted injuries) AND
(topical anesthesia OR local anesthesia) AND (children).
Following the database search, a thorough and systematic
literature review was conducted to identify any papers
that were initially considered potentially irrelevant to this
study. Only articles with available full-text versions were
considered for inclusion.

Data collection process and data elements

Two reviewers (A.O. and J.K.) independently reviewed
and extracted articles that met the inclusion criteria. Rel-
evant data collected included the names of the authors,
the year of publication, the study design, the title of the ar-
ticle, the type of laser used, and the results related to its
effectiveness in the healing process and pain management.
The extracted data was systematically recorded in a stan-
dardized Excel spreadsheet (Microsoft Excel 2013; Micro-
soft Corp., Redmond, USA) for subsequent analysis.
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Risk of bias and quality assessment

During the initial selection phase of the study, each re-
viewer independently evaluated the titles and abstracts
to minimize potential bias. The Cohen’s kappa test was
used to assess the level of agreement among reviewers.
Any discrepancies regarding the inclusion or exclusion
of articles were resolved by the 3 reviewer.!?

Quality assessment

Two independent reviewers (A.O. and J.K.) systemati-
cally evaluated the methodological quality of each study
to determine its suitability for inclusion. If there was
a disagreement among the reviewers about whether to in-
clude a study, a 3" reviewer was consulted to make the fi-
nal decision. The quality assessment was conducted using
a set of critical assessment tools designed by the Joanna
Briggs Institute (JBI; https://jbi.global/critical-appraisal-
tools). Cohen’s kappa test was conducted to evaluate
inter-rater reliability using MedCalc v. 23.1.7 (MedCalc
Software Ltd., Ostend, Belgium). The analysis yielded
a kappa value of 0.9 (p < 0.001), indicating almost perfect
agreement and high consistency among the reviewers’
assessments.

Results
Selection of studies

An initial search of databases, including PubMed, WoS
and Scopus, yielded a total of 574 studies potentially rel-
evant for review. After the duplicate entries were removed,
438 articles remained for screening. During the prelimi-
nary evaluation of the titles and abstracts, 406 studies
were excluded as they did not meet the inclusion criteria.
Subsequently, 32 articles were subjected to a detailed anal-
ysis of the full text, which led to the exclusion of 5 articles
for non-compliance with the inclusion criteria and 4 for
unavailability of the full text. In the end, 21 articles were
deemed eligible and included in the qualitative summary
of this review.4-6:14-30

General characteristics of the studies
included

This systematic review includes a wide range of studies
examining the diagnosis and management of traumatic
injuries resulting from local anesthesia in pediatric den-
tistry. The studies consist of RCTs,>6:16-18:2124.25.27 ¢]ipjcal
casesb®1415.23.30 3 nd cohort studies, 222628 which reflects
a comprehensive investigation into this topic. Sample
sizes varied considerably between the included studies,
with case reports focusing on individual patients or small
groups! 414152330 and large-scale studies that include up
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to several hundred participants.>1920:22.24-26.29 A gep-
eral feature of the included studies was demonstrated
in Table 1.

Study participants ranged from children to adolescents,
with most studies focusing on children aged 6-12 years,
as this group is most commonly placed under local anes-
thesia during routine dental procedures.®>16:18:2L30 A key
theme in all studies is the high prevalence of self-inflicted
soft tissue injuries after administration of local anesthesia.
These lesions, which often affect the lips, cheeks or tongue,

Table 1. General characteristics of the studies

Material and methods
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result from the temporary loss of sensation, leading to acci-
dental bites and trauma.!-46141517.18.23.24.26,27.30 Sty djes have
also explored specific types of injuries, such as traumatic
ulcers caused by unintentional tissue damage.!:4141523.30

Anesthesia methods varied between studies and included
traditional inferior alveolar nerve blocks,*¢15-1719-21,23,25,26,30
topical anesthetics*! and innovative techniques such
as computer-controlled intraosseous injections® or intra-
ligamental anesthesia.l” Comparison of these methods pro-
vided insight into the different risks and outcomes associated

Results

Conclusions

Aim of the study

Patient 1:

— 45 years

— Tooth 84

— Infiltration anesthesia with
Citocartin 200 (4% articaine
with epinephrine 1:200,000)
(1/2 cartridge)

— Treatment: Tantum Verde

Presentation of 3 cases
aerosol and Solcoseryl paste

of self-inflicted injuries

- 2% lidocaine
Treatment of dental caries

injury as a result
of inferior alveolar
nerve block (IANB).

) ) — After the procedure,
in accelerating

the recovery of normal
sensation in children
after receiving

Tavares et al.® ) )
for 60 min or less, soft tissues

persisted, anesthetized, one
group received a PM injection

) "doc?"”e vy (96 children) and another
epinephrine for dental )
group received a sham
procedures.

injection (56 children)

— 54 patients aged 4-11 years

— IANB with lidocaine 2% with
epinephrine 1:80,000

— Group 1: Phentolamine
mesylate injection after
lidocaine anesthesia

— Group 2: The same children
at the next visit received only
local anesthesia and placebo

To evaluate the effect
of phentolamine
mesylate
on the duration
of anesthesia and soft
tissue injury.

Nourbakhsh
etal®

in children after Patgli/r:ai
Kot et al. local anesthesia and
outlinee;reSentive S lesiss
and therapeutic — Anesthesia of |'nfer|'oralve'olar
approaches, nerve block with Citocartin 200
(1/2 Cartridge)
— Treatment: Sulcosey! paste
Patient 3:
- 7 years
- Tooth 54
— Infiltration anesthesia with
Citocartin 200 (1/2 cartridge)
— Treatment: Sulcosey! paste
Report the case
of a child who presents | - 10 years
Chi et al4 with a self-inflicted — Inferior alveolar nerve block

. — 152 children
Evaluation
of the efficacy - 411 years
4 — Lidocaine 2% with Epinephrine
of a phentolamine 1:100.000
mesylate (PM) L

if anesthesia was administered

Patient 1:

— After 3 days: Extensive and painless
ulceration of the lower lip on the right
side; fibrin-coated lesion, no symptoms
of inflammation

— One week: Ulceration healed

Patient 2:

— After 2 days: Healing of ulcerations
on the mucosa of the cheek at the level
of the treated tooth and at the corner
of the lips

— Five days after the ulceration subsided
and 10 days after healing

Patient 3:

— After 2 h: Extensive damage
to the mucous membrane of the upper
lip

— After 1 week: Injury healed

- After the procedure: Lip bite with mild
bleeding

— Next day: Swollen, white right lower
lip, ulcerated lesion (7 x 4 mm); similar
lesion on the right buccal mucosa
adjacent to the tooth 46

- The patient was transferred
to the hospital

After the medical examination, the patient
was discharged after 7 h.

— In the PM group, the recovery of normal
soft tissue sensation was shorter than
in the control group. There was no
difference in pain reduction or episodes
of adverse reactions.

A few hours after the procedure:

- 8 patients self-injured after placebo
and only 1 patient after application
of phentolamine mesylate

- No trauma to the tongue or cheeks was
observed.

Injuries to the lips or cheeks
after anesthesia with
mandibular block are

common. Parents should
supervise the child to avoid
biting. These lesions heal
quickly with symptomatic
treatment only, unless
reinfection occurs.

This case highlights
the need to improve
medical-dental
communication. Pediatric
hospital workers are critical
to preventing misdiagnosis
and unnecessary treatment
of self-inflicted lip ulcers
after dental anesthesia.

Phentolamine mesylate
can be a great substance
to reduce the duration
of anesthesia, which can
reduce the number of self-
inflicted soft tissue injuries
in children.

Phentolamine mesylate
is a safe and effective
option for reducing soft
tissue anesthesia after
dental procedures and self-
inflicted soft tissue trauma.
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Tiwari'#

Calazans
etal’®

Ghajari et al.'®

Helmy et al 7

Olszewska
etal'®

Bagattoni
etal!”

Present a case
of self-inflicted injury
following topical
anesthesia.

Outline the use of low-
level laser therapy
(LLLT) for the treatment
of traumatic ulcers
on the lower lip
following anesthesia
with inferior alveolar
nerve block (IANB).

The inverse
effect of PBMT
(photobiomodulation
therapy) on alveolar
block anesthesia
in children.

Evaluation of pain
and efficacy
of intraligamentous
anesthesia (CC-ILA)
during mandibular
primary molar injection
and extraction
in children.

To evaluate the efficacy
of photobiomodulation
in reversing local
anesthesia in children.

To evaluate
the frequency with
which self-inflicted
injuries (SSI) occur
after dental anesthesia
in children, both
with and without
intellectual disabilities.

- 4years

— Restorations in 74 and 75

- Topical anesthesia: benzocaine
20% from the buccal and
lingual side

— Infiltrative anesthesia: 2%
lidocaine

Patient:

- 3years

- Tooth 74

Inferior alveolar nerve block

with 2% lidocaine with

1:100,000 epinephrine

— LLLT (low-level laser therapy)
treatment — 808 nm, 100 mW,
105 J/cm?,5's

- 36 children aged 6-9 years

- Inferior alveolar nerve block
with 2% lidocaine with
epinephrine 1:100,000

— Deciduous molar pulpotomy

— Diode laser (808 nm, 250 mW,
11.5 J/cm?, 23 s) on one side
of the jaw and dummy laser
on the other side

- 50 children aged 5-7 years with
first deciduous molar to be
extracted

— Randomly assessed at inferior
alveolar nerve block
or intraligamental anesthesia

- Heart rate, pain and lip biting
were assessed after 24 h

- 50 children aged 8-10 years

- Two maxillary permanent
molars for carious treatment

- Infiltration anesthesia 4%
articaine (Citocartin 200) with
epinephrine 1:200,000

- After the procedure, the area
of a tooth was treated with
laser (635 nm or 808 nm,
250 mW, 500 mW/cm?, 15 J
or 200 mW, 400 mW/cm?, 12 J);
the control tooth was treated
with the laser applicator turned
off

— Group A: 159 children without
intellectual disability

— Group B: 82 children with
intellectual disabilities

— Topical anesthesia: 15%
lidocaine

— IANB: mepivacaine 2% with
1:100,000 epinephrine

- Anesthesia by infiltration:
articaine 4% with 1:100,000
epinephrine

— Phone call after 2 days
to identify soft tissue injuries

After 2 days:

— White patchy ulcer 1 x 2 cm on the left
side of the lower lip extending from
the midline to the corner of the mouth

- The ulcer was painful and raised

— All other diseases have been excluded

- Treatment: paracetamol oral suspension
5 ml, ice pack applications and saline
leavening

After 10 days, the injury has healed

- After 1 day: An ulcer with a whitish
coating located on the left side
of the lower lip; the patient who
complains of difficulty eating and pain

- After 1 week: Improvement of condition
and pain, no problem eating

- After 30 days: lesion treated

Among the 36 patients subjected
to the experiment, 1 patient suffered
self-inflicted soft tissue trauma, while
in the sham laser group, 2 children suffered
trauma.

Children after CC-ILA did not present any
post-anesthesia trauma unlike the IANB

group.

Four cases of cheek bite were reported
in the control groups after the procedure.
The next day, 1 case of self-inflicted injury

was reported in the laser group and
5 cases in the sham group.

Self-inflicted injuries were more frequent
in group B. However, in both groups
injuries appeared more after the IANB.

Topical anesthesia can
cause numbness in the lips
as it disperses to the lip area
through saliva. Effective risk
assessment and preventive

monitoring can help
prevent accidental bites
in anesthetized pediatric
patients.

Self-harm is common
in pediatric dentistry after
nerve blocks; Low-level
laser therapy offers rapid
pain relief, healing and anti-
inflammatory benefits for
traumatic ulcers.

The diode laser can reduce
the duration of local
anesthesia, but it does not
prevent self-inflicted soft
tissue trauma.

CC-ILA turns out to be
a better choice in baby
anesthesia as it causes
fewer side effects such
as biting the lips or other
mucosal trauma.

The use of PBM can be
a good method to reverse
the results of local
anesthesia, especially
in terms of self-inflicted
lesions.

Close supervision is critical
to prevent self-inflicted
injuries in children
after dental anesthesia,
especially for those with
intellectual disabilities.
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To evaluate
the opinions
of professionals
on cheek, lip and
tongue bites post-
anesthesia and
the effectiveness of 3
intraoral appliances
in preventing them.

Alghamidi
etal®

Comparison
of lidocaine blockade
and buccal articaine
infiltration for primary
mandibular second
molar anesthetization
in children.

Alinejhad
etal?!

To assess pain,
analgesic use, and
the incidence of bites
or bleeding to the lips
or cheeks after primary
tooth extractions
in children.

Baillargeau
etal?

Report 2 cases of self-
inflicted chin injury
after IANB and nasal

wing injury after buccal
infiltration anesthesia.

Bendgude
etal?

To improve the pain
experience in children
after oral surgery under

general anesthesia.

Coulthard
etal?

To compare
unilateral and
bilateral mandibular
IANB in terms
of postoperative
soft tissue trauma
in children.

College
etal?

— 301 operators were provided
with a questionnaire
on the occurrence of soft tissue
bites after local anesthesia

— Intraoral appliances in 3 sizes
depending on age: 3-6, 6-9
and 9-12 years (apparatus
No. 1 — anterior extension
with numerous perforations,
No. 2 - with buccal flap
extension, No. 3 — with
serrated edges); each device
is held in the mouth 3 h after
anesthesia

— Children from 3 to 15 years old

— Inferior alveolar nerve block
(IANB) using 2% lidocaine
with epinephrine (1:50,000
or 1:100,000)

— 40 children aged 6-8 and
8-10 years

— Group I: 2% lidocaine with
epinephrine 1:100,000

— Group II: 4% articaine with
epinephrine 1:100,000

— 125 children aged 3-13 years
indicated for tooth extractions

— Infiltration anesthesia 4%
articaine with epinephrine
1:200,000

— Parents advised supervising and
giving soft and mixed foods
to prevent self-inflicted injuries

Case 1:

— 4years

— Caries treatment of 85

- IANB

Case 2:

— Syears

— Caries treatment of 63

— Anesthesia for buccal infiltration

— 142 patients aged 4-12 years

— Extractions of 1-10 teeth

— The procedure was conducted
under general anesthesia

- To study postoperative pain
reduction, children were
provided with 2 mL of 2%
lidocaine with 1:200,000
epinephrine or placebo 2 mL
of 0.9% sodium chloride
as buccal infiltration

— 320 children 2-18 years old

- Control group: unilateral IANB

- Investigation group
(107 patients): Bilateral IANB

— 2% lidocaine with 1:100,000
epinephrine (97% of patients)
or

2% mepivacaine with 1:20,000
levonordefrin (3% of patients)

- 31.9% of professionals were familiar with
post-anesthesia lesions, which are more
common in children aged 3-6 years

— The intraoral device No. 1 proved to be
the most favorable, showing the best
comfort during use

Children noticed less pain in the articaine
infiltration group than in the lidocaine
group.

Only 6 children suffered post-extraction
bite injuries. The wound was painful for 5
of the injured children.

Case 1:

— The next day: An ulcerative lesion
on the right side of the lower lip; scratch
injury on the right side of the chin

- Treatment: Analgesics and antiseptic gel
for the mouth

— After 2 weeks: Injuries healed

Case 2:

— Next day: Scratch injuries on the wing
of the nose

- Treatment with topical antiseptic

— After 10 days: The injury had healed

In total, 4 patients reported biting their lips
or cheeks 24 h after surgery. Three were
from the anesthetic group and 1 from
the placebo group.

- The highest rate of trauma was observed
in children under the age of 4

— 16% of unilateral IANBs reported trauma
and 11% of bilateral IANBs

Clear guidance and
parental supervision
are key to preventing
self-harm in children after
anesthesia, with the design
of the device 1 being
shown to be most effective.

Articaine is an effective
anesthetic that can be
used in children aged
6-8 years to achieve proper
numbness during dental
procedures.

Dentists can predict
postoperative discomfort
and tailor care
to the patient’s needs.

Parents or supervisors
should be aware during
the first few hours after

anesthesia to prevent self-
inflicted injury.

Local anesthesia is safe
to use, but it has no benefit
for pain control and can
lead to self-inflicted lesions
on the lips/cheeks.

The postoperative lesion
decreases with increasing
age; there was a greater
tendency to soft tissue
trauma in the case
of bilateral IANB.
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Report adverse
reactions after use
of 4% articaine with
1:100,000 epinephrine
in children receiving
routine dental
treatment.

Adewumi
etal®

To evaluate whether
the combination
of local anesthesia
with an intravenous
nonsteroidal anti-
inflammatory drugs
(NSAID) improves
children'’s recovery after
general anesthesia.

Townsend
etal?’

To evaluate whether
an unsweetened
popsicle improves
children’s comfort and
prevents self-harm after
dental treatment with
local anesthesia.

Ram et al 2

To evaluate the efficacy
of intraosseous
anesthetic
as the primary method
in children.

Sixou et al.?®

Present a case of self-
inflicted trauma
to the lips and cheeks.

Flaitz and
Felefli*

264 children aged 2-14 years
4% articaine with 1:100,000
adrenaline

Four short phone calls after
3,5, 24, and 48 h to ascertain
paresthesias, pain and soft
tissue injuries

27 children aged 3-5.5 years
Group 1: 15 children

receiving 1 mg/kg ketorolac
tromethamine together with
2% lidocaine with epinephrine
1: 100,000,

Group 2: 12 children receiving

only children receiving 1 mg/kg

ketorolac tromethamine

31 children aged 4-11 years
Children who need 2 similar
treatments on either side

of the jaw

Lidocaine 2% with Epinephrine
1:100,000

After the 1%t procedure,

the children received

an unsweetened toy

or popsicle and received

the other price after

the 29 procedure, which took
place over a week

181 children

Usual dental care

Intraosseous anesthesia with
The Quick Sleeper 2 articaine
4% with 1:200,000 epinephrine

8 years

Positioning of the stainless
steel crown on the mandibular
second molar

IANB

After 3 h:

— 14% had soft tissue lesions

After 5 h:

— 2% had soft tissue lesions

The highest incidence of self-inflicted
injury was reported in the 3-7 age
group; the lip was the most affected site

Only 23 children were reached for
a postoperative follow-up call. Four out
of 11 children in the group in which local
anesthesia was used reported soft tissue
bites and 2 out of 15 reported oral tissue
damage. Meanwhile, in the control group,
only 1 parent reported bites to the baby’s
soft tissues and no one deported oral
tissue damage.

There was no significant difference in soft
tissue biting in the toy group and ice
group immediately after the procedure.
However, 10 min after the procedure, only
3 children still bite themselves in the ice
group compared to 11 children in the toy
group.

Numbness of the lips was noted in 14
cases, which were only cases where
anesthesia was performed in the jaw.
Self-inflicted mucosal injury was not noted
in each case.

2 h after the procedure:

- Two ulcerations dispersed on the lower
lip and buccal mucosa

— Edematous, tender, covered with white
exudate, with irregular margins

- Mild submandibular lymphadenopathy

Soft tissue injuries tend
to occur in younger
children, which should be
supervised by parents until
the effect of anesthesia
is completely reduced.

Children who received local
anesthesia were exposed
to a higher incidence
of self-inflicted soft tissue
injuries.

Unsweetened ice popsicles
effectively improve
children’s comfort and
reduce self-inflicted soft
tissue injuries after dental
treatment with local
anesthesia compared
to receiving a toy.

Computerized intraosseous
anesthesia can be a valid
alternative or supplement
to infiltration techniques

in children.

Self-inflicted soft tissue
trauma after IANB
isa common case
in children. It does not
require any specific
treatment but requires
a correct diagnosis and
differentiation with other
pathologies.

with the different techniques. For example, Helmy et a

1'17

of local anesthesia, reducing the duration of numbness

highlighted the potential benefits of computer-controlled
intraligamental injections in minimizing complications,
while other studies have examined the relative effectiveness
of bilateral compared to unilateral nerve blocks.?” In addi-
tion, the role of specific anesthetics, such as articaine and
lidocaine, in terms of safety and duration of numbness was
analyzed.?®

Several studies have introduced innovative interven-
tions to mitigate injury risks and improve recovery.
These include the use of phentolamine mesylate>® as well
as non-pharmacological strategies, intraoral appliances
designed to protect soft tissue from damage!'® or unsweet-
ened popsicles to reduce the tendency to bite and provide
a soothing effect post-procedure.?® Photobiomodula-
tion (PBMT) therapy has been prominently character-
ized as an effective approach to accelerate the reversal

and potentially decreasing the risk of self-inflicted in-
jury.le1® A detailed feature of the included studies was
demonstrated in Table 2.

Main findings of the study

The studies included in this systematic review provide
valuable insights into the diagnosis and management
of traumatic injuries caused by local anesthesia in pediat-
ric patients. A predominant finding reported in multiple
studies has been the high incidence of lesions particularly
on the lower lip, cheeks and tongue bites, which are di-
rectly attributed to residual numbness after administration
of anesthesia 1/46:14.15.17.18,23,24.26,27.30 Thege injuries often ap-
pear as ulcers or tears in the tissues, leading to discomfort,
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Table 2. Detailed characteristics of the studies included

Authors

Age

of children

Type of anesthesia
and anesthesia
used

Procedure
conducted

Differential
diagnosis

Location and type of lesion

Treatment and time
needed to heal

Kot et al.

Chietal*

Tavares et al.

Nourbakhsh
etal®

Tiwari'

Ghajari et al.'®

Helmy et al.'”

Patient 1:
— 4.5 years
Patient 2:
— 9years
Patient 3:
— 7 years

10 years

4-11 years

4-11 years

4 years

6-9 years

5-7 years

Infiltration
anesthesia (4%
articaine with
epinephrine
1:200,000)
(1/2 cartridge)
in all 3 cases

Inferior alveolar
nerve block with 2%
lidocaine

Lidocaine 2%
with adrenaline
1:100,000

Inferior alveolar
block: Lidocaine 2%
with epinephrine
1:80,000

Topical anesthesia:
Benzocaine 20%
from the buccal and
lingual side
Infiltrative
anesthesia: 2%
lidocaine

Anesthesia
of the inferior
alveolar nerve
block (2% lidocaine
with 1:100,000
epinephrine);
1 cartridge

Before injection:
topical anesthetic
gel with 20%
benzocaine
Inferior alveolar
nerve block
or intraligamentous
anesthesia (4%
articaine with
epinephrine
1:100,000)

Patient 1:

— 84 —removal
of caries and pulp
from the chamber

Patient 2:

- 36 -removal
of caries

Patient 3:

- 54 —tooth
extraction

Treatment of dental
caries

Routine dental
treatments

Routine dental
treatments

Restorations
in 74 and 75

Deciduous molar
pulpotomy

Extraction of the first
deciduous molars

Patient 1:

— Extensive, painless ulceration
on the right side of the lower
lip with no symptoms
of inflammation

Patient 2:

— Ulcerations on the mucosa

of the cheek at the level N/A
of the treated tooth and
at the corner of the lips
Patient 3:
- Extensive and swollen
damage to the mucous
membrane of the upper lip
Biting the lips with mild
bleeding after the procedure.
The next day: The lower lip
on the right side was swollen, )
) ) ) Infectious
ulcerated with a white coating. |
The size of the lesion: 7 x 4 mm. uicer
A similar lesion was found
on the right vestibular mucosa
adjacent to the tooth 46.
N/A N/A
Lip, no trauma to the cheeks N/A
or tongue has been described.
Herpes
Patch, white ulcer seen smplex
on the left side of the lower Vs
) ) ) infection,
lip. The size of the lesion was )
traumatic
1 X 2 cm and extended from fibroid
the midline to the corner aller ic,
of the lips. The texture has been 9
) - contact
described as tender. The injury -
was slightly relieved. stomatitis
aphthous
stomatitis
In the experimental group:
— A child suffered self-inflicted
injuries
In the fictitious group: N/A
— Two children suffered self-
inflicted injuries
Inferior alveolar block anesthesia
group: N/A

— 32% of participants suffered
trauma to the lips from biting

Treatment:

Patient 1:

— Tantum Green
Aerosol and
Solcoseryl paste

— Healing time:

1 week

Patient 2:

— Sulcoserile paste

— Healing time:

10 days

Patient 3:

— Sulcoserile paste

— Healing time:

1 week

N/A

N/A

N/A

Treatment:
paracetamol oral
suspension 5 mL,
applications of ice

packs and salt reliefs.
The injury healed
after 10 days.

808 nm, 250 mW,
11.5 J/ecm?, 23-s diode
laser applied after
the dental procedure
to reduce the effect
of numbness and
reduce the potential
risk of post-treatment
soft tissue trauma.

No treatment has
been applied.
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Table 2. Detailed characteristics of the studies included - cont

Type of anesthesia

Age . Procedure . . Differential | Treatment and time
Authors : and anesthesia Location and type of lesion : .
of children used conducted diagnosis needed to heal
Diode laser
application (635 nm
After the procedure:
- 4 cases of self-harm of i%g()%nwiir?wgmw
N of the cheek mucosa in both '
Infiltration roups (laser treatment and 15Jor 200 mW,
anesthesia 4% ) group 400 mW/cm?, 12 J)
Olszewska o ) Treatment of caries sham group) ) o
18 8-10 years articaine with i N/A 45 min after injection;
etal. ) ; of permanent molars. | One day after the procedure:
epinephrine ~ 1 case of self-inflicted iniur the control tooth was
1:200,000 in the laser assernbly Jury treated with the laser
- 5 cases of injuries in the sham applicator turned 9ﬁ'
ou The laser was applied
group using the contact
technique.
Before injection: 19% of children with disabilities
15% topical have experienced soft tissue
anesthetic spray. trauma compared to 9%
Lidocaine-inferior of children without disabilities. g‘e%;riatnl}ggtgzse
alveolar nerve In both groups, children child inpfhe .rou
block: Mepivacaine under 6 were more likely T disgabilif
Bagattonietal.'” | 3-13years 2% with 1:100000 N/A to suffer the injury. The highest N/A and 2 in the arou y
epinephrine. frequency of injuries in both with disabilitiéqs vveF;e
Anesthesia groups was recorded after rescribed ibubrofen
by infiltration: the IANB. The highest frequency P ap——— Ein
Articaine 4% of injuries in both groups pain.
with epinephrine occurred after conservative
1:100,000. treatments.
Intraoral appliances
produced
in 3 standard sizes
depending on age:
3-6,6-9 and
Inferior alveolar 9-12 years (apparatus
nerve block: 2% No. 1 — anterior
A\ghan;oldl 3-15 years Ildo'came Wlth N/A N/A N/A extension with
etal. epinephrine numerous
(1:50,000 perforations,
or 1:100,000) No. 2 — with buccal
flap extension,
No. 3 - with serrated
edges); each device
is kept in the mouth
3 h after anesthesia.
Inferior alveolar
sledeataenans Pulpotomy of primar
Alinejhad etal?' | 6-10 years lidocaine with P yorp y N/A N/A N/A
) ) and secondary molars
epinephrine
1:100,000
Infiltration
) anesthesia 4% o
Balllargzezau 3-13 years articaine with Dental extractions Slx‘chlldren reported self-harm, N/A No treatment
etal. ) : which was painful for 5 of them.
epinephrine
1:200,000
Case 1:
Case 1: — Treatment:
— An ulcerative lesion ::;Iies;iccs aglcior
) Patient 1: on the right side of the lower pticy
Patient 1: ) ) the mouth
Bendaude ~ avears |~ Lower alveolar lip and a scratch lesion _ The iniuries healed
. agl; 5 Patieynt > block Caries treatment on the right side of the chin N/A After 1J4 davs
' " Patient 2: the next day Y
- 5years NP Case 2:
- Buccal infiltration Case 2:  Treatrment with
= IS TWIge topical antiseptic
of the nose the next day A
after 10 days
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Table 2. Detailed characteristics of the studies included — cont

Type of anesthesia

Age

of children and anesthesia

Authors
used

General anesthesia:
2 mL 2% lidocaine
with 1:200,000
epinephrine
or placebo 2 mL
0.9% sodium
chloride as buccal
infiltration to reduce
postoperative pain

2% lidocaine
with 1:100,000
epinephrine or
2% mepivacaine
with 1:20,000
levonordephrin;
inferior and buccal
long alveolar local
nerve block
anesthesia

Coulthard etal® | 4-12 years

Collegeetal® = 2-18years

4% of articaine

with 1:100,000

of adrenaline;
infiltrations or block

of the inferior

alveolar nerve

as appropriate

Adewumietal® | 2-14years

General anesthesia:
group 1:
1 mg/kg ketorolac
tromethamine
together with 2%
lidocaine with
epinephrine 1:
100,000 infiltration;
group 2:
1 mg/kg ketorolac
tromethamine

Townsendet al?’” = 3-5.5 years

Lidocaine 2%
with adrenaline
1:100,000; type
of anesthesia
adapted
to the procedure

Ram et al.® 4-11 years

Intraosseous
anesthesia:
4% articaine

with 1:200,000
epinephrine

Sixou et al.* 4-16 years

Lower alveolar

Flaitz and
block

Felefii0 8 years

Differential
diagnosis

Procedure

conducted Location and type of lesion

Three children in the lidocaine
group reported biting their
lips or cheeks 24 h after
the procedure, while only
1 child reported this problem
from the placebo group.

Extractions
of 1-10 teeth

There has been a higher
incidence of trauma in the case
of unilateral inferior alveolar
nerve block, especially
in the case of children under
the age of 4.

N/A

The lip was the most affected

Routine dental
area of the injury.

treatments

Anterior extractions
or placement
of stainless steel
crowns.

Biting lips or cheeks

There was no significant
difference in soft tissue
bite in either the toy or ice
groups. However, 10 min after
the procedure, only 3 children
in the ice group continued
to bite each other compared
to 11 children in the toy group.

Two similar treatments
on both sides
of the jaw (fillings,
pulpotomies, crowns
or extractions).

No self-inflicted soft tissue injury

Usual dental care
was detected.

Two widespread ulcerations
on the right side of the mucous
membrane of the lip and

Positioning
of the stainless cheek. The lesion was covered
steel crown with fibrinous exudate.

The ulcer was painful until
palpation. Mild submandibular
lymphadenopathy has been
observed.

on the mandibular
second molar.

Treatment and time
needed to heal

N/A N/A
N/A N/A
N/A N/A
N/A No treatment applied
N/A N/A
N/A N/A
Allergic
contact
Stomatitis, Oral lubricants
smokeless
(OralBalance gel),
tobacco sychological
lesions- pcéunse\ign
white 9
spongy
nevus

CCILA - computer-controlled intraligamentary anesthesia; IANB — inferior alveolar nerve block; LLLT — low-Level laser therapy; — milliwatt per square

centimeter; N/A — not applicable; NSAID — non-steroidal anti-inflammatory drug; PBMT - photobiomodulation therapy; PM — phentolamine mesylate.
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delayed healing and psychological distress in affected
children. 46141523

Several studies have evaluated the effectiveness of in-
novative preventive strategies. Intraoral appliances sig-
nificantly reduce the incidence of bite injuries by serving
as mechanical barriers during the period of anesthesia-
induced numbness.?? Similarly, non-pharmacological ap-
proaches, such as the use of icicles, have demonstrated
potential to mitigate tissue trauma by promoting sensory
awareness and calming post-operative behavior.?® The ef-
fectiveness of low-level laser therapy in speeding up anes-
thesia reversal and decreasing the duration of numbness
has also been emphasized, with studies showing quicker
recovery times and fewer complications.!®!® A similar pre-
ventive strategy that introduced pharmacological interven-
tion was applied in studies conducted by Tavares et al.”
and Nourbakhsh et al.,® where phentolamine mesylate was
administered to patients following the injection of local
anesthesia. These methods have proven effective in short-
ening numbness duration after local anesthesia, thereby
preventing self-inflicted soft tissue trauma.

Comparative results of different anesthesia techniques
were another significant goal. Studies have found that
computer-controlled intraligamental injections resulted
in fewer postoperative injuries than traditional nerve block
techniques, particularly in younger patients undergoing
dental extractions.'” It happens due to the lack of anes-
thetization of local soft tissues — anesthesia is applied di-
rectly to the periodontal ligament of a treated tooth. Pain
management and patient comfort have been evaluated
in several studies, with results indicating that improved
anesthetic techniques, such as intraosseous injections, can
improve the patient experience by providing more local-
ized and controlled anesthesia.?’ The type of anesthetic
agent used also influenced the outcomes; e.g., adverse ef-
fects such as prolonged numbness or an increased risk
of soft tissue trauma have been linked to specific agents,
such as articaine, particularly when administered at con-
centrations as high as 4%.2°

The studies we reviewed show that different methods
for preventing self-inflicted soft tissue injuries after local
anesthesia vary in both safety and effectiveness. For ex-
ample, phentolamine mesylate can cut down on how long
a child stays numb, which lowers the chance of accidental
bites,>° though it might cause mild side effects like a brief
drop in blood pressure or dizziness.?"3? Photobiomodula-
tion therapy can also speed up recovery from numbness
and help tissues heal, but it is not always easy to access
or afford.'>1%1® Non-drug strategies, such as using a cus-
tom mouth appliance or offering popsicles, can be effec-
tive in preventing biting; however, success largely depends
on the child’s willingness to cooperate.?®?® Meanwhile,
alternative anesthesia techniques — like intraligamentary
or intraosseous anesthesia — can significantly cut down
on injuries, but they require special tools and training.'”?°

A. Olszewska et al. Management of injuries from local anesthesia

In the future, comparing these different methods
in head-to-head studies will be helpful to determine which
ones are most effective in various situations. We also need
longer-term research to find out how well each approach
holds up over time. Ultimately, creating clear guidelines
for dentists — based on both practical experience and
solid evidence — can help protect children from these in-

juries while ensuring they receive safe, comfortable dental
care,56,151618,20,28,29

Quality assessment

Six case reports were assessed using a checklist, with
2 scoring the highest score by 8 points,'*23 while the other
4 received 7 points'* and 6 points.'>3® Among the 9 RCTs,
5 had a low risk of bias, gaining 13 points,® 12 points!”?’
or 11 points®?* out of 13, while the other showed a moder-
ate risk of sprain with a score of 9 points'®?® or 10 points!®?2!
on the 13 point-scale. In addition, 4 cohort studies were an-
alyzed, with a score of 9 points,', 7 points?? or 6 points?28
out of 11 possible. Score details for these studies are sum-
marized in Tables 3-5.

Discussion

This systematic review provided a comprehensive over-
view of the diagnosis and management of soft tissue inju-
ries caused by local anesthesia in pediatric dental practice.
The main findings highlight the high prevalence of trau-
matic lesions among pediatric patients, with the most
common accidental bites to the lips, cheeks and tongue.
These injuries are strongly associated with the temporary
loss of sensation caused by local anesthesia, which im-
pairs the child’s ability to perceive and control oral move-
ments,+1517.18,22-24,26,27.30 Many cases have emphasized
the risk of soft tissue damage following inferior alveolar
block anesthesia.»6:15-1719-21.23.25.26.30 Although gener-
ally self-limiting, these injuries can cause considerable
discomfort and delay healing, as evidenced in previous
work 114152630

Consistent with the results of Helmy et al.,!” anesthetic
techniques significantly influence the incidence of post-
operative trauma. In particular, computer-assisted intra-
ligamentous anesthesia has been shown to reduce compli-
cations compared to traditional nerve block techniques.
Computer-controlled anesthetic delivery is associated with
reduced injection pain, better control of the anesthetized
area and a decreased risk of traumatic bites by providing
localized numbness without affecting surrounding soft
tissues. This precise administration with preselected speed
of anesthetic delivery not only enhances patient comfort
but also minimizes post-procedural discomfort and swell-
ing, leading to a smoother recovery.!”!# In addition, innova-
tive approaches such as PBMT and phentolamine mesylate
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Table 3. Assessment of the risk of bias of the included studies — cohort studies

Bagattoni | Baillargeau | Adewumi

Cohort studies

etal.”® etal.?? etal.?

Were the 2 groups similar and recruited from the same population? yes yes yes yes
Were exposures measured similarly to assign people to both exposed and unexposed groups? yes insecure no insecure
Has exposure been measured validly and reliably? yes yes yes yes
Have confounding factors been identified? yes yes no no
Have strategies been indicated to deal with confounding factors? yes no no no
Were the groups/participants outcome free at the start of the study (or at the time of exposure)? yes yes yes yes
Were the results measured validly and reliably? yes yes yes yes
Has the follow-up time been reported and sufficient to be long enough for the results to occur? yes yes yes yes
Was the follow-up complete and, if not, were the reasons for the loss described and explored )

to follow? no no no insecure
Were strategies used to address incomplete follow-up? no no no no
Was an appropriate statistical analysis used? yes yes yes yes

Table 4. Assessment of the risk of bias of the included studies — randomized controlled trials

Tavares | Nourbakhsh | Ghajari | Helmy | Olszewska | Alinejhad | Coulthard | College | Townsend

Randomized controlled trials

etal’® etal® etal.' etal.” etal.’® etal.? etal.? etal.® etal.?

Was true randomization used for
the assignment of participants yes yes yes yes yes yes yes yes yes
to treatment groups?

Was the assignment to treatment

; yes insecure insecure yes insecure insecure yes insecure | insecure
groups hidden?
Were the treatment groups similar a5 s o5 o5 as s o5 o5 o5
at baseline? Y Y Y Y Y Y Y y Y
Were participants blinded to treatment
) yes yes no yes yes no no no yes
assignment?
Were those providing treatment blinded :
h yes yes no no no insecure no no yes
to the treatment assignment?
Were outcome evaluators blinded . . )
yes insecure insecure yes no yes yes insecure yes

to treatment assignment?

Were the treatment groups
treated identically different from yes yes yes yes yes yes yes yes yes
the intervention of interest?

Was the follow-up complete and,
if not, were the differences between
the groups in terms of follow-up
adequately described and analyzed?

yes yes yes yes yes yes yes yes yes

Were the participants analyzed
in the groups to which they were yes yes yes yes yes yes yes yes yes
randomized?

Were the outcomes measured

in the same way for the treatment yes yes yes yes yes yes yes yes yes
groups?
Were the results reliably measured? yes yes yes yes yes yes yes yes yes

Was an appropriate statistical analysis

Used? yes yes yes yes yes yes yes yes yes

Was the study design appropriate and

were any deviations from the standard

randomized controlled trial (RCT)

design (individual randomization, yes yes yes yes yes yes yes yes yes
parallel groups) taken into account

in the conduct and analysis

of the study?
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Table 5. Assessment of the risk of bias of the included studies — clinical cases

A. Olszewska et al. Management of injuries from local anesthesia

Clinical cases Kot et al.! Chietal*

Have the patient’s demographic characteristics o5 -
been clearly described? Y Y
Has the patient’s medical history been clearly no o
described and presented as a timeline? 4
Was the patient’s current clinical condition s -
at the time of presentation clearly described? Y Y
Have the diagnostic tests or evaluation methods oo -
and results been clearly described? Y Y
Have the intervention or treatment procedures as o
been clearly described? Y
Has the post-surgery clinical condition been

: yes yes
clearly described?
Have any adverse events (damage)
or unexpected events been identified and yes yes
described?
Does the clinical case provide takeaway lessons? yes yes

‘ Tiwari ‘ Calazans ‘ Bendgude ‘ Flaitzand
etal®® etal.? Felefli*

yes yes yes yes

yes yes yes yes

yes yes yes yes
yes yes yes insecure

yes no yes no

yes yes yes yes

yes no yes yes

yes yes yes yes

have demonstrated efficacy in reducing the duration of an-
esthesia and minimizing self-inflicted lesions, in line with
the results of previous studies.>®16:18

The pharmacological approach to alleviating self-in-
flicted soft tissue injuries following local anesthesia in-
cludes the administration of reversal agents such as phen-
tolamine mesylate. This adrenergic antagonist has been
shown to significantly reduce the duration of anesthesia-
induced numbness, decreasing the likelihood of accidental
bites and associated trauma.31:32 Its efficacy in expediting
sensory recovery is particularly valuable in pediatric den-
tistry, where young patients may struggle with the unfa-
miliar sensation of prolonged numbness. However, while
the benefits of phentolamine mesylate in reducing anesthe-
sia-related injuries are well-documented, concerns remain
regarding its potential side effects, including transient hy-
potension, dizziness and local tissue reactions.?? Addition-
ally, repeated administration in the same anatomical area
raises the risk of localized complications, such as tissue
irritation or vascular compromise. These factors under-
score the importance of exploring non-pharmacological
and minimally invasive alternatives to improve patient
safety and comfort.

The advantages of low-level laser therapy (LLLT) are
especially significant in pediatric dentistry.3*3> One of its
primary benefits is the significant reduction in soft tis-
sue recovery time, which promotes faster healing and
minimizes discomfort in young patients.!® In addition,
PBMT provides an effective analgesic effect, relieving pain
without the need for pharmaceutical interventions.?® This
is particularly valuable in pediatric populations, where
the risk of adverse reactions to anesthesia can pose sig-
nificant concerns.?”*® Photobiomodulation therapy pro-
vides a noninvasive, drug-free method for managing
self-inflicted injuries, such as accidental bites or trauma,
which often occur due to residual numbness after local

anesthesia.!® Low-level laser therapy harnesses the healing
properties of light to stimulate cellular repair and reduce
inflammation, making it a promising and safe option for
injury treatment. Its ease of application and minimal
risk profile further increase its potential as a valuable tool
in pediatric dental care, providing both immediate re-
lief and long-term benefits for young patients.!® However,
there is limited research on the cost-effectiveness and
accessibility of implementing PBMT in routine clinical
practice, indicating a need for further studies to evaluate
these aspects.®

The effectiveness of different methods to prevent self-
inflicted soft tissue injuries after local anesthesia depends
on the specific technique used, patient compliance and
clinical feasibility. For instance, the use of phentolamine
mesylate can accelerate the reversal of local anesthesia,
thereby reducing the risk of accidental soft tissue injuries.
However, it may also be associated with side effects such
as transient hypotension or dizziness.*>? Meanwhile,
PBMT is a noninvasive option that helps tissues heal faster
and reduces the duration of numbness without the need
for additional medication.'*!¢ Despite the promising ben-
efits of PBMT, concerns remain about its availability, cost
and the lack of standardized protocols for routine clinical
practice.?” Non-pharmacological options, like intraoral
appliances, have shown success in preventing acciden-
tal bites, especially in younger children.® However, pa-
tient compliance and comfort play a crucial role, as some
children may be reluctant to use these devices. Another
simple method is giving children unsweetened popsicles
as a sensory distraction to reduce biting behavior, but there
is limited evidence regarding its long-term effectiveness
or potential drawbacks.?® Even though these techniques are
promising, direct comparisons of their safety, effectiveness
and feasibility are lacking in the current literature. Most
studies evaluate these interventions individually rather
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than in comparative trials, making it difficult to determine
the most effective approach.

Preventive measures are critical in pediatric dental care
to mitigate the risk of self-inflicted injury following proce-
dures involving local anesthesia.?3° The use of protective
intraoral devices has been shown to significantly reduce
accidental bites. A study evaluating 3 types of self-designed
intraoral appliances found them effective in preventing
biting of the cheeks, lips and tongue in children after local
anesthesia.?® In addition, non-pharmacological interven-
tions, such as offering unsweetened popsicles after treat-
ment, have demonstrated benefits.*42> Research indicates
that children who received popsicles after dental proce-
dures under local anesthesia experienced less discomfort
and a reduced tendency to self-mutilation than those who
received a toy.?® However, the literature does not exten-
sively address the potential adverse effects of these pre-
ventive strategies. Nevertheless, given their noninvasive
nature, these approaches are likely to pose fewer risks than
pharmacological methods, which may be associated with
systemic adverse effects.?”

Caregivers play a vital role in preventing self-inflicted
soft tissue injuries in children — especially younger or dis-
abled patients — following local dental anesthesia. Due
to temporary numbness, children may unintentionally bite
or chew on their lips, cheeks or tongue, leading to painful
injuries.* To minimize this risk, caregivers should closely
monitor the child until the anesthetic wears off, discour-
age eating solid foods or drinking hot beverages, and pro-
vide soft or cold foods instead.*® Additionally, engaging
the child in distraction techniques, such as supervised
play, can help reduce the likelihood of injury.!® Educating
caregivers about these precautions is essential for ensur-
ing a safe and comfortable recovery.** These strategies not
only improve postoperative comfort but also play a critical
role in preventing complications associated with residual
numbness, thereby improving the overall quality of pedi-
atric dental care.3840-424546

Limitations

This study has several limitations, including variability
in anesthesia protocols, differences in dosages and ad-
ministration methods and the heterogeneity of pediatric
populations, which affect the generalizability of findings.
The broad age range of examined children introduces ad-
ditional variability, as younger and older children may
respond differently to anesthesia and have distinct risks
of self-inflicted injuries. The lack of longitudinal studies
further limits insights into long-term effects, such as cog-
nitive or developmental outcomes. Future research should
focus on standardized protocols, narrower age groups and
larger, more diverse control groups. In addition, the con-
siderable variability among the studies included prevents
us from performing a meta-analysis. However, additional
research is needed to make a meta-analysis feasible.
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Conclusions

This systematic review highlights the high prevalence
of self-inflicted soft tissue injuries among pediatric dental
patients, caused primarily by residual numbness after local
anesthesia. The findings underscore the need for compre-
hensive preventive and therapeutic strategies to effectively
address these complications. Innovative approaches such
as computerized anesthesia, PBMT and protective intraoral
devices have shown significant potential in reducing the in-
cidence of accidental bites and enhancing recovery out-
comes. However, the variability of anesthetic protocols and
study methodologies underscores the need for standard-
ized practices and further research. Longitudinal studies
are essential for evaluating the long-term effects of these
interventions, ensuring safety and validating their effi-
cacy in diverse pediatric populations. To enhance clinical
application, dental practitioners should prioritize patient
and caregiver education on post-anesthetic care, incor-
porate intraoral protective devices when appropriate, and
consider alternative anesthesia techniques to minimize
residual numbness. Additionally, implementing structured
post-procedure monitoring can help identify and miti-
gate potential injuries early. By integrating these advanced,
minimally invasive approaches, pediatric dental care can
prioritize both patient safety and comfort while addressing
the unique challenges of soft tissue injury management.
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