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Highlights

evidence and real-world clinical practice.

.

novation in fields such as laser dentistry.

ensuring long-term impact and scalability.

« Translational research in healthcare requires structured academic mediation to bridge the gap between scientific
+ The Hub of Knowledge in Orofacial Laserology (HKOL) model demonstrates how collaborative research networks
can transform fragmented studies into sustainable translational ecosystems.

Standardized protocols, education, and academic leadership are key drivers for successful implementation of in-

+ Anacademic mediator-driven approach enables effective integration of research, clinical practice, and health policy,

Introduction

All academic knowledge and innovation in medicine ul-
timately aim to improve clinical practice, often described
as the pathway from bench to bedside. However, evidence in-
dicates a substantial delay between discovery and adoption:
areview of 23 studies from the 1980s to the 2000s revealed
an average lag of approx. 17 years before research findings
achieved widespread clinical implementation.! Meanwhile,
the linkage between biomedical patents and scientific papers
has expanded exponentially over the past 37 years, doubling
every 2.9 years, particularly among biotechnology and U.S.
Food and Drug Administration (FDA)-related drug patents.?

Despite this growing scientific output, the persistent
gap between research and patient benefit remains evident,
as reflected in recent systematic reviews published be-
tween 2023 and 2025.3-5 Worldwide, research institutions
produce an unprecedented volume of studies; however,
only a small proportion of these findings is translated into
improvements in clinical practice, public health policy,
or community wellbeing.®” The current challenge is no
longer how to create knowledge but rather how to make
that knowledge meaningful.

This issue is particularly critical in healthcare systems
of low- and middle-income countries, where innovation
often relies on imported technologies and external evi-
dence. Despite global investments in research, implemen-
tation is often hampered by a limited research and devel-
opment ecosystem, including inadequate infrastructure,
fragmented governance, and a lack of local ownership.
As Alonge et al.® noted, advancing equity in implementa-
tion research requires adapting evidence to context and
transforming the power relations that determine whose
knowledge is valued and whose health truly improves.

Even in high-income countries like the UK and Aus-
tralia, integrating research, education, and healthcare
delivery remains a challenge. In the UK, initiatives such
as Academic Health Science Centers, Networks, and Col-
laborations (AHSCs) aim to promote innovation in the Na-
tional Health Service (NHS). Similarly, Australia’s Na-
tional Health and Medical Research Council (NHMRC)
accredits centers to enhance health research translation.

Based on reviews of 41 projects or centers under those
organizations on the website by Robinson et al.,® barriers
such as fragmented governance, short funding cycles, un-
even public involvement, and limited long-term evaluation
persist. Infrastructure alone has not ensured integration;
strong leadership and cross-sector collaboration remain
crucial.

Recent editorials in orthopedics and sports medicine
have highlighted the concept of evidence-based research
(EBR), emphasizing that new studies must rely systemati-
cally on prior evidence and ensure the practical implemen-
tation of findings rather than merely contributing to pub-
lication volume. Prill et al.’ argue that research achieves
value only when it is transparently justified, methodologi-
cally rigorous, and integrated into clinical decision-making
and guideline development. This perspective reframes im-
plementation not as a downstream activity but as an essen-
tial dimension of responsible evidence generation. Within
this broader evidence-based discourse, academic media-
tion can be understood as an institutional mechanism that
operationalizes EBR principles across healthcare systems.

Over the past decade, several theoretical frameworks,
such as Diffusion of Innovations,'® Normalization Process
Theory,” and Implementation Science,'"!? have attempted
to explain and assess the causes of delayed translation of re-
search to practice in healthcare services. While each pro-
vides valuable insights, their practical impact has varied.
Translation often diverges from the neat patterns proposed
by these theories, unfolding in complex, context-specific
ways influenced by multiple levels of relationships, includ-
ing connections among academic institutions, hospitals,
and grading agencies, as well as administration, trust, and
social and organizational values.

In this context, Thailand’s experience offers a unique
perspective on the role of translation and implementation
under academic mediation. Instead of keeping research con-
fined within universities, the Thai model positions academia
as a bridge connecting clinical researchers and communities
through micro- and meso-level collaboration. In the field
of orofacial laserology, this approach blends isolated clini-
cal trials with translational research and implementation,
along with workforce capacity building through networks.
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Objectives

This editorial addresses the role of academic media-
tors in research translation, focusing on the achievements
of the Lasers in Dentistry Group at Khon Kaen University
and the Hub of Knowledge in Orofacial Laserology (HKOL)
in Thailand. In this editorial, academic mediation refers
to the institutional function of universities in aligning evi-
dence generation with clinical implementation and policy
coordination. It begins by examining the reasons behind
the frequent failures of research translation on a global scale.
The editorial then explores how the intentional creation of re-
search networks and transfer mechanisms, grounded in edu-
cation and community partnership, can convert knowledge
into sustainable practices. The Thai experience illustrates
that when innovations are directly transferred to local prac-
tices through academic networks rather than through a top-
down system, they can spread and be sustained, effectively
transforming research into practice. Additionally, a content
analysis is presented alongside relevant theories.

From research to reality:
Why translation often fails
and when it succeeds

Over decades of scientific progress, one paradox re-
mains: while research output has grown exponentially, only
a small portion of this knowledge is ever put into practice.
Numerous studies, ranging from the study by Grimshaw
etal.''in 2012 to Williams et al.> in 2023, consistently show
that most research remains unutilized, trapped within
the academic cycle of publication rather than being trans-
lated into real-world applications. In healthcare, this gap
between research and practice has become one of the most
enduring challenges of modern science. Translation fails
not because of a lack of evidence, but because of a lack
of mediation. The Thai model of orofacial laserology dem-
onstrates how networks of academic mediation can op-
erationalize theory into practice. According to previous
reviews and analyses, several recurring reasons explain
why translation frequently stalls.

Linear diffusion myth

The classical Diffusion of Innovations model suggests
that new ideas spread naturally once they are proven
effective.!> However, Greenhalgh and Papoutsi'* argue
that this linear and individual-focused model overlooks
the complex and adaptive nature of real health systems.
In these systems, social, political, and institutional factors
play a crucial role in determining whether innovations are
sustainable or fade away. They emphasize that sustain-
ability depends not only on the spread of an innovation
but also on ongoing sense-making, local adaptation, and
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alignment with the values and resources of the system
— processes that the traditional diffusion curve cannot
capture.

Dissemination but not implementation

Merely publishing or presenting findings does not ensure
application. Grimshaw et al.'! demonstrated that the distance
between what is known and what is done persists because
academic channels, such as papers, conferences, and pre-
sentations, rarely connect with practitioners’ daily realities.

Organizational and cultural barriers

System-level inertia often hinders the translation of evi-
dence. Abu-Odah et al.3 conducted systematic reviews that
identified barriers such as limited leadership incentives,
scarce resources, and a lack of structured feedback loops
as major reasons why evidence fails to influence policy
or practice. These results illustrate the common global
situation in healthcare, where the research and service
sectors often operate as parallel universes.

The challenge of using theories
without implementation

Ironically, even implementation science, the discipline
created to close the gap, has developed its own gap. Wester-
lund et al.” described this as the “implementation paradox,”
where new frameworks proliferate but remain unadopted
by practitioners. A similar pattern is evident with Normal-
ization Process Theory (NPT): although widely cited, few
studies have applied its core principles in real-world clinical
settings. Williams et al.® reviewed trials referencing NPT
and found that only a small number operationalized its
mechanisms to support genuine normalization in practice.

Malalignment of scientific advancements
and clinical application

Despite rapid scientific advancements, the path from dis-
covery to patient benefit remains misaligned. Fernandez-
Moure!” identified key obstacles, such as reduced protected
time for clinician-scientists, academic incentives favoring
publication over application, and significant funding short-
ages between initial discovery and implementation.

These issues delay innovation and hinder promising
technologies from gaining the necessary support for regu-
latory approval and real-world use. Thus, the challenge lies
not in a lack of knowledge, but in fragmented systems that
fail to support its application.

Unsustainable collaborations

Without long-term structures, collaborative projects dis-
solve once funding ends. Systematic reviews of the websites
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of research centers and projects showed that many uni-
versity—health service partnerships fade after the project
phase, lacking governance mechanisms to sustain shared
learning and accountability.®

What enables translation
and implementation

Across the literature, 5 enabling conditions consistently
appear®>781L14.15,

1. Co-production of knowledge: Engaging end-users
such as healthcare providers, patients, and stakeholders
early in research design ensures that questions and out-
comes are meaningful beyond academia.

2. Academic mediation: Universities and research net-
works are trusted intermediaries that interpret findings,
train users, and monitor outcomes.

3. Feedback integration: Real-world data loop into re-
search, closing the cycle between evidence and improvement.

4. Incentivized networks: Translation thrives when col-
laboration, not competition, is rewarded.

5. Adaptive education: Embedding translational prin-
ciples within curricula cultivates practitioners who can
generate and apply evidence.

When these elements align, research ceases to be an iso-
lated endeavor. It becomes a living, self-renewing ecosys-
tem. The following lessons were learned from the Lasers
in Dentistry Research Group (LDRG) in Thailand. Despite
facing ongoing challenges, these collective failures high-
light how successful translation can occur. The transla-
tion of laser use for oral health in community hospitals
becomes achievable when evidence effectively functions
within a real network of equality. Academia takes on a pur-
poseful role as the translator, trainer, and guardian of in-
novation. This is where the Thai model offers its most
valuable insights.

From individual discovery
to collective networks

Thailand’s experience with orofacial laserology vividly
illustrates these lessons. The development of this field sig-
nifies more than just technological advancement; it em-
bodies a continuous journey of exploration, adaptation,
and integration that connects academic innovation with
public health priorities.

In 1993, when Khon Kaen University’s Faculty of Den-
tistry acquired its first dental laser, it represented more
than just an equipment purchase; it marked the beginning
of an intellectual movement. By 1998, the first Thai spe-
cialist had completed a PhD in laser dentistry, establish-
ing domestic expertise and reducing reliance on imported
knowledge. By 2001, laser courses were formally inte-
grated into both undergraduate and continuing education

S. Sattayut, P. Srisilapanan, P. Patcharanuchat. Academic mediator-driven translation

curricula, cultivating foundational literacy across dental
disciplines. An expansion in 2007, supported by national
and international partners, positioned Thai initiatives
within a broader professional community.

The LDRG at the Khon Kaen University, founded in 2011,
formalized the transition from isolated projects to a coher-
ent research network. Among the various approaches to con-
ducting research and innovation in dentistry, the group’s
early laboratory and clinical studies clarified how low-inten-
sity photobiomodulation and diode laser photocoagulation
could be adapted for mucosal surgery, soft-tissue welding,
and wound control.’*-18 These techniques were accepted
and adopted by tertiary hospitals via participatory action
research due to the demand to treat oral potentially malig-
nant disorders.*

By 2017, collaboration expanded beyond tertiary hos-
pitals to include local health services in rural areas. This
shift was driven by the clinical demand for safe, minimally
invasive procedures and effective hemostatic support, all
in line with the goal of promoting oral health. Between
2020 and 2022, a prototype low-intensity diode laser
for primary care was co-developed with local clinicians
and engineers, with support from the National Research
Council of Thailand (NRCT). The device, which operates
at a compact wavelength of 810—-830 nm, offers intensity
ranges from 0.2 W to 1.0 W, optimized for wound heal-
ing, pain control, and blood clot initiation. It was specifi-
cally designed for health-promoting hospitals to address
the needs of older adults with systemic health risks while
aligning with the demands and utilization practices of den-
tal healthcare providers.

This initiative demonstrated that successful translation
requires not only a device but also an ecosystem of learn-
ing. Community hospitals became both service and learn-
ing centers, forwarding anonymized data to a PhD candi-
date, including a multicenter hemostasis study by Tanya
et al. in 2025.2° These clinical translational studies have
confirmed the safety and effectiveness of laser-mediated
hemostasis and photobiomodulation therapy, which pro-
mote healing and alleviate pain for older patients. The re-
sults consistently showed that socket hemostasis could
be achieved within minutes, which improved treatment
acceptance, particularly among patients on antithrombotic
therapy. Additionally, there was a positive response from
dental healthcare providers in local hospitals regarding
the technological aspects of these advancements.

Academic mediation
and the Hub Model

The next transformation came with the recognition that
sustainability required structure.

In 2024, the HKOL, supported by the NRCT, was estab-
lished to integrate research, education, and clinical service
into a single translational system.
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The need for this formal structure became evident
when the first primary-care network, Bua Ngoen Primary
Hospital (Khon Kaen, Thailand), successfully translated
the routine use of lasers for oral healthcare in primary
hospitals to 7 neighboring health-promoting hospitals
by organizing local workshops and peer-to-peer learning.
This demonstrated that knowledge transfer could truly
propagate through academic mediation in practice rather
than theory.

As expansion reached a nationwide scale, new challenges
arose. According to Thailand’s public procurement regula-
tions, acquiring laser devices for primary and secondary
hospitals requires clear and standardized specifications.
The HKOL took on an official role in defining academic
specifications for each level of healthcare to ensure that
quality, safety, and educational alignment were main-
tained. These specifications align well with the real-world
experiences of the Lasers in Dentistry networks at Khon
Kaen University and the HKOL, which have been utilized
for at least 10 years.

The HKOL established standardized device categories:
low-intensity presets for primary hospitals, adjustable diode
systems for secondary facilities, and CO, or Er:-YAG lasers
for tertiary centers. These were all implemented under uni-
fied safety protocols, operator certification, and academic
endorsement. Additionally, the HKOL coordinated post-
graduate research, national workshops, and collaborative
data collection in community hospitals, effectively trans-
forming research translation into an organized, self-sus-
taining system.

The HKOL embodies the principle of academic mediation:
knowledge transfer as stewardship, not diffusion. Evidence
becomes education; education becomes service; and ser-
vice feeds new evidence. The model’s success lies in its con-
tinuity, supported not by transient grants but by a shared
academic identity across institutions. It is a living network
that keeps translation alive in lifelong education.

From local innovation
to global learning

Thailand’s trajectory in orofacial laserology illustrates
what global literature repeatedly calls for but seldom
achieves: a functioning translational ecosystem.

It demonstrates that innovation can originate from a mid-
dle-income setting, provided the process is relationship-
driven, ethically grounded, and academically mediated. Lo-
cal research became globally relevant through continuous
collaboration linking the LDRG, HKOL, and international
partners such as the World Federation for Laser Dentistry
(WELD). What began as a clinical response to limited sur-
gical options for older adults evolved into a community-
based translational model that others can learn from. In this
model, transfer is not a one-time event but an ongoing con-
versation among researchers, practitioners, and patients.
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From barriers to bridges

The global literature highlights the reasons for transla-
tion failures and suggests that success can emerge when
these failures are intentionally addressed. While frame-
works like diffusion, normalization, and implementation
science each offer insights into the translational process,
none guarantees sustained progress without a mediating
structure to integrate them.

In Thailand, this structure is achieved through academic
mediation, where universities serve as both sources of in-
novation and custodians of translation. By turning re-
search networks into engines of education and collabora-
tion, the orofacial laserology community demonstrates
that theory is only durable when linked to practice, which,
in turn, must be grounded in evidence.

The analytical synthesis (Table 1 3>7812-14) summarizes
how this network-based academic mediation model over-
comes theoretical limitations by transforming diffusion
into direction, embedding into endurance, and implemen-
tation into institutionalization.

Discussion

Academic mediation does not introduce a new theo-
retical framework. It serves as an operational layer that
integrates existing implementation frameworks. While
diffusion theory explains how innovations spread, and
normalization process theory outlines the integration
of practices into routine, neither alone ensures continu-
ity across institutions.

Academic mediation institutionalizes feedback loops,
aligns educational practices, and coordinates policies,
functioning as the infrastructure that transforms theoreti-
cal insights into sustainable practices. Thus, it represents
the institutional architecture for implementing evidence-
based practices. The synthesis presented in Table 1 dem-
onstrates how the academic mediator-driven translation
model transforms theoretical frameworks into practical
applications. Instead of dismissing diffusion, normaliza-
tion, or implementation science, our approach opera-
tionalizes these frameworks by providing institutional
continuity and structured feedback mechanisms linking
evidence generation, education, and clinical service. This
transformation was intentional and reflected the develop-
ment philosophy of His Majesty King Bhumibol Adulyadej
(Rama IX), who emphasized that sustainable progress must
begin with “Understand, Access, and Develop” and should
be driven by “development from within.”!

The process highlighted the importance of contex-
tual relevance by prioritizing an accurate understanding
of the networks prior to implementation. It encouraged
collaboration among micro- and meso- levels of universi-
ties, community hospitals, and practitioners by ensuring
resource access. Additionally, fostering development within
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Table 1. Addressing theoretical gaps in research translation through the Thai model of academic mediation and laserology networks

Theoretical
framework

Typical limitations or gaps

How the Thai academic mediation

Outcome/evidence of success

Diffusion
of Innovations'?

Normalization
Process Theory?

Implementation
Science Paradox’

Organizational
barriers?

Academic reward
systems'*

Assumes innovation spreads naturally
once proven effective; neglects system
complexity.

Describes embedding but rarely
operationalized; lacks a mechanism for
reinforcement.

Frameworks were produced, but minimal
practitioner adoption.

Fragmented policy, limited incentives, and
a lack of feedback loops.

Rewards novelty and publication, not
application; undervalues teamwork.

model addressed these gaps

Replaced passive diffusion with guided
dissemination through structured
academic mediation.

Embedding through the Hub
of Knowledge in Orofacial Laserology
(HKOL), thus institutionalizing education,
research, and practice.

Practice-led research: community
clinicians co-research and feed data into
academia.

Created continuous feedback integration
from field practice into research
refinement.

Reframed success to include translational
impact in postgraduate evaluation.

Controlled diffusion across healthcare
tiers; unified safety standards; consistent
outcomes.

Sustainable integration via certification,
workshops, and ongoing lifelong
education.

Ownership of innovation by end-users;
co-production closes the ‘gap within
the gap!

Academic empowerment and guardian
of the primary care team for reflection
on the policy maker.

Culture shift: young PhD pursue applied
innovations.

Temporal instability

of collaborations® Partnerships collapse after funding ends.

Limited community
co-production'?

Communities are seen as recipients, not
co-producers of innovation.

Anchored translation within university
governance: HKOL as a permanent

Engaged primary care staff and older

adults in co-designing a low-intensity

laser prototype and recognized them
as part of the learning resources.

Longevity beyond projects; nationwide

platform multi-institutional collaboration.

Higher acceptance, better satisfaction,
and measurable oral-health
improvement.

the local organization, in this case, enhanced local capa-
bilities and ownership. Through this approach, academic
mediation transcended its role as merely a means of trans-
lation; it became a form of stewardship in which knowledge
flows between academia and the community, continuously
sustained through education and shared responsibility.

The HKOL and its national collaborations illustrate
the evolution of the field. Supported by the NRCT, the HKOL
transformed translation from a mere project into a com-
prehensive system that integrates innovation, governance,
and compassion. This model from Thailand demonstrates
that effective translation research relies not just on sci-
entific validity but also on moral clarity: progress should
be rooted in empathy, participation, and internal growth.

Ultimately, the Thai experience shows that compassion-
ate science serves as the true bridge between theory and
practice. When universities act as mediators that listen
before acting, reach out before prescribing solutions, and
empower before directing.

The transferability of this operational model to other
healthcare systems relies on several key contextual factors.
First, a minimum level of academic infrastructure is neces-
sary, which includes high research capacity and a strong
institutional commitment to long-term collaboration.
Second, funding mechanisms should prioritize continuity
over short-term project cycles. Third, clear regulations,
especially regarding procurement and professional certifi-
cation, are important for standardization across healthcare
tiers. Lastly, building relational trust among universities,
healthcare personnel, and related administrative organiza-
tions is essential. Without these enabling factors, academic
mediation may remain an aspirational goal rather than

become operational. While the Thai context is one example,
the fundamental principle of embedding implementation
within institutional governance can be applied to various
systems with appropriate contextual adjustments.

Conclusions

The development of research networks in orofacial laser-
ology in Thailand is a good example that successful trans-
lation depends on institutional structure rather than tech-
nological novelty alone. The Thai model operationalized
innovation through a multi-level system linking university-
based research, primary care services, and postgraduate
education within a coordinated governance framework.
Through academic mediation, universities functioned not
merely as producers of evidence but as institutional stew-
ards aligning research generation, professional training,
and community implementation.

This experience suggests 3 broader implications for re-
search translation:

1. Implementation should be embedded within insti-
tutional governance rather than treated as a downstream
activity following evidence generation.

2. Sustainability requires permanent networks and stan-
dardized protocols that transcend project-based funding
cycles and support continuity across healthcare levels.

3. Co-creation with practitioners, supported by struc-
tured feedback loops, is essential to transform evidence
into routine clinical practice.

While contextual conditions influence transferability,
the underlying principle remains consistent: research
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achieves impact when supported by structured collabora-
tion, accountability mechanisms, and long-term institu-
tional commitment. Translation, therefore, is best under-
stood not as a linear transfer of knowledge but as a sustained
organizational process integrating evidence, education, and
service within a continuous learning ecosystem.

Use of Al and Al-assisted technologies

Al-assisted tools were used partially for grammatical
checking and for preparing the graphical abstract based
on the authors’ design. The tools that we used were OpenAT’s
ChatGPT (GPT-5.4 Thinking) and Grammarly.
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Abstract

Background. Circulating tumor DNA (ctDNA) is a promising noninvasive biomarker in advanced breast
cancer. In patients with advanced HER2-positive disease, responses to targeted therapy vary. The prognostic
significance of ctDNA mutations across different genes and treatment regimens remains to be fully clarified.

Objectives. This meta-analysis evaluated the predictive role of ctDNA mutations in quiding anti-HER?
therapy.

Materials and methods. We searched PubMed, Embase, the Cochrane Library, and major oncology con-
ference proceedings for studies evaluating associations between ctDNA and progression-free survival (PFS)
or overall survival (0S) in breast cancer. Pooled hazard ratios (HRs) and odds ratios (ORs) were calculated
using a pre-specified random-effects model. Study quality, publication bias, and robustness were assessed
using the Newcastle—Ottawa Scale (NOS), funnel plots, Egger’s test, and leave-one-out analyses.

Results. A total of 12 studies involving 558 patients were included. Baseline ctDNA mutation status was
significantly associated with shorter PFS (HR = 1.73, 95% confidence interval (95% (1): 1.06—2.82, p=0.03).
PIK3CA mutations correlated with worse PFS (HR = 2.12, 95% (I: 1.43-3.15, p = 0.002), whereas FRBB?
mutations showed no significant association. ctDNA mutations predicted poorer PFS in tyrosine kinase
inhibitor (TKI)-treated patients (HR = 2.04, 95% (l: 1.29—3.24, p = 0.002), particularly in patients receiving
pyrotinib (HR = 2.77,95% (l: 1.96—3.92, p < 0.001), but not in those receiving non-pyrotinib TKIs. Worse
PFS was also observed in monotherapy (HR = 2.65, 95% (I: 1.81-3.88, p < 0.001) and capecitabine-based
combination regimens (HR = 2.07,95% (I: 1.22—3.50, p = 0.007), but not in other combination therapies.

Conclusions. Circulating tumor DNA mutation status may serve as a prognostic biomarker in patients
receiving HER2-targeted therapies. PIK3CA mutations were associated with worse outcomes, whereas FRBB2
mutations showed no significant effect. The prognostic significance of ccDNA was most pronounced in patients
treated with TKIs, particularly pyrotinib, and remained evident in monotherapy and capecitabine-based regi-
mens. These findings support the potential utility of ctDNA monitoring forrisk stratification and personalized
management in advanced HER2-positive breast cancer.

Key words: PIK3CA, ctDNA, breast cancer, anti-HER2 therapy, TKIs
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Highlights

breast cancer.

prognostic impact.

+ Circulating tumor DNA (ctDNA) mutations predict poor progression-free survival in advanced HER2-positive
+ PIK3CA mutations in ctDNA are strongly associated with worse outcomes, while ERBB2 mutations show no

+ Prognostic significance of ctDNA mutations is most evident in patients treated with tyrosine kinase inhibitors,

especially pyrotinib.
+ ctDNA mutation profiling offers a noninvasive tool for risk stratification and personalized management in HER2-
targeted therapy.
Introduction tissue-based findings, the predictive and prognostic value

HER2-positive breast cancer, characterized by HER2
gene amplification or overexpression, leads to continu-
ous activation of the PI3K/AKT/mTOR and RAS/MAPK
signaling pathways, resulting in increased aggressiveness
and poor prognosis.!~* The advent of HER2-targeted thera-
pies has significantly improved patient outcomes; however,
individual responses vary, with some patients experiencing
primary or acquired resistance, leading to reduced effi-
cacy and disease progression.® Current HER2-targeted
therapies include monoclonal antibodies such as trastu-
zumab and pertuzumab, antibody-drug conjugates (ADCs)
such as T-DM1 and T-DXd, and tyrosine kinase inhibitors
(TKIs) including lapatinib, pyrotinib, and neratinib. De-
spite their efficacy across various clinical stages, resistance
mechanisms are complex and involve HER2 mutations,
epithelial-mesenchymal transition (EMT), and alterations
in the tumor microenvironment (TME).® Therefore, accu-
rately predicting the efficacy of HER2-targeted treatments
and dynamically monitoring patient responses are crucial
for optimizing personalized treatment strategies.

Circulating tumor DNA (ctDNA), a noninvasive bio-
marker reflecting tumor genetic alterations, has garnered
attention in the diagnosis, prognosis, and therapeutic mon-
itoring of breast cancer.”® Compared with traditional tis-
sue biopsies, ctDNA can be obtained from blood samples,
offering convenience and repeatability.!*!! Studies have
indicated that dynamic changes in ctDNA may correlate
with the efficacy of HER2-targeted therapies; however,
its role as a consistent predictive biomarker remains con-
troversial, particularly with respect to different HER2-
targeted agents.12-14

Amplification of HER2 (also known as ERBB2) in breast
cancer, as detected through tissue biopsy, has long been
established as a hallmark of aggressive disease and poor
prognosis. Similarly, previous studies have suggested
that PIK3CA mutations identified in tissue biopsies may
contribute to resistance to HER2-targeted therapies and
adverse clinical outcomes.!>~1® However, the clinical
implications of HER2 amplification and PIK3CA muta-
tions assessed through ctDNA remain uncertain. Unlike

of ctDNA-detected genetic alterations, including HER2 am-
plification and PIK3CA mutations, lacks robust validation.
These uncertainties highlight the need for further evalua-
tion of ctDNA mutations in the context of HER2-targeted
therapies to better understand their clinical relevance.

Objectives

This meta-analysis aims to systematically evaluate
the prognostic significance of ctDNA mutations in advanced
HER2-positive breast cancer treated with HER2-targeted
therapies. Specifically, we aim to explore how different
gene mutations influence treatment outcomes and to clar-
ify the predictive value of ctDNA mutations across diverse
therapeutic strategies. Our findings may support clinical
decision-making and contribute to the advancement of pre-
cision medicine in advanced HER2-positive breast cancer.

Materials and methods
Protocol and registration

This study was performed in accordance with the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines. Two researchers (J.L. and
H.X.) developed the protocol for this study, which was regis-
tered in the International Prospective Register of Systematic
Reviews (PROSPERO) (registration No. CRD42025638752).

Search strategy

Two researchers (J.L. and H.X.) systematically searched
PubMed, Embase, and the Cochrane Library for relevant
studies published before September 1, 2024. Additionally,
abstracts from major annual meetings — including those
of the American Society of Clinical Oncology (ASCO),
the European Society for Medical Oncology (ESMO),
and the San Antonio Breast Cancer Symposium (SABCS)
— were manually reviewed for the period from March 2022
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to September 2024. Search terms included Medical Subject
Headings (MeSH) such as “breast cancer,” “HER2,” “TKI,”
“ADC,” and “circulating tumor DNA,” along with specific
drug names and agents within these categories.

Selection criteria

The inclusion criteria for this study were as follows:
1) original research articles or conference abstracts pre-
senting primary data, including observational studies (pro-
spective or retrospective), randomized controlled trials
(RCTs), or cross-sectional studies; 2) studies enrolling
breast cancer patients treated with anti-HER?2 therapies,
in which treatment regimens incorporated HER2-targeted
agents such as trastuzumab, TKIs, or ADCs; 3) documented
assessment of ctDNA, with no restrictions on detection
or analytical methods due to the absence of a universally
accepted standard; 4) reporting of ctDNA positivity rates
along with relevant clinical outcomes, specifically progres-
sion-free survival (PFS) and/or overall survival (OS); and
5) publications available in English.

To ensure consistency across patient populations, studies
were included only if HER2-positive breast cancer was defined
according to ASCO/CAP guidelines, specifically as immuno-
histochemistry (IHC) 3+ or HER2 gene amplification con-
firmed with in situ hybridization (ISH). Only studies involving
administration of HER2-targeted agents, including mono-
clonal antibodies, TKIs, or ADCs, were considered eligible.

Exclusion criteria were as follows: 1) non-original pub-
lications, such as reviews, commentaries, or editorials;
studies including fewer than 5 participants; or ongoing
trials lacking publicly available results; 2) studies assess-
ing only cell-free DNA (cfDNA) without specific analysis
of ctDNA; and 3) investigations not involving HER2-tar-
geted therapies.

Data extraction

Two researchers (J.L. and H.X.) independently extracted
the following data from each eligible study: authors, pub-
lication year, study location, article format, study design,
patient sample size, trial phase, details of the adminis-
tered HER2-targeted regimen, and reported outcomes
for patients with wild-type (WT) and mutant-type (MT)
ctDNA receiving anti-HER2 treatment. Any disagreements
between the 2 researchers were resolved through consulta-
tion with a 3" investigator.

Quality assessment and statistical analysis

Study quality was assessed using the Newcastle—Ot-
tawa Scale (NOS), covering selection, comparability, and
outcome domains. Scores of 6-9, 3—5, and 0—2 indicated
low, moderate, and high risk of bias, respectively.®

Because clinical and methodological heterogeneity
was anticipated among the included studies (differences
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in populations, treatment lines, ctDNA assays, and follow-
up durations), a random-effects model (DerSimonian—
Laird 12 estimator with Hartung—Knapp adjustment for
confidence intervals) was pre-specified as the primary
analysis model for all meta-analyses. Consistent with
standard meta-analytic methodology, model selection was
determined a priori rather than based on heterogeneity
tests (I2 or Q). For comparison and sensitivity analyses,
fixed-effect models (Mantel-Haenszel method) were addi-
tionally calculated and reported when I? < 25% to illustrate
result consistency under different assumptions.

Pooled hazard ratios (HRs) and odds ratios (ORs) with
95% confidence intervals (95% CIs) were calculated. When
HRs were not directly reported, they were estimated from
Kaplan—Meier curves using Tierney’s method.?°-22 Be-
tween-study heterogeneity was quantified using Cochran’s
Q test (p < 0.10) and Higgins’ I? statistic.

Sensitivity analyses were conducted for all meta-analyses,
including the overall and subgroup analyses, by sequen-
tially omitting individual studies (leave-one-out approach)
to evaluate the robustness of the findings. Publication bias
was assessed using funnel plots for all meta-analyses. Eg-
ger’s regression test was performed when 210 studies were
included; otherwise, only visual inspection was conducted.

All analyses were performed using R v. 4.3.2 (R Foundation
for Statistical Computing, Vienna, Austria) with the meta
(v6.5-0), metafor (v4.2-0), and ggplot2 (v3.5.0) pack-
ages (https://CRAN.R-project.org/package=meta; https://
CRAN.R-project.org/package=metafor; https://CRAN.R-
project.org/package=ggplot2). Review Manager v. 5.3
(The Nordic Cochrane Centre, Cochrane Collaboration,
Copenhagen, Denmark) was also used for supplementary
analyses. Two-sided p < 0.05 were considered statistically
significant, and an upper 95% CI < 1.0 indicated a favorable
prognostic effect of WT ctDNA.

Results
Searching and screening of studies

A total of 560 records were identified through the pre-
liminary systematic literature search, and 45 duplicate
records were automatically identified and removed. After
assessment and screening, 515 records were considered
irrelevant and excluded. Among the 12 included reports,
11 were published full-text articles and one was an abstract
presented at an annual conference, comprising a total
of 558 patients.?>~34 The study selection process is depicted
in Fig. 1. The flow diagram was developed in accordance
with the PRISMA guidelines.®

The NOS appraisal is illustrated in Fig. 2 (study-level “risk-
of-bias summary”) and Fig. 3 (domain-level “risk-of-bias
graph”). More than 80% of the judgments for core domains
— such as representativeness of the exposed cohort, ascer-
tainment of exposure, and outcome assessment — were rated
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= Cochrane Library (n = 134) —* Reports of included studies (n = 11)
= Additional records identified
k=) through other sources: ASCO,
ESMO, and SABCS (n = 108)
Excluded articles by reviewing titles and abstracts:
. \ 4 1. No anti-HER-targeted therapy regimens (n = 185)
2. No circulating tumor DNA (ctDNA) changes
Records screened (n = 515) ——> were observed (”_ = 86) . o
3. Non-original studies (e.g., reviews, editorials,
or conference summaries without data) (n = 95)
4. Studies focusing solely on cell-free DNA (cfDNA)
without specific ctDNA analysis (n = 75)
\ 4
> Reports sought for retrieval I Reports not retrieved (n = 10)
‘= (n=74)
o
g
7]
»n v Excluded articles by reading full-text:
1. Sample size fewer than 5 participants (n = 11)
Reports assessed for eligibility 2. No data on progression-free survival (PFS)
(n = 64) » or overall survival (OS) (n = 13)
3. Ongoing studies without published results (n = 10)
4. Studies with insufficient details on ctDNA
detection methods (n = 18)
—
\4
& Studies included in meeting
B abstract (n=1)
© Reports of included studies
= (n=11)
L Fig. 1. Flowchart of the detailed literature-screening process

as low risk (green bars). By contrast, approx. 40% of the ratings
for selection of the non-exposed cohort fell into the unclear-
risk category (yellow bars), reflecting the frequent absence
of an explicitly matched comparison group. Truly high-risk
assessments were rare, accounting for no more than approx.
10% of the scores and occurring mainly in the item related
to control for additional confounders. Overall, these data
indicate that the methodological quality of the included stud-
ies was acceptable: most investigations satisfied the principal
NOS criteria, although future studies should improve cohort
comparability and confounder adjustment.

Characteristics of the included studies
Supplementary Table 1 presents the characteristics and out-

comes of 12 included studies encompassing a total of 558 pa-
tients. Most studies were retrospective or cohort studies

(n = 10), with a median sample size of 42 (range: 16—107).
Treatment regimens varied widely and included trastuzumab
(n =1 study), TKIs (n = 8 studies), and ADCs (T-DM1; n = 3
studies), frequently combined with capecitabine or taxanes.
Circulating tumor DNA mutations were detected in 8.57%
to 84.20% of patients. Patients with ctDNA mutations con-
sistently exhibited shorter PFS, with HRs ranging from 0.33
to 5.62 across different therapies. In contrast, WT ctDNA
was associated with better clinical outcomes, highlighting its
prognostic significance.

Prognostic association of ctDNA mutation
status with PFS in HER2-targeted therapy

As shown in Fig. 4, the forest plot illustrates the associa-
tion between ctDNA mutation status and PFS in patients
receiving HER2-targeted therapy. Using a pre-specified
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Fig. 4. Forest plot of progression-free survival (PFS) associated with circulating tumor DNA (ctDNA) mutations
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Fig. 5. Progression-free survival (PFS) in patients with PIK3CA mutation treated with anti-HER2 targeted therapy
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Fig. 6. Progression-free survival (PFS) in patients with ERBB2 mutation treated with anti-HER2 targeted therapy

random-effects model, the pooled HR was 1.73 (95% CI:
1.06-2.82, p = 0.03), indicating that patients with ctDNA
mutations had significantly shorter PFS compared with
those harboring WT ctDNA.

Prognostic impact of ctDNA mutation
subtypes in HER2-positive breast cancer

Asshown in Fig. 5, PIK3CA mutations were significantly
associated with reduced PES in patients receiving HER2-
targeted therapy (pooled HR = 2.12, 95% CI: 1.43-3.15,
p = 0.002). This finding suggests that PIK3CA mutation
status may serve as a biomarker for predicting early disease
progression during HER2-targeted therapy. In contrast,
ERBB2 mutation status showed no statistically significant

association with PFS (HR = 1.54, 95% CI: 0.71-3.35,
p = 0.27; Fig. 6).

Prognostic value of ctDNA mutations
in TKI-based treatment regimens

The prognostic role of ctDNA mutations was fur-
ther analyzed in the context of TKI regimens (Fig. 7).
In the overall TKI-treated cohort (n = 8 studies), ctDNA
mutation positivity was significantly associated with
shorter PFS (HR = 2.04, 95% CI: 1.29-3.24, p = 0.002),
whereas no such association was observed in non-TKI-
treated patients (HR = 1.29, 95% CI: 0.41-3.99, p = 0.66).
Notably, this predictive effect differed substantially be-
tween TKI subtypes. For patients receiving pyrotinib
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Fig. 7. Circulating tumor DNA (ctDNA) mutation status and progression-free survival (PFS) according to tyrosine kinase inhibitor (TKI) treatment status
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Fig. 8. Circulating tumor DNA (ctDNA) mutation status and progression-free survival (PFS) according to different tyrosine kinase inhibitor (TKI) regimens

(n = 5 studies), ctDNA mutations strongly predicted
reduced PFS (HR = 2.77, 95% CI: 1.96-3.92, p < 0.001),
with consistent directional trends across studies (Fig. 8).
In contrast, non-pyrotinib TKIs (e.g., lapatinib and ne-
ratinib; n = 3 studies) showed no significant association
between ctDNA status and PFS (HR = 1.23, 95% CI:
0.38-3.91, p = 0.73). These findings demonstrate subtype-
specific associations between ctDNA mutations and PFS

in TKI-treated cohorts, with the strongest effect observed
in the pyrotinib subgroup.

Prognostic significance of ctDNA
mutations across treatment combinations

The prognostic value of ctDNA mutations was evalu-
ated across treatment strategies (Fig. 9). In monotherapy
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Fig. 9. Circulating tumor DNA (ctDNA) mutation status and progression-free survival (PFS) according to treatment strategy
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Fig. 10. Circulating tumor DNA (ctDNA) mutation status and progression-free survival (PFS) according to different combination regimens

cohorts, ctDNA mutation positivity was strongly associ-
ated with shorter PFS compared with WT cases (HR = 2.65,
95% CI: 1.81-3.88, p < 0.001). In contrast, combination
therapy overall showed no significant difference in PFS
between mutation-positive and mutation-negative groups
(HR =1.32,95% CI: 0.64—2.74, p = 0.45). Further stratifica-
tion of combination regimens revealed divergent effects. For
capecitabine-based combinations (n = 4 studies), ctDNA
mutations predicted markedly reduced PFS (HR = 2.07,
95% CI: 1.22-3.50, p = 0.007), whereas non-capecitabine
combinations (e.g., taxane- or paclitaxel-based regimens;

n = 4 studies) showed no association (HR = 0.69, 95% CI:
0.28-1.67, p = 0.41; Fig. 10).

Sensitivity and publication-bias
analyses for the overall and subgroup
meta-analyses

The leave-one-out sensitivity analysis demonstrated that
sequential omission of any single study did not materi-

ally change the effect direction or statistical significance
of the pooled estimate (Supplementary Fig. 1). The overall
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estimates remained stable and within a narrow confidence
interval (95% CI: 1.01-2.97), with no significant shifts
in the hazard ratio (HR = 1.73). Publication bias assessment
is shown in Supplementary Fig. 2. Egger’s linear regres-
sion test detected no significant funnel plot asymmetry
(t=0.32, degrees of freedom (df) = 10, p = 0.796), indicat-
ing no evident small-study effects; the bias estimate was
0.7605 (standard error (SE) = 2.3438).

For all 10 predefined subgroups, the same leave-one-
out sensitivity analyses and funnel plot evaluations were
performed (Supplementary Fig. 3-22; mapping: ERBB2
(Supplementary Fig. 3,4), PIK3CA (Supplementary Fig. 5,6),
TKI (Supplementary Fig. 7,8), non-TKI (Supplementary
Fig. 9,10), pyrotinib (Supplementary Fig. 11,12), non-py-
rotinib (Supplementary Fig. 13,14), monotherapy (Supple-
mentary Fig. 15,16), combination therapy (Supplementary
Fig. 17,18), capecitabine-based combinations (Supplemen-
tary Fig. 19,20), and other combinations (Supplementary
Fig. 21,22). Across subgroups, the pooled HRs remained
directionally consistent, and significance judgments were
not materially altered after omission of any single study,
supporting the robustness of the findings. Because each
subgroup included <10 studies, visual inspection of fun-
nel plots was performed without formal Egger testing; no
obvious asymmetry was observed.

Discussion

This meta-analysis evaluated the clinical significance
of ctDNA mutations in assessing the efficacy of anti-HER2
therapies in breast cancer, providing important insights
into their potential role as biomarkers of therapeutic re-
sponse and prognosis. The pooled analysis demonstrated
a significant association between ctDNA mutations and
shorter PFS across HER2-targeted therapies. These find-
ings align with previous studies reporting that ctDNA
mutations correlate with poor clinical outcomes, reinforc-
ing their potential role in guiding personalized treatment
strategies.’® Among these, PIK3CA mutations showed
a strong correlation with reduced PFS, which is consis-
tent with existing evidence suggesting that activation
of the PI3K/AKT/mTOR signaling pathway contributes
to resistance to HER2-targeted therapies.?”

This underscores the clinical relevance of detecting
PIK3CA mutations via liquid biopsy as predictive biomark-
ers and suggests that patients harboring these mutations
may benefit from treatment intensification, such as the in-
corporation of PI3K inhibitors. Notably, several ongoing
clinical trials (e.g., NCT04208178 and NCT02038010) are
investigating combinations of HER2-targeted agents and
PI3K inhibitors, supporting the concept that dual blockade
may help overcome resistance and improve patient out-
comes. A key finding of this study is that the predictive value
of ctDNA mutations was particularly evident in patients re-
ceiving TKI therapy, especially those treated with pyrotinib,
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suggesting that ctDNA analysis may assist in optimizing pa-
tient selection and informing timely treatment adjustments
in this context. In contrast, this predictive effect was not
observed in patients receiving T-DM1, which is consistent
with previous studies reporting the limited predictive value
of ctDNA mutations in this treatment setting.>®3° This
may be attributed to the cytotoxic mechanism of T-DM1,
which depends predominantly on intracellular drug release
rather than HER2 signaling inhibition, thereby diminishing
the impact of PIK3CA mutations on therapeutic efficacy.

Additionally, ctDNA mutations exhibited stronger pre-
dictive value in monotherapy than in combination thera-
pies, where their predictive role was less pronounced. This
may be attributed to the ability of combination treatments
to counteract the effects of single-gene alterations through
multiple mechanisms. However, in capecitabine-based
regimens, ctDNA mutations remained a significant pre-
dictor of shorter PES, suggesting that certain resistance
mechanisms persist in this therapeutic setting.

Although ERBB2 mutations detected in tissue biop-
sies have been well established as markers of resistance
and poor prognosis in HER2-positive breast cancer, our
analysis did not demonstrate a significant association
between ERBB2 mutations identified in ctDNA and PES.
This discrepancy likely reflects the inherent limitations
of liquid biopsy compared with tissue-based methods.
While tissue biopsy offers a static, localized snapshot
of tumor genomic alterations, ctDNA reflects dynamic
tumor burden and clonal evolution, which may be in-
fluenced by tumor heterogeneity, variable cfDNA shed-
ding, assay sensitivity, and the type of therapy adminis-
tered (such as TKIs or ADCs).*%4! The use of pan-HER
TKIs, particularly pyrotinib, may partially overcome
downstream HER2 pathway alterations, thereby miti-
gating the negative prognostic impact of ERBB2 muta-
tions detected in plasma. Additionally, methodological
heterogeneity, variability in therapeutic regimens, and
limited sample sizes in the included studies could have
contributed to these findings. Future research involving
larger cohorts, standardized ctDNA detection protocols,
and stratification by treatment type will be necessary
to clarify the predictive value of ERBB2 mutations in lig-
uid biopsy. Nevertheless, ctDNA testing offers unique
advantages over tissue biopsy, including its noninvasive
nature, the ability to capture real-time tumor dynamics,
and the potential for longitudinal monitoring of resis-
tance mechanisms in clinical practice.*>43

From a clinical perspective, liquid biopsy offers distinct
advantages over traditional tissue biopsy by enabling real-
time and repeatable assessment of treatment response and
resistance development. This study supports the potential
role of ctDNA in guiding treatment decisions, particularly
in TKI- and pyrotinib-treated patients. However, the pre-
dictive value of ctDNA varies across treatment regimens;
therefore, integration of multiple biomarkers may improve
predictive accuracy in the future.****> Additionally, previous
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studies have reported that ctDNA detection rates correlate
with metastatic tumor burden, with higher detection fre-
quencies observed in patients with multiple or visceral me-
tastases.**~%° Our meta-analysis focused on the predictive
role of ctDNA mutations and did not include tumor burden
analysis. Future research should consider incorporating
this factor to enhance the clinical utility of ctDNA. Future
studies should also focus on standardizing ctDNA detec-
tion methods, validating these findings through prospec-
tive clinical trials, and leveraging longitudinal monitoring
to refine precision oncology approaches for HER2-positive
breast cancer.

Limitations of the study

Several limitations should be acknowledged. First,
the included studies predominantly enrolled patients
with advanced HER2-positive breast cancer, but variations
in disease stage and prior treatments may have introduced
heterogeneity. Second, ctDNA detection methods varied
across studies, potentially affecting mutation rates and
prognostic interpretation. Third, limited sample sizes and
inconsistent reporting of baseline tumor burden reduced
the ability to perform subgroup analyses for certain regi-
mens. Fourth, ERBB2 mutation analysis lacked statistical
significance, possibly due to low mutation frequency and
variable detection sensitivity. Finally, the observational
nature of most included studies limits causal inference.
Future prospective trials with standardized ctDNA meth-
odologies and larger cohorts are needed to validate these
findings in the context of advanced disease.

Conclusions

The mutational status of ctDNA holds promise as a prog-
nostic biomarker in patients with HER2-positive breast
cancer receiving targeted therapy. Specifically, PIK3CA
mutations were consistently associated with worse survival
outcomes, whereas ERBB2 mutations did not demonstrate
independent prognostic significance based on current evi-
dence. The prognostic impact of ctDNA was most evident
in patients treated with TKIs, particularly those receiving
pyrotinib. Notably, this association remained significant
in both monotherapy and capecitabine-based combina-
tion regimens. These findings support the use of ctDNA
mutation profiling for risk stratification and personalized
decision-making in the context of HER2-targeted therapy.
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Objectives. This study aimed to assess the feasibility of implementing guideline-based MT into routine

Conflict of interest primary care practice.

None declared
Materials and methods. In this retrospective study, records of 258 primary care patients (median
(Me) = 51.5 years; 1t and 3¢ quartiles (Q1-Q3) = 42-66) were analyzed. These patients had previously
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Published online on June 10, 2026 and the number of general practitioner (GP) appointments booked by patients (NA).

Results. The majority of patients who received MT suffered from low back pain (M54.5) (39.1%); soft tis-
sue disorders related to use, overuse, and pressure (M70) (27.5%); unspecified spondylosis (M47.9) (9.3%);
and osteoarthritis of the knee (M17.5 and M17.9) (4.3%). A Wilcoxon test revealed a significant reduction
in NA for M54.5 (p < 0.001), M70 (p < 0.001), others (p < 0.001), M17 (p = 0.004), and M47.9 (p < 0.001),
as well as in VAS scores for M54.5 (p < 0.001), M70 (p < 0.001), others (p < 0.001), M47.9 (p < 0.001),
and M17 (p=0.003) after MT.

it Conclusions. This study supports the potential benefits of integrating physiotherapy-led massage into
K;:si)ﬁks K. Piwecki M, Nowak B, et 2. Retrospective routine primary care practice for the management of selected musculoskeletal disorders. When implemented

analysis of quideline-based massage therapy in cooperation with family physicians, MT may reduce pain and decrease the need for additional GP visits.
in primary care for musculoskeletal disorders. ) } ) o ) .
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Highlights

care settings.

» Musculoskeletal disorders are a major burden for both patients and healthcare systems.

+ Massage may be a valuable tool for the management of musculoskeletal disorders.

+ The benefits of massage therapy remain understudied.

+ Recommendations on massage approved by medical associations may facilitate its implementation in primary

Background

Musculoskeletal disorders (MSDs) are among the most
prevalent and disabling health conditions worldwide, af-
fecting approx. 1.71 billion people across all age groups.!
These disorders not only cause persistent pain and limit
mobility but also significantly impair quality of life and
social functioning. Beyond their direct impact, MSDs are
associated with an increased risk of developing chronic co-
morbidities such as cardiovascular disease (CVD), obesity,
and diabetes.? The growing incidence of MSDs observed
in recent decades reflects a combination of demographic
changes, sedentary lifestyle, and occupational exposures.>*
This trend imposes an increasing burden on individuals,
healthcare systems, and national economies.

Despite their prevalence, the management of MSDs re-
mains suboptimal. Pharmacological interventions such
as opioids and non-steroidal anti-inflammatory drugs
(NSAIDs) are commonly used, particularly in early-stage
disease.>® However, the effectiveness of opioids in reducing
musculoskeletal pain is questionable and may paradoxi-
cally contribute to prolonged work disability.”> NSAIDs,
although widely accepted, carry a well-documented risk
of gastrointestinal, renal, and cardiovascular adverse
effects.® This is especially concerning in the current
healthcare landscape, where there is growing recognition
of the public health consequences of long-term opioid and
NSAID use.”® As a result, there is an urgent need to iden-
tify safe and accessible non-pharmacological alternatives
that could be implemented in primary healthcare settings.

In addition to their clinical consequences, MSDs gen-
erate substantial economic and systemic burdens. From
the perspective of primary care, patients with MSDs fre-
quently consult general practitioners (GPs), require diag-
nostic imaging, and often receive long-term pharmaco-
therapy.”'° These repeated interactions with the healthcare
system result in increased costs, resource utilization, and
administrative workload. Furthermore, MSDs contribute
to absenteeism, reduced work productivity, and early re-
tirement, particularly among working-age populations.’
This underscores the need for cost-effective interventions
that can reduce symptom burden while minimizing health-
care resource utilization.

Massage therapy (MT) is one such intervention. It is a well-
established component of physiotherapeutic practice and

has demonstrated promising results in relieving pain and
improving function in patients with various MSDs, par-
ticularly in the early or subacute stages of disease progres-
sion.171* Moreover, MT may be used as a preventive measure
or as part of self-management strategies under professional
guidance.!*~1¢ Despite its accessibility, safety, and low cost,
MT remains underutilized in standard medical care.

There are 2 primary reasons for this underuse. First,
the lack of consistent, high-quality empirical evidence sup-
porting the clinical efficacy of MT limits its acceptance
among medical professionals and hinders its integration
into routine primary care protocols.'”~* Second, the mech-
anisms through which MT exerts its therapeutic effects
are not yet fully understood. Although evidence suggests
that MT may influence biomechanical, neurological, and
psychological processes, these effects remain insufficiently
explained within a unified theoretical framework. Bridg-
ing this gap would require integration of disciplines such
as anatomy, physiology, histology, and pathophysiology
into MT research and training programs.’®2® Importantly,
the implementation of MT in primary care does not require
highly specialized equipment or infrastructure. It may be
delivered in a standard consultation room by a trained phys-
iotherapist, either independently or in collaboration with
family physicians. Such integration aligns with contem-
porary models of interdisciplinary care and is supported
by national and international professional associations.
Additionally, MT may serve as a form of autotherapy, con-
tributing to self-management within the framework of so-
cial prescribing.! Nevertheless, real-world data regarding
the practical implementation of MT in family medicine
— particularly in terms of feasibility, effectiveness, and im-
pact on healthcare utilization — remain limited.

This study addresses this gap by examining the use
of guideline-based MT in patients with selected MSDs
in a primary care setting. It focuses on the collaborative
role of physiotherapists and GPs in delivering MT and its
potential to reduce both pain and healthcare utilization.

Objectives

This study aimed to assess the feasibility of implement-
ing guideline-based MT in routine primary care practice,
in line with the recommendations of the Polish Society
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of Physiotherapy, the Polish Society of Family Medicine,
the College of Family Physicians in Poland, and the Euro-
pean Rural and Isolated Practitioners Association (EURIPA).

Specifically, the study explored whether MT, when
delivered by physiotherapists in cooperation with fam-
ily physicians, may contribute to reductions in both pain
intensity and the number of GP consultations among
patients with selected MSDs. The findings are intended
to inform the potential integration of MT as a practical,
non-pharmacological intervention into standard care path-
ways in family medicine.

Material and methods
Study design

This was a retrospective analysis of de-identified case re-
cords of primary care patients with selected MSDs. The proj-
ect was conducted in accordance with the Declaration
of Helsinki and was approved by the Senate Research Ethics
Committee of the University of Physical Education in Wro-
claw, Poland (approval No. 2/2018). The reporting of this
study conforms to the STROBE (Strengthening the Report-
ing of Observational Studies in Epidemiology) guidelines.??

Setting

Data were collected between May 2019 and August 2023
at one of the medical centers in Wroctaw. Data from pa-
tients treated with MT were obtained from the Dr Eryk
medical database.

Participants

Participants’ records were included in the dataset if they:
1) were aged 40 years or older; 2) were diagnosed with
an MSD by a GP; 3) experienced pain greater than 3 on the vi-
sual analogue scale (VAS) before MT; 4) were prescribed M T
interventions by a GP; and 5) had continuous medical records
for at least 6 months before MT and no less than 6 months
afterward at the time of data extraction from the database.

Patients’ records were excluded from the dataset if they:
1) had a history of traumatic injuries, congenital musculo-
skeletal defects, deep vein thrombosis, myocardial infarction,
or cancer within the past 5 years; 2) had undergone a surgical
procedure within the past 5 years; 3) had acute inflammation
of the respiratory, digestive, or genitourinary systems; 4) had
incomplete medical records; or 5) were pregnant.

Variables
Pain assessment (primary endpoint)

Pain intensity was measured using the VAS. This
is a continuous scale consisting of a 100-mm horizontal

2

line anchored by “no pain” (score of 0) and “worst imag-
inable pain” (score of 10). The VAS is frequently used
as an outcome measure to assess treatment effectiveness.
Most studies have shown that the VAS is a valid and re-
liable scale.?*?* Measurements were taken immediately
before the intervention and after completion of the mas-
sage session.

Number of appointments (exploratory endpoint)

As an indicator of massage utility in primary health-
care, the number of appointments (NA) patients had with
doctors during a 1-year period, including 6 months be-
fore and 6 months after M T, was analyzed. Consultations
took place in doctors’ offices. In every case, the analyzed
change in NA referred to the same disorder. Patients who
developed other diseases within 6 months after MT were
excluded from the study. The reported reduction in NA
was therefore directly associated with the original health
condition under investigation and was not influenced
by other health issues.?

Data sources

Part of the data (sex, age, type of disease, and NA) was
extracted from the Dr Eryk database, which contains
patient records entered by GPs from general practices
across Poland. The patient population within the database
may be considered representative of the Polish popula-
tion in terms of demographics and disease distribution.
The database contains patients’ complete medical histo-
ries. In particular, information on the dates of registration
with and withdrawal from the practice is collected. Infor-
mation regarding referrals to secondary care, including
specialty type, is also recorded. The database includes
details on hospital admissions, discharge medications,
diagnoses, outpatient consultations, investigations, and
treatment outcomes. The database software is provided
free of charge by the Polish National Health System.
The authors did not have direct access to the database.
Data on the number of massage sessions and pain inten-
sity were extracted from the physiotherapy practice col-
laborating with the medical center operating the Dr Eryk
database.

Bias

The NA indicator should not be considered a direct mea-
sure of massage efficacy. Rather, this indicator may suggest
that MT is one of the factors positively influencing patients’
health conditions. However, other factors that may affect
patients’ health status should also be taken into consider-
ation. These include demographic factors (age, sex, educa-
tion), psychosocial factors (beliefs, motivation), healthcare
system factors (limited accessibility, long waiting times),
socioeconomic factors (inability to take time off work,
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cost, and income), disease-related factors (symptoms and
disease severity), as well as tobacco smoking and alcohol
consumption.?®

Exposure

The MT intervention applied in this study followed
a structured protocol developed and endorsed by the Pol-
ish Society of Physiotherapy, the Polish Society of Family
Medicine, the College of Family Physicians in Poland, and
EURIPA. The detailed protocol, consistently implemented
by the physiotherapist, is publicly available.!® To ensure adher-
ence to the guidelines, a printed checklist was used during
each session, listing the anatomical structures to be palpated
and massaged. The therapist marked each completed step,
thereby confirming adherence to the standardized procedure.

Unlike unstructured or practitioner-dependent mas-
sage practices, the protocol employed in this study was
specifically designed for primary care settings. It required
the therapist to target defined musculoskeletal structures
— such as muscles, tendons, and ligaments — in a prede-
termined sequence. The approach aimed to restore func-
tional balance in adjacent and interrelated anatomical
areas. The protocol also included patient education and
instruction in self-massage techniques to promote con-
tinuity of care and self-management between sessions.
In contrast, unstructured MT often varies in technique,
target areas, and therapeutic rationale depending on indi-
vidual practitioner preferences or patient requests, which
may limit reproducibility and consistency.

All treatments were delivered with the patient in a side-
lying position, resting on the unaffected side. Supportive
bolsters were placed under the head and upper and lower
limbs to ensure comfort and proper alignment. The tech-
niques used — effleurage, petrissage, friction, and com-
pression — were based on Swedish massage methodology.
According to Walton’s massage therapy pressure scale,
level 4 pressure (strong) was consistently applied.?” Each
session lasted 45 min. Massage was administered exclu-
sively by a physiotherapist with more than 20 years of clini-
cal experience and only when prescribed by a GP. Treat-
ment continued until the patient reported a pain intensity
of 3 or lower on the VAS, or until both the therapist and
patient agreed to conclude therapy based on achievement
of therapeutic goals and observed clinical progress.

Sample size

The sample size required to detect differences between
2 dependent means was calculated using G*Power software
v. 3.1.9.7 (Heinrich Heine University (HHU), Diisseldorf,
Germany). An effect size of Cohen’s d = 0.25, a 2-sided
a = 0.01, and a statistical power of 90% were assumed.
The required sample size was 242 participants. The num-
ber of extracted records was slightly higher than the pre-
determined sample size (n = 258).28
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Statistical analyses

All statistical analyses were performed using IBM SPSS
v. 29 (IBM Corp., Armonk, USA). Categorical variables are
presented as frequencies and percentages (n, %). Continu-
ous variables were assessed for normality of distribution
using the Kolmogorov—Smirnov test (n > 50) or the Shap-
iro—Wilk test (n > 10) and are presented as mean + stan-
dard deviation (SD) or median with interquartile range
(Me; Q1-Q3), depending on the normality of distribution.
Differences between measurements were analyzed using
the x2 test or Fisher—Freeman—Halton exact test (FFH)
when variables were categorical. Changes between 2 re-
lated samples were analyzed using the Wilcoxon signed-
rank test when differences between measurements were
not normally distributed, whereas a paired t-test was used
when differences were normally distributed. For unrelated
samples, the Mann—Whitney U test was used to compare
2 groups when variables were continuous and not normally
distributed, while the Kruskal-Wallis H test was applied
when more than 2 groups were compared. Effect sizes were
calculated using r for the Mann—Whitney U test and Wil-
coxon test (r = Z/\n), ¢ for the x2 test (¢p = V(x*/n)), and
Cramér’s V for the FFH test. The significance level used
for analysis was p < 0.05.

Results

Baseline characteristics of the participants are presented
in Table 1. Briefly, 258 patients were reviewed (median age:
52 years; Q1-Q3 = 42-66 years); 159 (61.6%) were female
and 99 (38.4%) were male. Based on the x* goodness-of-
fit test, the sex distribution in the sample did not match
that of the population (x*(1) = 13.95, p < 0.001, ¢ = 0.23).
A Mann—Whitney U test did not reveal a significant dif-
ference in age between women (Me = 54 years, n = 99)
and men (Me = 49 years, n = 159) (U = 6644.5, p = 0.083,
r = 0.108). On average, women were 5 years older than
men. To analyze age as a potential variable, patients were
divided into 3 age groups: 35 years and younger (15.5%),
36-55 years (39.5%), and 56 years and older (43.8%). A x?
goodness-of-fit test revealed a statistically significant dif-
ference between groups (x2(2) = 36.447, p < 0.001, ¢ = 0.38).
Participants’ body height was Me = 168 cm (Q1-Q3: 162—
175 cm), body weight was Me = 76.5 kg (Q1-Q3: 65-87 kg),
and body mass index (BMI) was Me = 24.77 kg/m? (Q1-Q3:
22.14-26.94 kg/m?).

Most patients in the study exhibited chronic symp-
toms. The majority of patients who received MT suf-
fered from M54.5 (low back pain; 39.1%), M70 (soft tissue
disorders related to use, overuse, and pressure; 27.5%),
M47.9 (spondylosis, unspecified; 9.3%), and osteoar-
thritis of the knee (M17.5 and M17.9; 4.3%) according
to the International Statistical Classification of Diseases
and Related Health Problems, 10" revision (ICD-10).
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Table 1. Baseline characteristics of participants
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Variable Men (n = 159)

Age [years], Me (Q1-Q3) 54 (43-67) 49 (40-65) 0.083
Height [cm], Me (Q1-Q3) 168 (163-175) 168 (162-175) 0.712
Weight [kg], Me (Q1-Q3) 70.05 (61.41-77.81) 69.75 (59.65-78.77) 0.682
BMI [kg/m?], Me (Q1-Q3) 24.93 (22.19-26.78) 24.55 (22.06-27.16) 0.794

M17.5 and M17.9, n (%) 8(3.1) 3(1.2)

M47.9, n (%) 15(5.8) 9(3.5)
ICD-10 M54.5, n (%) 57 (22.1) 44 (17.0) 0.212

M70, n (%) 51(19.8) 20(7.8)

others, n (%) 28 (10.9) 23(8.9)

The ¥? test was used for categorical data, and the Mann-Whitney U test was used for quantitative data; BMI — body mass index; Q1 and Q3 - 1*and
3 quartile; Me — median; ICD-10 - International Statistical Classification of Diseases and Related Health Problems; International Classification of Diseases,

10™ revision.

Table 2. Comparison of visual analogue scale (VAS) and number of appointments (NA) scores before and after massage therapy (MT) according to ICD-10

diagnostic categories

Diagnosis (ICD-10)

VAS before, Me (Q1-Q3)

VAS after, Me (Q1-Q3)

NA before, Me (Q1-Q3) NA after, Me (Q1-Q3)

M17.5 and M17.9 5(4-8) 1(1-2) 1(1-2) 0(0-1)
M47.9 6 (4.5-8) 1(1-2.5) 1(1-2) 0(0-1)
M54.5 7 (5-8) 1(1-2) 1(1-2) 0(0-1)
M70 6 (5-8) 1(1-2) 1(1-2) 0(0-1)
Others 7(5-7) 1(1-3) 1(1-2) 0(0-1)

ICD-10 - International Statistical Classification of Diseases and Related Health Problems; International Classification of Diseases, 10™ revision.

The remaining cases were grouped into a category la-
beled “others” (19.8%). This group included the following
ICD-10 codes: G54 (0.4%), MO05 (0.4%), M06 (1.6%), M10
(0.8%), M15 (1.2%), M16 (1.9%), M18 (0.4%), M19 (1.2%),
M41 (0.4%), M43 (0.8%), M48 (0.4%), M50 (2.3%), M53
(3.5%), M72 (0.4%), M75 (2.7%), M77 (0.8%), M79 (0.4%),
and M81 (0.4%).

The results of the FFH test (p = 0.21, Cramér’s V = 0.15)
did not indicate a significant association between sex and
disease type. Additionally, the FFH test (p = 0.025, Cra-
mér’s V = 0.189) demonstrated a significant association
between disease type and age group.

The number of massage sessions

A total of 334 massage sessions were conducted
in the analyzed group. The majority of patients (77.9%)
experienced a significant reduction in pain after a single
massage session (VAS < 3). Pain relief was achieved after
2 sessions in 17.1% of patients, while only 5.1% required
3 or more sessions for pain alleviation. Although the VAS
threshold guided the intervention endpoint, therapy
was limited to a maximum of 4 sessions to prevent in-
definite continuation and ensure consistency across pa-
tients. A Mann—Whitney U test revealed the difference
in the number of MT sessions between women (Me = 1,
n =99) and men (Me = 1,n = 159) in the group (U = 6824.5,
p =0.013, r = 0.154).

In terms of age, a Kruskal-Wallis H test revealed sta-
tistically significant differences between older patients
who were 56 years old and older (Me = 1, n = 113), patients
aged 36-55 years (Me = 1; n = 102) and patients aged 35 years
and younger (Me = 1, n = 43) H (2) = 6.957, p = 0.031.

Visual analogue scale

The results of the VAS scores are presented in Table 2.
Wilcoxon tests were used to compare VAS scores before
and after MT. The results of the comparisons were reas-
sessed using the Bonferroni correction. The analysis con-
firmed significant effects for all tested conditions: M54.5
(z=-8.664, p <0.001, r = 0.862), M70 (z = =7.295, p < 0.001,
r = 0.866), others (z = -6.124, p < 0.001, r = 0.857), M47.9
(z = -4.305, p < 0.001, r = 0.879), and M17 (z = —-2.946,
p =0.003, r = 0.888) (Fig. 1).

The number of appointments

A total of 285 appointments were recorded within
6 months before MT. Every patient attended at least 1 ap-
pointment with a GP, with a maximum of 4 appointments.
Following MT, a reduction in NA was observed (Table 2).
Patients booked 127 appointments.

Patients were divided into 5 subgroups, and the results
were compared using Wilcoxon tests. After applying
the Bonferroni correction for multiple comparisons,
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the significance of the results was reassessed. M54.5
(z=-7978,p <0.001,r =0.794), M70 (z = -7.152, p < 0.001,
r = 0.849), others (z = -5.124, p < 0.001, r = 0.717), M17
(z = -2.919, p = 0.004, r = 0.880), and M47.9 (z = —4.245,
p <0.001, r = 0.866) remained highly significant (Fig. 2).

Others

Discussion

This study assessed the implementation of guideline-
based MT in a primary care setting among patients with
selected MSDs, with particular focus on its association
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with reductions in pain intensity and the number of GP
appointments. The use of a structured protocol developed
and endorsed by national and European professional soci-
eties, and applied in cooperation between physiotherapists
and family physicians, makes this study a relevant contri-
bution to the ongoing discussion regarding the integration
of non-pharmacological therapies into routine primary
care.

The key findings of this study — namely, the reduction
in both pain intensity and GP visits — suggest a poten-
tial role for structured MT as a supportive intervention
in the management of MSDs. These outcomes are particu-
larly noteworthy given the limited number of comparable
studies examining both clinical and organizational indica-
tors. The observed effect should not be attributed solely
to the physical intervention itself, but rather to the consis-
tency and rigor of the applied protocol. This aligns with
evidence from other therapeutic disciplines, where stan-
dardization and integration into broader care pathways
tend to enhance treatment effectiveness.

Importantly, the findings must be interpreted in the con-
text of mixed evidence regarding the efficacy of MT. Al-
though some previous studies suggest that MT may lack
long-term benefit or produce only modest effects,?*3°
these results often stem from trials using heterogeneous
methods, unstructured treatment plans, or insufficient
control of confounding factors. In contrast, the present
study applied a uniform, anatomically informed protocol
monitored through checklists and delivered in collabora-
tion with GPs — conditions that more closely resemble
the intended setting of real-world implementation.

Still, MT should not be seen as a universal or stand-
alone solution. While a substantial proportion of patients
benefited from therapy, some reported persistent pain re-
quiring additional or alternative forms of management.
In such cases, MT may serve best as an adjunct to pharma-
cotherapy, structured exercise, or psychological interven-
tions. Conversely, in patients who cannot tolerate pharma-
cological options or who present with contraindications
to standard treatments, MT may represent a valuable
therapeutic alternative. This interpretation corresponds
with World Health Organization (WHO) guidelines, which
recommend massage only as part of a broader management
plan for chronic low back pain,®! and is also consistent
with evidence of short- to medium-term efficacy reported
by Furlan et al.?

The evidence supporting the effectiveness of MT in dif-
ferent MSD subtypes remains heterogeneous. For example,
in knee osteoarthritis, Wu et al. and Perlman et al. provided
differing assessments of MT, ranging from limited short-
term benefit® to functional improvement and pain reduc-
tion.3* Perlman et al. noted a clinically significant benefit
using a whole-body massage protocol resembling the struc-
tured intervention applied in the present study.>* Similarly,
Jurecka et al. demonstrated that soft tissue therapy, includ-
ing MT, may be useful both as a primary and adjunctive
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approach.? On the other hand, Yuan et al. concluded that
the current evidence base remains inconclusive and that
more rigorous research is needed.>¢

In spondylosis-related pain, findings are also variable.
Cheng and Huang found moderate-quality evidence sup-
porting the efficacy of M T in cervical spondylosis,” while
Al-Mutairi et al. and Gross et al. raised concerns regarding
the insufficient quality of available studies.?**° For thoracic
spondylosis, data remain scarce, although Srokowska et al.
demonstrated promising effects of deep tissue massage
in the management of thoracic spine pain.*® However,
methodological differences between their protocol and
the one used in the present study limit the comparability
of the results.

The impact of MT on soft tissue disorders related
to overuse, pressure, or poor posture has been relatively
underexplored. While much of the literature focuses
on athletes, primary care populations with work-related
or degenerative soft tissue conditions remain understudied.
Our findings suggest that MT may provide relief in these
cases, particularly when pain is localized and not attribut-
able to systemic inflammatory processes. Further research
is warranted to validate its role in this subpopulation.*

From a broader perspective, the discussion regarding
the utility of MT in primary care should also consider its
feasibility and acceptability in routine practice. The pro-
tocol used in this study required minimal equipment and
could be implemented in a standard medical consultation
room. It was conducted by a physiotherapist with more
than 20 years of experience and always upon GP referral.
Although this enhances the internal validity of the find-
ings, it may also limit generalizability, as not all practices
have access to such highly trained personnel. Moreover,
frequent application, as required in some chronic pain
conditions, could place strain on healthcare resources and
increase waiting times. As noted in previous studies, this
logistical barrier may partially explain the limited effec-
tiveness of MT in real-world settings.?3°

Finally, although this study focused primarily on clini-
cal and healthcare utilization outcomes, it is important
to acknowledge the broader psychosocial benefits of MT,
including reductions in anxiety, increased satisfaction with
care, and perceived support from healthcare providers.*!
These factors, although not formally assessed in the pres-
ent analysis, may mediate or enhance the therapeutic ef-
fects of MT and merit inclusion in future studies.

This study provides preliminary yet promising evidence
that structured, guideline-informed MT may be a feasible
and potentially effective intervention for selected MSDs
in primary care. When embedded in collaborative models
involving GPs and physiotherapists, and when targeted
at appropriate clinical indications, MT may offer both
symptom relief and reductions in healthcare utilization.
Further controlled studies with long-term follow-up and
broader implementation contexts are needed to confirm
these findings and inform policy and clinical guidelines.
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Interpretation

The results suggest that MT, when provided by phys-
iotherapists in collaboration with family physicians, may
help reduce both pain intensity and the number of GP
consultations in patients with selected musculoskeletal
disorders. This highlights the potential value of including
physiotherapeutic interventions directly in primary care
settings. Although the retrospective nature of the study
limits causal interpretation, the observed outcomes sup-
port further exploration of structured cooperation models
between physiotherapists and primary care providers.

Generalizability

The study involved adult patients with chronic musculo-
skeletal complaints treated in a primary care setting. Mas-
sage therapy was delivered by a qualified physiotherapist
operating in close coordination with a family physician,
which reflects a feasible model of interdisciplinary care.
However, the generalizability of the findings may be lim-
ited in contexts where such collaboration is not structur-
ally supported or where physiotherapists are not integrated
into primary care teams. The conclusions also pertain
to a specific type of massage and cannot be extrapolated
to all forms of manual therapy.

Limitations of the study

This study has several important limitations that should
be considered when interpreting the findings. First, its ret-
rospective design precludes causal inferences. As data were
collected after the intervention had already taken place,
the study is subject to potential selection and information
biases, which may have influenced the observed associations.
Second, the presence of uncontrolled confounding variables
limits interpretation of the results. Patients may have used
analgesics, participated in physical therapy, performed self-
directed exercises, or received psychological support dur-
ing the observation period. These co-interventions were not
documented and could have contributed to the observed
improvements independently of MT. Third, the number
of GP NAs, used as an exploratory indicator of potential
benefit, may be influenced by various non-clinical factors
such as healthcare access, patient preferences, or organi-
zational policies. Therefore, this metric should not be re-
garded as a direct measure of clinical effectiveness. Moreover,
the study did not distinguish between acute and chronic
presentations of musculoskeletal disorders, nor did it ac-
count for possible delayed effects of treatments initiated
prior to the massage intervention. Finally, the generalizabil-
ity of the findings is limited by the use of a single therapist
following a specific protocol, and comparisons with other
studies are constrained by methodological heterogeneity,
including variations in massage techniques, diagnostic clas-
sifications, and outcome measures.
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Conclusions

This study supports the potential integration of phys-
iotherapy-led massage into routine primary care practice
for the management of selected musculoskeletal disorders.
When implemented in cooperation with family physicians,
MT may reduce pain and decrease the need for additional
GP visits. This underscores the importance of closer col-
laboration between physiotherapists and primary care
providers in developing efficient, evidence-informed care
pathways for patients with musculoskeletal complaints.
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Abstract

Background. Positron emission tomography (PET) using 18-fluorodeoxyglucose (*8-FDG) is the primary
imaging modality for mediastinal staging of lung cancer. Higher standardized uptake value (SUV,,,) reportedly
correlates with more aggressive and more readily detectable tumors. However, high-quality scientific evidence
regarding the correlation between primary tumor SUV,,,, and PET performance in detecting mediastinal
lymph node metastases remains limited.

Objectives. To analyze the correlation between ®-FDG SUV,, and the diagnostic yield of PET, as well
as the impact of clinical factors such as age, sex, body mass index (BMI), primary tumor lobar location, and
histological type on this relationship.

Materials and methods. This retrospective analysis utilized an institutional database and included a con-
secutive cohort of patients who underwent lung cancer surgery.

Results. In the overall cohort of 774 patients, PET demonstrated sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV) of 59%, 76%, 27%, and 92%, respectively. Significant
differences in sensitivity were observed between the SUVy,, < 10 and UV, > 15 groups (p = 0.007),
as well as between the SUV, 1015 and SUV,,. > 15 groups (p = 0.001). Significant differences in NPV
were found between the SUV;n,, < 10 and SUV,,.5c 10-15 groups (p = 0.011). Logistic regression analysis
revealed no association between the risk of false negative (FN) PET results for detecting N2 disease and
patient characteristics, primary tumor lobar location, or histological type.

Conclusions. Our study confirms that higher SUV,,. values of the primary tumor correlate with improved PET
diagnostic performance in assessing mediastinal lymph node metastasis. A novel finding of this study is that
clinical variables such as age, BMI, sex, tumor location, and histological type did not significantly influence
the risk of FN results. The main limitations of this study are its retrospective design and single-institution
cohort, which may not fully represent the diversity of patient demographics, disease characteristics, and
treatment practices across different healthcare settings and populations.

Key words: lung neoplasms, neoplasm staging, lymph nodes, positron emission tomography, standardized
uptake value
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Highlights

lymph node metastases in patients with NSCLC.

groups, thereby enhancing diagnostic performance.

» Limited data are available regarding the correlation between primary tumor SUV,,., and positron emission to-
mography (PET) accuracy in detecting mediastinal lymph node metastases in non-small cell lung cancer (NSCLC).
+ Higher SUV,,.x of the primary tumor is strongly associated with improved PET sensitivity for detecting mediastinal

« PET sensitivity significantly increases in NSCLC tumors with SUV,,,.x > 15 compared with tumors in lower SUV,,,,

+ Clinical factors such as age, body mass index (BMI), sex, tumor location, and histology show no significant effect
on false negative PET results in N2 lymph node assessment.

Background

Lung cancer is one of the leading causes of cancer-related
mortality worldwide. Positron emission tomography (PET)
using 18-fluorodeoxyglucose (¥ FDG) is the primary imag-
ing modality for mediastinal staging of lung cancer. In par-
ticular, the negative predictive value (NPV) of PET is high.3~”
False positive PET results are common due to the glucose-
dependent metabolism of leukocytes and granulation tissue.
These mainly affect the specificity of PET and necessitate
pathological confirmation of PET-positive lesions. However,
as the primary goal of pretreatment evaluation is to exclude
N2 disease, NPV remains the most important parameter.

Higher standardized uptake value (SUV,,x) values report-
edly correlate with more aggressive and more easily detect-
able tumors.®? However, this does not directly translate into
the risk of mediastinal lymph node involvement. Reliable
assessment of the correlation between specific clinical char-
acteristics and the probability of N2 disease requires analy-
sis of large patient cohorts treated according to a uniform
protocol. Such reports are lacking. Therefore, high-quality
scientific data regarding the correlation between primary
tumor SUV,,.x and PET performance in detecting mediasti-
nal lymph node metastases remain limited. In addition, our
understanding of the influence of different clinical variables
on the diagnostic yield of PET is still incomplete.

Current guidelines from the European Society of Thoracic
Surgeons (ESTS) indicate a low risk of N2 disease in cases
of PET-negative mediastinum, tumor diameter <3 cm, and
tumor location within the outer 1/3 of the lung. These
guidelines do not consider primary tumor SUV,,,, as a risk
factor for N2 involvement.!” From a practical perspective,
it is important to determine whether similar diagnostic
performance of PET can be expected across sexes, body
mass index (BMI) categories, primary tumor lobar loca-
tions, and histological cancer types.

Objectives

The primary objective of this study was to analyze
the correlation between the SUV,,,, of ¥ FDG in primary

tumors and the effectiveness of PET in diagnosing medi-
astinal lymph node involvement. The secondary objective
was to evaluate the impact of clinical factors such as age,
sex, BMI, primary tumor lobar location, and histological
type on the rate of false negative (FN) PET results.

Materials and methods
Study design

This study employed a retrospective cohort design.
Clinical questions

1. Isthere a correlation between the SUV,,,, of primary
lung cancer and the diagnostic yield of PET in detecting
mediastinal lymph node involvement?

2. What is the impact of specific clinical variables on
the risk of obtaining FN results in N2 node assessment
using PET?

Patients

The study included a consecutive group of surgically
treated patients with non-small cell lung cancer (NSCLC).
The inclusion criteria were: 1) age 18—90 years, 2) clinical
stages I-IVA, and 3) curative-intent pulmonary resection
with systematic lymph node dissection. The exclusion cri-
teria were: 1) neoadjuvant treatment, 2) a final diagnosis
other than NSCLC, and 3) incomplete mediastinal lymph
node dissection.

Intervention

Positron emission tomography imaging was performed
in all patients using a Discovery 690 scanner (GE Health-
care Chicago, USA). The upper limit of the allowed blood
glucose concentration was 11 mmol/L. A weight-based
formula for FDG dose calculation of 3—4 MBq/kg was
used. The imaging protocol included computed tomog-
raphy (CT) attenuation-correction imaging and lung



Adv Clin Exp Med. 2026;35(6):979-984

window reconstruction, with specific data acquisition
parameters (80—-210 mA, 3.75 mm section thickness, and
0.8-s gantry rotation speed). Whole-body PET scans were
conducted with a 2.5 mm section thickness. Both non-
attenuation-corrected (NAC) and measured attenuation-
corrected (MAC) images were acquired using the Q.Clear
algorithm (GE Healthcare). The interval between FDG
injection and data acquisition was 45—60 min. The maxi-
mum SUV values were calculated using Pet Odyssey soft-
ware (GE Healthcare), adjusted for patient weight and
administered isotope dose. Positron emission tomog-
raphy positivity was defined with reference to the SUV
value of the aortic arch. The PET images were analyzed
by the same team. A radiologist and a nuclear medicine
specialist independently reviewed each PET scan with
access to the clinical data.

Next, endobronchial ultrasound (EBUS) and endo-
scopic ultrasound (EUS) imaging of the mediastinum
were performed with fine-needle biopsy of all PET-
positive lymph nodes. Patients with no evidence of me-
diastinal spread were scheduled for curative-intent
surgery. Pathological N stage, determined by examina-
tion of the surgical specimen and generally considered
the gold standard, was used as the reference test. During
surgery, anatomical lung resection and systematic lymph
node dissection were performed according to the ESTS
guidelines.!! The consultant thoracic surgeon meticu-
lously dissected lymph nodes from all stations and cat-
egorized them according to the 7" edition of the TNM
classification.?

Postoperatively, tissue specimens were exam-
ined by an experienced lung pathologist with access
to the clinical data. Standard light microscopy images
with hematoxylin and eosin staining were used to diag-
nose nodal metastases (Olympus BX51; Olympus Corp.,
Tokyo, Japan).

Data extraction and handling

Relevant data, including demographics (age and sex),
clinical details (cancer stage and histological type), treat-
ment specifics (surgery type and PET scan parameters),
and outcomes (pathological results and PET scan findings),
were extracted from the hospital database. Extracted data
were anonymized and securely stored to maintain patient
confidentiality. Artificial intelligence (AI) was not used for
the production of images or graphical elements in the pa-
per, nor for data collection or analysis.

Statistical analyses

Statistica v. 13.5 PL (StatSoft Inc., Tulsa, USA) was
used for statistical analysis. Logistic regression models
were used to identify factors associated with FN PET re-
sults. Variables were grouped as follows: age (<60, 60-70,
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and >70 years), BMI (18.5-25 kg/m?, >25-30 kg/m?,
and >30 kg/m?), and SUV,,,, (<10, 10-15, and >15). Both
univariate and multivariate models were constructed.
Initially, the forward stepwise selection method was
applied to identify promising predictor variables ef-
ficiently. The results were then compared with those
obtained using best subset selection, which examines
all possible predictor combinations but is more compu-
tationally intensive. Odds ratios (ORs) with 95% confi-
dence intervals (95% ClIs) calculated using the Clopper—
Pearson exact method were used to interpret important
factors. Sensitivity, specificity, positive predictive value
(PPV), and negative predictive value (NPV) were cal-
culated for the entire patient cohort and for subgroups
based on sex, age, histological type, BMI, SUV,,,,, and
primary tumor lobar location. The 95% Cls for sensitiv-
ity and specificity were also calculated and compared
across specific SUV . categories. Statistical significance
was set at p < 0.05.

Results

In total, 884 patients were included. Of these, 110 met
the exclusion criteria (89 received neoadjuvant chemo-
therapy, 17 had a final diagnosis other than NSCLC, and
in 4 patients, complete mediastinal lymph node dissection
was not performed due to intraoperative cardiopulmonary
instability). Thus, data from 774 patients were analyzed.
The characteristics of the study groups are presented
in Table 1.

For the entire cohort, the sensitivity, specificity, PPV,
and NPV of PET were 59%, 76%, 27%, and 92%, respec-
tively. Detailed values according to sex, age, and BMI are
presented in Table 2.

Separate analyses were performed for subgroups accord-
ing to SU V.« categories: <10, 10-15, and >15. The results
are summarized in Table 3.

A significant difference in sensitivity was found be-
tween the SUV .y < 10 and SU Va4 > 15 groups (p = 0.007)
and between the SUV,,,x 10-15 and SUV,,,,, > 15 groups
(p = 0.000). For NPV, a significant difference was found
between the SUV,., < 10 and SUV,,,, 10-15 groups
(p =0.011). Logistic regression analysis did not show an as-
sociation between the risk of FN PET results in detecting
N2 disease and the following factors: age (p = 0.769), BMI
(p = 0.430), sex (p = 0.231), primary tumor lobar location
(p =0.312-0.757), upper vs lower lobe location (p = 0.126),
and histological type (p = 0.623-0.999). Simplified cat-
egorization into squamous and nonsquamous histology
also showed no significant association (p = 0.275). Mul-
tivariate logistic regression analysis, which further in-
vestigated potential associations between FN results and
clinical factors, also did not reveal significant relationships
(p = 0.079-0.469).



982 A. Kuzdzat et al. Impact of tumor’s SUV on node assessment

Table 1. Characteristics of the study group DiSCU SSion
Variable | Value
g p— Py - There is a large body of evidence demonstrating
E/M () 248/526 the strong prognostic value of N status.!? The prognos-
Sex m—— So/es tic value of primary tumor SUV,,.x has been confirmed
’ in several studies.’>> Our analysis of data from 774 pa-
RUL 209(27) tients revealed that the sensitivity, specificity, PPV, and
RML 314 NPV of PET were 59%, 76%, 27%, and 92%, respectively.
‘ RLL 126 (16.3) These values are consistent with previous studies that also
IU(ZZ)O rlocation, RCE 56 (7.2) demonstrated a high NPV of PET in evaluating mediastinal
LUL 199 (25.7) lymph node metastasis.>~”
LLL 115 (14.9) Our findings revealed significant differences in sensitiv-
LCE 38(4.9) ity among the primary tumor' SU V. categories of flO,
10-15, and >15. The group with SUV,,,x > 15 exhibited
ADC 234(30.2) L . e . .
significantly higher sensitivity, suggesting that higher
SCC 377 (48.7) . . . .
glucose metabolism in the primary tumor was associated
Histology, n (%) S 93 (1) with improved detectability of lymph node metastases
LcC 26(3.5) using PET. This may be attributable to a higher likelihood
Other 74(9.5) of nodal metastasis arising from less differentiated tumor
IA 193 (25) cell clones. These findings are consistent with previous
B 139(17.9) research indicating that higher SUV,,,, values correlate
IA 49(63) with more aggressive and more easily detectable tumors.%°
T A According to some authors, higher primary tumor SUV
Stage, n (%) n 6 00 is associated with a higher rate of FN results regarding N2
08 (209 node metastasis.>"”!¢ Qur previous study demonstrated
JIE 66 (8.5) a correlation between primary tumor SUV,,.x and histo-
llic 11014) logical grade, further supporting the present findings."”
IVA 34 (44) Logistic regression analysis did not show a significant
ADC - adenocarcinoma: SCC — squamous cell carcinoma; association between the risk of FN PET results and factors
ASC — adenosquamous carcinoma; LCC — large cell carcinoma; RCE — right such as age, BMI, sex, lobar tumor location, or histological
central; LCE - left central; RUL - right upper lobe; RML - right middle lobe; type. This suggests that the diagnostic yield of PET for

RLL - right | lobe; LUL - left lobe; LLL - left | lobe. . . . . . .
rghtioweriobe et upperions ertiowerione detecting N2 disease is consistent across different patient

Table 2. Diagnostic yield of positron emission tomography (PET) in detecting N2 disease in the whole cohort

Variable Sensitivity Specificity PPV NPV

(95% CI) (95% Cl) (95% CI) (95% Cl)

Al patients 58.82% 75.60% 26.79% 92.36%
P (48.64-68.48%) (72.17-78.80%) (22.87-31.10%) (90.52-93.87%)

Vole 59.02% 72.90% 2222% 93.13%
(45.68-71.45%) (68.62-76.89%) (18.10-26.97%) (90.90-94.85%)

S 58.54% 81.64% 38.71% 90.86%
(42.11-73.68%) (75.69-86.67%) (30.04-48.18%) (87.29-93.50%)

e <60 venrs 7931% 76.03% 39.66% 94.87%
S (60.28-92.01%) (68.27-82.70%) (31.79-48.09%) (90.02-97.43%)

A 6070 vears 46.94% 77.78% 23.71% 90.88%
& 4 (32.53-61.73%) (7293-82.13%) (17.83-30.80%) (88.38-92.88%)

e 70 venrs 58.33% 71.50% 20.29% 93.24%
E (36.64-77.89%) (64.58-77.75%) (14.51-27.63%) (89.50-95.72%)

60.87% 71.77% 28.57% 90.82%

N 2

BMI18.5-25 kg/m (45.37-74.91%) (65.73-77.29%) (22.77-35.18%) (87.24-93.46%)

59.46% 79.69% 29.33% 93.27%

_ 2

BMI 25-30 kg/m (42.10-75.25%) (74.30-84.40%) (2248-37.27%) (90.33-95.37%)

52.94% 72.97% 1837% 93.10%

2

BMI > 30 kg/m (27.81-77.02%) (65.06-79.94%) (11.79-27.47%) (88.98-95.76%)

PPV — positive predictive value; NPV — negative predictive value; 95% CI — 95% confidence interval.
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Table 3. Diagnostic yield of positron emission tomography (PET) for detecting N2 disease in subgroups according to SUV, ..

Sensitivity Specificity PPV NPV
(95% ClI) (95% Cl) (95% Cl) (95% Cl)
SUVimar < 10 D74k 8533% 2963% 94.85%
g (37.18-75.54%) (80.42-89.40%) (21.42-39.41%) (92.29-96.59%)
SUVype 10-15 51.28% 74.75% 28.17% 88.82%
e (34.78-67.58%) (68.18-80.59%) (21.03-36.61%) (85.08-91.72%)
0y (o) (o) 0,
SUVimar > 15 08.57% 64.45% 24.24% 92.52%

(50.71-83.15%)

(57.59-70.91%)

(19.34-29.93%) (88.24-95.32%)

95% ClI - 95% confidence interval.

populations. To the best of our knowledge, this is the only
study to analyze this relationship. Our findings are im-
portant from a practical perspective, as they demonstrate
that the diagnostic performance of PET is similar across
sexes, age groups, BMI categories, tumor locations, and
histological tumor types. Moreover, these findings suggest
that greater caution should be exercised when assessing
N2 disease in patients with primary tumor SUV ;. < 15,
as sensitivity for detecting N2 disease is considerably lower
in this group. The lower sensitivity of PET in these patients
may indicate the need for more extensive use of invasive
mediastinal lymph node diagnostics.

The strength of our study lies in its large cohort size,
the largest published to date, and the use of standardized
imaging and pathological protocols across all analyzed
patients. Moreover, the distribution of histological can-
cer types, with 79% adenocarcinoma (AC) and squamous
cell carcinoma (SCC), is representative of that commonly
observed in thoracic surgical practice.

Limitations of the study

The main limitation of this study is its retrospective
design. In addition, the study cohort consisted of patients
from a single institution, which may not fully represent
the diversity of patient demographics, disease character-
istics, and treatment practices observed across different
healthcare settings and populations. Further prospective
multicenter studies with larger patient cohorts are war-
ranted to confirm our findings and identify potential fac-
tors affecting PET performance.

Conclusions

Our study confirms that higher SUV,,,, of the primary
tumor correlates with improved PET diagnostic perfor-
mance in assessing mediastinal lymph node metastasis.
However, when the primary tumor SUV,,.« values are be-
low 15, N2 assessment should be approached with greater
caution, as sensitivity for detecting N2 disease in this
group is significantly lower. Positron emission tomography
demonstrated a high NPV, making it valuable for ruling
out N2 metastasis. Additionally, clinical variables such
as age, BMI, sex, tumor location, and histological type did

not significantly influence the risk of FN results. Further
research is needed to better understand these phenomena
and optimize imaging protocols, thereby improving clini-
cal outcomes in patients with lung cancer.
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Abstract

Background. Sarcopenia, characterized by the loss of skeletal muscle mass, strength, and function, is a prev-
alent and severe complication of liver cirrhosis, irrespective of its etiology. Despite its early onset in cirrhosis,
the impact of sarcopenia on liver transplantation (LT) outcomes is often underestimated.

Objectives. This study evaluates the role of both static and dynamic assessments of sarcopenia in LT recipi-
ents, focusing on cardiopulmonary performance and the likelihood of prolonged ICU stays.

Materials and methods. We studied 54 LT recipients (median age: 53.5 years, 59% female patients)
at a single center. The L3 skeletal muscle index (L3SMI) was measured using computed tomography (CT)
scans, while exercise tolerance was evaluated with the 6-minute walk test (6MWT). Cardiac output (CO)
was recorded in liters per minute.

Results. The median Model for End-Stage Liver Disease (MELD) score was 14.4, with 37% of patients classified
as Child—Pugh class C. Major LT indications included autoimmune liver diseases (46.3%) and alcohol-related
liver disease (ALD; 31.5%). Sarcopenia was present in 60.4% of patients. No significant differences in L3SMI
were found related to underlying liver disease, gender, body mass index (BMI), or ammonia levels. However,
patients with ALD covered significantly shorter distances in the 6MWT (p = 0.02). Sarcopenic patients had
significantly higher CO than non-sarcopenic patients (p < 0.01). Intensive care unit (ICU) stay >3 days was
observed in 77.8% of recipients, with no clear risk factors identified.

Conclusions. Sarcopenia linked to end-stage liver disease (ESLD) correlates with cirrhotic cardiomyopathy,
as evidenced by increased (0. Further studies are required to clarify the role of GMWT and CO in post-LT
risk stratification.

Key words: liver transplantation, cardiopulmonary exercise test, sarcopenia, cardiac output, 6-minute
walk test
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Highlights
tion or ammonia levels.
rhotic cardiomyopathy.

alone.

assessment of comorbidities.

« Sarcopenia is highly prevalent among liver transplant (LT) recipients, with no significant correlation to liver func-

« Patients with alcohol-related liver disease (ALD) showed the lowest 6-minute walk test (6MWT) results despite
higher body mass index (BMI), indicating sarcopenic obesity.

+ Increased cardiac output (CO) was observed in sarcopenic patients, suggesting a potential association with cir-

+ The 6-minute walk test provided greater functional and clinical insight than the L3 skeletal muscle index (L3SMI)

» Findings highlight the need for comprehensive pre-transplant evaluation, including cardiopulmonary fitness and

Background

Sarcopenia is a widely recognized, highly prevalent,
and life-threatening complication in patients with liver
cirrhosis, regardless of the disease’s etiology. It is defined
by a combination of generalized loss of skeletal muscle mass,
strength, and function,! and it tends to develop earlier and
more rapidly in liver cirrhosis compared with other chronic
conditions. Alongside physical inactivity and frailty, sarco-
penia is an independent predictor of morbidity and mortal-
ity in cirrhotic patients. Factors such as aging, malnutrition,
decreased hepatic protein synthesis, catabolism, hyperam-
monemia, elevated pro-inflammatory cytokines, and low
testosterone levels contribute to both cardiac and skeletal
muscle deconditioning. This leads to diminished cardiac
function and reserve, resulting in physical frailty and a re-
duction in skeletal muscle mass and strength.? As such,
sarcopenia can be an indicator of poor general health when
predicting outcomes in patients undergoing general sur-
gery® and renal transplantation.* Male sex and liver func-
tion decompensation, as indicated by Child—Pugh class
C cirrhosis, have been identified as independent predictors
of sarcopenia, which in turn is an independent predictor
of mortality.> Among liver transplant (LT) candidates, sar-
copenia is linked to increased waitlist mortality>=® and
sepsis-related deaths while on the waitlist.® Furthermore,
sarcopenia tends to progress during the transplantation
process and can persist up to 1 year post—surgery.9 A recent
meta-analysis highlighted the negative impact of sarco-
penia on LT outcomes.!® Post-transplant complications
associated with sarcopenia include extended hospital and
intensive care unit (ICU) stays, a higher risk of infections,!!
and increased mortality following transplantation.!>17

Computed tomography has been established as the gold
standard for identifying low muscle mass, as recognized
by the European Working Group on Sarcopenia in Older
People, using measurements at the L3 vertebral level. How-
ever, the same Working Group also recommends dynamic
evaluations of muscle function, which may provide a more
objective assessment of tissue aging and natural remodeling.

Recent data suggest that sarcopenia may impact the left heart
chamber, contributing to occult heart failure with preserved
ejection fraction under baseline conditions,® as well as lead-
ing to respiratory muscle and diaphragmatic sarcopenia and
associated weakness.'*?

While outcomes following LT are influenced by recipi-
ent, donor, and procedural factors, the scarcity of donor
livers necessitates optimizing the life-saving potential
of procured livers, particularly in older candidates with
more advanced end-stage liver disease (ESLD) and addi-
tional comorbidities (e.g., metabolic syndrome). Moreover,
cardiovascular events are a significant contributor to seri-
ous complications and non-liver-related deaths after LT.?!
Pre-transplant cardiovascular assessments aim to detect
severe cardiopulmonary diseases that could render LT fu-
tile. Typically, cardiological evaluations focus on ischemic
heart disease and its complications. However, there is a no-
ticeable lack of routine dynamic assessments of cardiopul-
monary performance in ESLD candidates under conditions
of increased oxygen demand or hemodynamic instability.

Exercise intolerance is widely regarded as an indicator
of reduced functional capacity and disability. In ESLD,
there is a complex interplay of factors such as malnutri-
tion, sarcopenia, and frailty.?> The 6-minute walk test
(6MW'T) is commonly employed to assess exercise capac-
ity. It is an inexpensive, well-tolerated, noninvasive test that
correlates with daily activity levels. Numerous studies have
shown that 6GMWT results correlate with the Model for
End-Stage Liver Disease (MELD) and Child—Pugh scores
as well as with mortality rates.?>?* The 6MW T assesses
overall exercise capacity and may correlate with maximal
oxygen consumption (VO,), predicting survival in cirrhotic
patients and the risk of death while on the LT waiting list.?*
Poor performance during the 6MW T indicates abnormal
exercise capacity in cirrhotic patients, with shorter dis-
tances covered correlating with more severe liver disease
as assessed with the Child-Pugh score** and with short-
term survival.?> A peak oxygen uptake (VO, peak) below
60% of the predicted value has been identified as a prog-
nostic factor for 100-day LT-related mortality.2
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Conversely, liver cirrhosis is associated with increased
resting cardiac output (CO), decreased systemic vascular
resistance, systolic incompetence under stress, diastolic
dysfunction, increased left ventricular thickness, and elec-
trocardiography (ECG) abnormalities, collectively referred
to as hyperdynamic circulation and cirrhotic cardiomyopa-
thy.?”28 The increase in CO is linearly related to the pro-
gression of portal hypertension.?’ Notably, elevated CO
is disproportionate to oxygen consumption, indicating
a decreased arteriovenous oxygen difference.?®

To date, the influence of sarcopenia on cardiopulmo-
nary efficiency before LT and on subsequent morbidity
and mortality after LT, particularly in terms of prioritiz-
ing patients by transplant survival benefit, has not been
thoroughly investigated. However, it is rational to priori-
tize patients to avoid short-term futility, defined as post-
transplant 3-month mortality, and to ensure long-term
survival exceeding 50% at 5 years post-LT.

Objectives

This study evaluates the role of both static (Skeletal Mus-
cle Index at the 3" lumbar vertebra (L3SMI)) and dynamic
(6MWT) assessments of sarcopenia in LT recipients, focus-
ing on cardiopulmonary performance, body composition
differences across liver disease etiologies, and their impact
on the likelihood of prolonged ICU stays. Additionally, this
study aims to assess the relationship between sarcopenia,
functional performance, and body composition, highlight-
ing the significance of 6MW T as a functional marker and
the influence of liver disease etiology on body mass index
(BMI) and muscle mass.

Materials and methods
Participants

The study group consisted of 54 well-characterized liver
graft recipients (22 men and 32 women), with a median

987

age of 53.5 years. The liver disease etiology included alco-
hol-related liver disease (ALD; 31.5% of patients), autoim-
mune liver diseases (46.3%), viral hepatitis (13%), and other
causes (9%). The median MELD score for the entire cohort
was 14.4 points, with 37% of patients classified as Child—
Pugh class C. Median BMI was 23.95 kg/m? for women
and 27.65 kg/m? for male patients. L3SMI was measured
using computed tomography (CT) scans, with a median
value of 46.1 cm?/m? for women and 44.55 cm?/m? for men.
The 6MWT was performed indoors along a flat, straight,
30-m corridor, with the median distance covered being
431 m. Cardiac output was measured using a noninvasive
CNAP device during the 6MWT. Intensive care unit stay
duration was recorded, with 77.8% of recipients staying more
than 3 days in ICU and 9.5% staying more than 6 days. Two
patients died within 1 year after transplantation. The char-
acteristics of the study group are summarized in Table 1.

The study did not require an informed consent form
to be signed. All the described tests are routinely per-
formed in LT candidates. The scheme of data gathering
and evaluation is presented in Fig. 1.

Definition of sarcopenia

Computed tomography scanning at the L3 vertebral level
has been validated as the gold standard for recognizing low
muscle mass, according to the European Working Group
on Sarcopenia in Older People.! Following the method pro-
posed by Carey et al.,! the cross-sectional area of muscles
at L3 was measured and normalized to the individual’s
height, resulting in the skeletal muscle index (L3SMI). Cut-
off values of 50 cm?/m? for men and 39 cm?/m? for women
were used to define sarcopenia.’! Although the L3SMI
score was used to define sarcopenia, we acknowledge that
current consensus definitions recommend incorporat-
ing both low muscle mass and reduced muscle strength
or physical performance. In our cohort, direct measures
of muscle strength, such as handgrip dynamometry, were
not available due to logistical constraints. However, we em-
ployed the 6BMWT as a surrogate marker of functional
capacity (see below).

Table 1. Descriptive characteristics of liver transplant candidates grouped by liver disease etiology

Variable Autoimmune
Age [years], median (IQR) 59.0 (50.5-64.5) 49.0 (41.0-61.0) 60.0 (47.0-63.3) 585 (57.8-59.3)
MELD score [points], median (IQR) 15.0 (13.0-20.0) 12.0 (9.0-16.0) 12.0(8.8-15.3) 19.5(17.3-21.8)
BMI [kg/m?], median (IQR) 27.1 (23.0-30.2) 21.8(20.7-24.7) 30.8 (28.5-32.6) 22.6(21.3-23.9)
L3SMI [cm?/m?], median (IQR) 43.1 (40.2-49.0) 46.1 (35.4-49.9) 49.6 (38.9-52.8) 472 (39.1-55.3)
6MWT [m], median (IQR) 375.0 (325.0-423.5) 450.0 (370.0-550.0) 467.5 (430.0-493.8) 432.0 (408.0-456.0)
CO [L/min], median (IQR) 5.8 (4.6-7.7) 54(45-6.2) 6.2 (53-6.8) 6.0 (5.6-6.4)
ICU stay >3 days, n 13 15 6 1
ICU stay >6 days, n 3 1 0 0

Values are presented as median and interquartile range (IQR) unless otherwise indicated. MELD — Model for End-Stage Liver Disease; BMI — body mass index;
L3SMI - Skeletal Muscle Index at the 3" lumbar vertebra; 6BMWT — 6-minute walk test; ICU — intensive care unit; CO - cardiac output; ALD - alcohol-related liver disease.
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Fig. 1. The scheme of data gathering and evaluation

6-minute walk test and hemodynamic
measurements

The 6MW'T was conducted according to guidelines pro-
vided by the Polish Respiratory Society,®? under the super-
vision of a qualified physician. The test was performed
indoors, on a flat, straight, 30-m-long corridor with
a hard surface and free of any type of obstacles. Patients
were instructed to walk as fast as possible for 6 min, with
the distance covered recorded at the end. Cardiac output
was continuously measured during the test using a con-
tinuous noninvasive arterial pressure (CNAP) device for
noninvasive, continuous measurement of hemodynamic
parameters (CNSystems Medizintechnik AG, Graz, Aus-
tria) during the 6MWT.

Statistical analyses
Statistical analyses were performed using IBM SPSS v. 26.0

(IBM Corp., Armonk, USA), GraphPad Prism v. 8.0 (Graph-
Pad Software, San Diego, USA), and Python (StatsModels

package) for logistic regression modeling. A two-sided p-
value of less than 0.05 was considered statistically significant.

The distribution of continuous variables was assessed us-
ing the Shapiro—Wilk test. Variables with normal distribu-
tion were compared between 2 groups using the Student’s
t-test. For non-normally distributed variables, the Mann—
Whitney U test was applied. Comparisons involving more
than 2 groups were conducted using the Kruskal-Wallis
test. Homogeneity of variances was evaluated with Levene’s
test, and results are presented in Supplementary Table 1.

Correlations between continuous variables were as-
sessed using Spearman’s rank correlation coefficient.
Univariate logistic regression was used to evaluate asso-
ciations between clinical and functional parameters and
prolonged ICU stay (>3 days and >6 days). Results are re-
ported as odds ratios (OR) with 95% confidence intervals
(95% CIs), p-values, and model performance indices. Model
fit was assessed using the Nagelkerke R? statistic, which
is reported in Tables 2,3.

To verify the assumption of linearity between con-
tinuous predictors and the logit of the binary outcome
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Table 2. Univariate logistic regression analysis of risk factors for prolonged ICU stay (>3 days) in liver transplant recipients

OR (95% Cl) Nagelkerke R?
6MWT (per 1 m increase) 0.991 (0.981-0.999) 0.047 0.034
L3SMI (per T cm?/m? increase) 0.970 (0.927-0.998) 0.049 0.036
BMI (per 1 kg/m? increase) 0.927 (0.842-1.021) 0.104 0.053
CO (per 1 L/min increase) 0.359 (0.163-0.766) 0.010 0.008
MELD score (per 1 point increase) 1.089 (0.982-1.211) 0.105 0.013

Results are presented as odds ratios (ORs) with 95% confidence intervals (95% Cls) and corresponding p-values. MELD — Model for End-Stage Liver Disease;
BMI - body mass index; L3SMI - Skeletal Muscle Index at the 3’ lumbar vertebra; BMWT - 6-minute walk test; ICU - intensive care unit; CO - cardiac output.

Table 3. Univariate logistic regression analysis of risk factors for extended ICU stay (>6 days) in liver transplant recipients

OR (95% Cl)

Nagelkerke R?

6MWT (per T m increase) 0.986 (0.969-0.997) 0.025 0.019
L3SMI (per T cm?/m? increase) 0.962 (0.910-0.999) 0.048 0.157
BMI (per 1 kg/m? increase) 0.873 (0.748-0.991) 0.046 0.005
CO (per 1 L/min increase) 74 (0.057-0.529) 0.003 0.013
MELD score (per 1 point increase) 1.148 (1.002-1.363) 0.048 0.032

Results are presented as odds ratios (ORs) with 95% confidence intervals (95% Cls) and corresponding p-values. MELD — Model for End-Stage Liver Disease;
BMI - body mass index; L3SMI - Skeletal Muscle Index at the 3’ lumbar vertebra; BMWT — 6-minute walk test; ICU - intensive care unit; CO - cardiac output.

Table 4. Association between sarcopenia-related parameters and demographic/clinical variables in liver transplant recipients

L3SMI [cm?/m?]

6MWT [m]

Ol Statistical test

Variable el
Age (<50 vs >50 years) 0.950
Sex (man vs women) 0.620
Etiology (ALD vs viral vs autoimmune) 0.840
BMI [kg/m?] 0.160
Ammonia level [mg/dL] 0.690

(p-value)

(p-value)

0410 0.003 Mann-Whitney U
0.160 <0.001 Mann-Whitney U
0.060 0.290 Kruskal-Wallis

0.090 0.020 Mann-Whitney U
0.160 0.580 Mann-Whitney U

The p-values are derived from Mann-Whitney U test for binary comparisons and Kruskal-Wallis test for comparisons across more than 2 groups. BMI — body
mass index; L3SMI - Skeletal Muscle Index at the 3 lumbar vertebra; 6MWT — 6-minute walk test; CO - cardiac output; ALD — alcohol-related liver disease.

in logistic regression, the Box-Tidwell test was employed.
This method introduces interaction terms between each
predictor and its natural logarithm. Nonsignificant inter-
action terms (p > 0.33 for all tested variables) confirmed
that the linearity assumption was met for all continuous
predictors included in the model.

Results

A total of 54 patients undergoing LT were included
in the study. Of these, 32 (60.4%) met the criteria for
sarcopenia based on L3SMI thresholds. Sarcopenia
was more common among male recipients, with 26
out of 32 male patients (81.3%) classified as sarcopenic
(L3SMI < 50 cm?/m?), compared to 6 out of 22 women
(27.3%) with L3SMI < 39 cm?/m?. The lowest recorded
L3SMI in the male group was 24.8 cm?/m? (Table 1).

No statistically significant associations were found
between sarcopenia and age (<50 vs >50 years, p = 0.95),
gender (p = 0.62), BMI (p = 0.16), liver disease etiology
(p = 0.84), ammonia levels (p = 0.69), or liver function

as measured using the MELD score (p = 0.73). Similar
patterns were observed for 6 MW T performance and CO.
Detailed comparisons are presented in Table 4.

Etiology-specific analysis revealed significant differ-
ences in BMI (p = 0.004, Kruskal-Wallis test). Post hoc
Bonferroni-adjusted Mann—Whitney U tests showed that
ALD patients had significantly higher BMI compared
to autoimmune (p = 0.007) and viral (p = 0.004) subgroups.
Median BMI was 27.1 kg/m? (ALD), 21.75 kg/m? (autoim-
mune), and 22.58 kg/m? (viral). The MELD scores were
numerically highest among viral hepatitis patients (me-
dian: 19.5), but this did not reach statistical significance
(p = 0.07).

No significant differences in L3SMI (p = 0.84) or CO
(p = 0.29) were observed across liver disease etiolo-
gies. The 6MWT performance was lowest in ALD pa-
tients (median: 375.0 m), and highest in other etiologies
(up to 467.5 m), with borderline significance (p = 0.06).
As shown in Fig. 2, histograms with kernel density esti-
mates were used to assess the distribution of continuous
variables. This evaluation informed the selection of appro-
priate statistical methods (parametric vs nonparametric)
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for further analyses. Levene’s test results for homogeneity
of variance are provided in Supplementary Table 1.

Table 5 summarizes descriptive statistics for clinical and
functional measures. Spearman correlations between pa-
rameters are presented in Table 6. L3SMI was significantly
associated with BMI (p < 0.05), and 6MWT correlated
positively with both L3SMI and CO (p < 0.01).

Univariate logistic regression models evaluating risk fac-
tors for ICU stay >3 days are summarized in Table 2. None
of the predictors reached statistical significance. How-
ever, for ICU stay >6 days (Table 6), lower values of 6MWT
(p = 0.025), L3SMI (p = 0.048), BMI (p = 0.046), and CO

Table 5. Summary of clinical and functional characteristics of the study
population

Variable

Median (IQR)

6MWT [m] 380.0 (300.0-450.0)
L3SMI [cm?/m?] 44.1 (39.5-49.2)
BMI [kg/m?] 25.7 (22.3-284)
CO [/min] 5.8 (4.7-6.5)
MELD score [points] 15.0 (12.0-18.0)

Values are presented as median with interquartile range (IQR).

MELD - Model for End-Stage Liver Disease; BMI — body mass

index; L3SMI — Skeletal Muscle Index at the 3" lumbar vertebra;

6MWT — 6-minute walk test; ICU — intensive care unit; CO - cardiac output.

assessed to guide the selection of parametric or non-parametric
statistical tests.

(p=0.003), as well as higher MELD scores (p = 0.048), were
associated with prolonged ICU stay. Nagelkerke R? values
ranged from 0.005 to 0.157.

To formally assess the assumption of linearity between
continuous predictors and the logit of the binary outcome
(prolonged ICU stay >6 days), the Box—Tidwell test was
conducted for the following variables: age, L3SMI, total
cross-sectional muscle area at L3, and 6MWT distance.
Each predictor was tested by including an interaction term
between the variable and its natural logarithm in a logistic
regression model.

None of the interaction terms reached statistical sig-
nificance (all p > 0.33), indicating that the assumption
of linearity was met for all included continuous variables.
Specifically, p-values for the interaction terms were as fol-
lows: age (p = 0.359), L3SMI (p = 0.333), total muscle area
(p=0.351),and 6MWT (p = 0.351). These results confirm
that the logit-linear relationship required for logistic re-
gression holds in this dataset.

Figure 3 presents boxplots of continuous clinical predic-
tors stratified by ICU stay duration (<6 days vs >6 days),
with individual data points overlaid to illustrate inter-
group variability. This visual representation complements
the Box-Tidwell test results and provides an intuitive sum-
mary of the association between predictor variables and
ICU outcome. Notably, patients with ICU stays longer than
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Table 6. Spearman’s correlation matrix between clinical and functional parameters in liver transplant recipients

Variable
MELD score [points] 1.00 -0.15 0.12 -0.22 -0.18
BMI [kg/m?] -0.15 1.00 -0.05 0.10 0.34*
CO [L/min] 0.12 —0.05 1.00 Q.57 0.33*
6MWT ] | ~022 | 0.10 | 051% | 1.00 | 045+
L3SMI [cm?/m?] \ -0.18 \ 0.34% \ 0.33% \ 0.45% \ 1.00

*p < 0.05 ** p < 0.01. MELD - Model for End-Stage Liver Disease; BMI — body mass index; L3SMI — Skeletal Muscle Index at the 3'¢ lumbar vertebra;
6MWT — 6-minute walk test; ICU — intensive care unit; CO - cardiac output.
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6 days exhibited lower values of L3SMI, 6oMW T distance,
and CO, supporting the hypothesis that reduced muscle
mass and impaired functional capacity may contribute
to prolonged postoperative recovery.

Discussion

Current cardiological assessment protocols for LT
candidates primarily focus on detecting coronary artery
disease and its associated complications. However, these
protocols often fall short in evaluating patients who cannot
undergo cardiopulmonary exercise testing, particularly
in the context of cirrhosis-related hemodynamic distur-
bances. Changes in lean muscle mass are closely linked
to the pathophysiology of cardiovascular disease, perpetu-
ating a cycle of functional decline.®® This highlights a sig-
nificant gap in assessing cardiac function during surgery,
especially under conditions of increased oxygen demand
and hemodynamic instability in LT recipients.

This study aimed to compare static (L3SMI) and dy-
namic (6MWT) sarcopenia assessments in LT recipients,
while also evaluating CO as a potential indicator of cardio-
vascular fitness. Our prior research identified sarcopenia
as a potential risk factor for prolonged ICU stays in LT
candidates.?* However, the current findings suggest that
L3SMI alone does not adequately predict liver function,
morbidity, or mortality post-transplantation. No signifi-
cant correlation was observed between L3SMI-defined
sarcopenia and liver disease etiology, BMI, ammonia levels,
or functional capacity as measured with the 6MWT. This
suggests that sarcopenia is highly prevalent among LT
recipients, particularly men, but may not serve as a stand-
alone risk marker for postoperative outcomes.

The visual comparison presented in Fig. 3 illustrates
that patients with reduced 6MW T distances, lower L3SMI
values, and diminished CO were more likely to experi-
ence prolonged ICU stays. Although no single variable
independently predicted ICU duration, this consistent pat-
tern suggests a multifactorial interplay between impaired
muscular status, limited functional reserve, and reduced
cardiovascular adaptability. Prolonged ICU stay is a clini-
cally meaningful postoperative outcome, often associated
with increased morbidity, resource utilization, and delayed
recovery. These findings reinforce the importance of in-
corporating dynamic functional assessments into preoper-
ative risk stratification, particularly in the context of post-
transplant recovery, rather than relying solely on static
anatomical metrics. Similar conclusions have been drawn
in other transplant and surgical populations. For example,
Singer et al. demonstrated that physical frailty phenotypes
were strongly predictive of mortality after lung transplan-
tation, highlighting the prognostic value of functional
status.®® In a broader perioperative context, Gillis et al.
emphasized the role of prehabilitation in improving surgi-
cal outcomes and reducing postoperative complications.®

M. Miarka et al. Evaluation of sarcopenia in liver transplantation

In LT specifically, reduced 6MW T performance has been
associated with mortality and adverse outcomes,** and
physical frailty has been linked to prolonged ICU and hos-
pital stays.?” These data support integrating functional
capacity testing, such as the 6MWT, into standard pre-
transplant evaluation protocols.

A novel aspect of this study was the analysis of BMI
variations across different liver disease etiologies. Alco-
hol-related liver disease patients exhibited significantly
higher BMI values compared to autoimmune and viral
liver disease groups (p = 0.004), yet they also demonstrated
the poorest 6bMW T performance. This aligns with prior
research indicating that ALD is often associated with sar-
copenic obesity, a condition characterized by higher fat
deposition despite significant muscle wasting. In contrast,
patients with autoimmune and viral liver diseases tended
to have lower BMI values, potentially reflecting chronic
inflammation, malabsorption, or metabolic deficiencies.
These findings reinforce the need for individualized nutri-
tional and metabolic assessments in LT candidates, as BMI
alone does not fully capture muscle function or frailty risk.

From a pathophysiological perspective, advanced cir-
rhosis leads to compensatory cardiovascular adaptations,
including a reduction in effective circulating blood volume,
splanchnic vasodilation, and hyperdynamic circulation.
This can manifest as increased resting CO and, in some
cases, the development of cirrhotic cardiomyopathy
(CCM). Typically, CCM remains subclinical, as compen-
satory mechanisms maintain myocardial function despite
reduced preload and afterload. However, when exposed
to stressors such as exercise or surgical interventions, pa-
tients with cirrhosis may exhibit impaired cardiovascular
responses due to an inadequate increase in CO during
exertion.?®% Despite this well-documented phenomenon,
our findings did not reveal a significant association be-
tween sarcopenia status and CO. At the same time, CO
was significantly associated with age, sex, and BMI, and
positively correlated with L3SMI, indicating that its deter-
minants may be multifactorial.

In healthy individuals, CO is expected to rise during
exercise, driven by an increase in stroke volume and heart
rate. However, in cirrhotic patients, dysautonomia, neuro-
hormonal imbalances, and structural myocardial changes
may blunt this response, leading to an inability to meet
the metabolic demands of exercise.**~*?> This may partially
explain why ALD patients, despite having a higher BMI,
exhibited the poorest 6MWT results. Notably, patients
with ALD covered significantly shorter distances than
other etiological groups (p = 0.02), reinforcing the role
of functional capacity assessments in this population.

While prolonged ICU stays in sarcopenic individuals
have been linked to reduced respiratory efficiency and
muscle dysfunction, the present study did not identify
specific predictors of postoperative ICU length of stay.
Recent research suggests that sarcopenia may be associ-
ated with cardiac dysfunction, including left ventricular
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impairment and heart failure with preserved ejection frac-
tion, even under baseline conditions.!® Additionally, respi-
ratory muscle weakness and diaphragmatic dysfunction
may exacerbate frailty and functional decline in cirrhotic
patients.!*2° A related condition, cardiac cachexia, has also
been described in LT candidates, characterized by chronic
inflammation, endotoxemia, and proteolytic activation,
which accelerate muscle depletion and metabolic ineffi-
ciency.®® This process is exacerbated by hyperammonemia,
proteasomal overactivation, mitochondrial dysfunction,
and increased oxidative stress, all of which contribute
to skeletal muscle atrophy and exercise intolerance.*+%>

Despite prior evidence suggesting an interplay between
ammonia levels, sarcopenia, and cardiovascular dysfunc-
tion, this study did not find a direct correlation between
ammonia and CO, 6MW T performance, or prolonged ICU
stay. Additionally, L3SMI did not correlate with muscle
function or transplant outcomes, reinforcing the limita-
tions of static muscle assessments in cirrhotic patients.
Notably, ALD patients had the lowest 6 MW T results (me-
dian: 380 m), aligning closely with the mortality threshold
of 387 m identified by Pimentel et al.?* These findings
underscore the clinical significance of exercise prehabili-
tation programs, which may improve functional capacity
and post-transplant recovery.

Given that GMW T performance provided more relevant
functional insights than L3SMI, our findings suggest that
functional rather than static muscle assessments may be
more valuable in LT candidates. The lack of correlation
between L3SMI and post-transplant outcomes raises
important questions about whether alternative markers
of sarcopenia, such as direct muscle strength measure-
ments, should be prioritized in future studies. Moreover,
BMI variations among liver disease etiologies suggest that
body composition, rather than weight alone, may play
a critical role in sarcopenia risk stratification. Future re-
search should explore comprehensive body composition
analyses, functional testing protocols, and prehabilitation
interventions to optimize transplant candidate selection
and postoperative outcomes.

Limitations of the study

A major limitation of this study is the relatively small
sample size, which may reduce statistical power and limit
the generalizability of the findings. However, the cohort
reflects a real-world population undergoing a complex and
infrequently performed procedure at a single tertiary cen-
ter, which inherently limits recruitment capacity. Despite
this, the prospective design, in-depth patient character-
ization, and combined functional and morphological as-
sessment of sarcopenia provide meaningful preliminary
insights and emphasize the need for future multicenter
validation.

A key limitation of our study is the lack of detailed
data on comorbidities such as cardiovascular disease,
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diabetes, and other metabolic disorders. In addition, re-
nal function markers and hemoglobin levels were not
included in the analysis, despite their potential influence
on exercise tolerance and 6MW T performance. However,
it is important to note that sarcopenia in the context
of liver cirrhosis often develops earlier and progresses
more rapidly than in other chronic conditions such
as heart or lung diseases, particularly in subgroups such
as those with ALD. In this population, sarcopenia is pri-
marily driven by liver dysfunction itself, which may par-
tially mitigate the impact of unmeasured comorbidities.
Moreover, all patients in our cohort were functionally
independent and able to complete the 6 MW T, suggesting
a relatively preserved baseline physical capacity across
the group.

Although ammonia levels were evaluated, no significant
associations were found with muscle strength, 6MWT
results, or ICU length of stay. This may indicate that func-
tional consequences of hyperammonemia-induced sarco-
penia develop over longer timeframes, or that other mecha-
nisms, such as chronic inflammation or neurohormonal
dysregulation, play a more prominent role in sarcopenia
related to liver cirrhosis.

Furthermore, the study did not identify clear predictors
of prolonged ICU stay or early post-transplant complica-
tions, especially in relation to CO and pulmonary function.
The elevated CO observed in sarcopenic patients raises
important questions: Is this a compensatory response,
a marker of advanced liver dysfunction, or an indication
of cirrhotic cardiomyopathy? The current data are insuf-
ficient to resolve this issue and underscore the complex
interplay between hepatic, muscular, and cardiovascular
systems in this population.

Lastly, the lack of standardized pre-transplant functional
evaluations remains a broader challenge in transplant can-
didate assessment. The significant differences in 6MWT
performance between etiological subgroups, particularly
the lower performance in ALD patients, highlight the po-
tential value of incorporating objective cardiopulmonary
fitness measures into routine transplant evaluations. Fu-
ture research should prioritize multicenter, prospective
studies with larger sample sizes and a broader clinical
scope, including comorbidities, renal function, and in-
flammatory markers, to enhance risk stratification and
improve outcomes in LT.

Conclusions

Our findings confirm that severe chronic liver insuf-
ficiency accompanied by sarcopenia is associated with
cirrhotic cardiomyopathy, as evidenced by increased CO.
However, rather than a simple linear relationship, these
results suggest a complex, multifactorial interplay between
sarcopenia, functional capacity, and hemodynamic adapta-
tion in cirrhosis.
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Importantly, ALD patients exhibited the lowest 6GMW T
performance despite having higher BMI, reinforcing
the need for body composition analysis beyond traditional
anthropometric measures. The lack of a significant cor-
relation between L3SMI and transplant outcomes raises
questions about whether static muscle mass assessment
alone is sufficient for risk stratification in LT candidates.
Instead, dynamic functional tests such as the 6 MW T may
provide more clinically relevant insights.

Further large-scale, multicenter studies are warranted
to determine the precise impact of sarcopenia on cardiopul-
monary performance in LT candidates, as well as to evalu-
ate the role of early exercise prehabilitation programs in im-
proving functional outcomes, reducing post-transplant
complications, and optimizing long-term survival.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.17494303. The package contains
the following files:

Supplementary Table 1. Results of Levene’s test for ho-
mogeneity of variances for key continuous variables.
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Abstract

Background. Cervical cancer (CC) affects millions of women worldwide. This condition is strongly associated
with human papillomavirus (HPV) infection. Oncogenic alterations are known to contribute to the develop-
ment and progression of (C.

Objectives. This study aimed to screen for variations in selected genes associated with (C, including
PIK3CA, KRAS, and PTEN, and to detect high-risk HPV genotypes 16, 18, 31,45, 52, and 58 using gene-specific
polymerase chain reaction (PCR), followed by single-strand conformation polymorphism (SSCP) analysis and
confirmation using bidirectional DNA sequencing.

Materials and methods. The study included 414 participants, comprising 204 cases and 210 controls.
Healthy controls were disease-free individuals participating in reqular health checkups. Selected gene mu-
tations were analyzed using PCR-based assays, SSCP. and sequence analysis. HPV genotyping was also
performed.

Results. All study participants were analyzed for mutations in the PIK3CA, KRAS, and PTEN genes. The analysis
revealed mutation frequencies of 6.37% for KRAS, 2.45% for PTEN, and 16.66% for PIK3CA in (C cases. These
findings suggest that PIK3CA and KRAS mutations are more frequent in patients with CC than PTEN mutations.
HPV infection was detected in 87.10% of patients with CC, 79.24% of participants with high-grade squamous
intraepithelial lesions (HSIL), and 60.34% of participants with low-grade squamous intraepithelial lesions
(LSIL). This study contributes to understanding the genetic basis of CCin South India and may facilitate
the development of future targeted therapies.

Conclusions. The high prevalence of HPV underscores its etiological significance in CC. These findings
contribute to a deeper understanding of the molecular mechanisms underlying CC in this population and
may support the development of targeted therapeutic strategies for high-risk individuals. Future prospective
studies and functional analyses are warranted to validate the clinical significance of these mutations and
clarify their role in disease progression.

Keywords: genetics, cervical cancer, oncogenes, genotyping, mutations


https://www.doi.org/10.17219/acem/209713

998

A.H. Rehman Syed Rasheed et al. Genetic mutations in cervical cancer

Highlights

South India.
(6.37%) and PTEN (2.45%) mutations.
cal cancer.

potential biomarkers for personalized therapies.

« This study investigates genetic mutations in the PIK3CA, KRAS, and PTEN genes in cervical cancer patients from
« A higher prevalence of PIK3CA mutations (16.66%) was observed in cervical cancer cases compared with KRAS
+ High-risk HPV 16 and 18 genotypes were associated with genetic mutations and histopathological grades of cervi-
+ Mutation profiling using PCR, single-stranded conformation polymorphism (SSCP), and sequencing revealed

«+ The results highlight the need for genetic testing to improve cervical cancer diagnosis and management.

Background

Cervical cancer (CC) is a major gynecological malig-
nancy that arises in the lower part of the uterus, connecting
the corpus uteri to the vagina.! Despite advances in screen-
ing and vaccination programs, CC remains a significant
public health burden, particularly in low- and middle-in-
come countries.? By 2026, an estimated 528,000 new cases
of CC are expected, with developing nations contributing
approx. 85% of the global burden.? The disease accounts
for about 266,000 deaths annually, representing 8% of all
cancer-related mortality in women.* In the USA alone, ap-
prox. 11,500 new cases are diagnosed each year, leading
to 4,000 deaths.> While CC incidence has declined in many
developed countries due to effective screening programs,®
it remains the 4" most common malignancy among women
worldwide, with 604,000 new cases and 342,000 deaths re-
ported in 2020.” India and China together account for over
1/3 of the global CC burden, with India reporting 97,000
new cases and 60,000 deaths annually. Notably, India has
the highest age-standardized incidence rate in South Asia
(22 per 100,000), with regional variations observed between
South India (16.7-18.9 per 100,000) and the northeastern
part of this country (24.3 per 100,000).8

Persistent infection with high-risk human papillomavi-
rus (HPV) types is the primary cause of CC, contributing
to more than 90% of cases.” Among these, HPV 16 is the most
oncogenic, followed by HPV 18.1° However, like many other
malignancies, CC is not solely driven by viral infection but
also by genetic alterations that dysregulate key signaling
pathways. Mutations in oncogenes and tumor suppressor
genes play a crucial role in tumor initiation and progression
by disrupting cellular processes such as proliferation, me-
tabolism, and apoptosis.!! Previous studies have identified
genetic variations in multiple cancer-related genes, includ-
ing AKTI, KRAS, HRAS, NRAS, PIK3CA, FGFR2, FGFR3,
HER2, BRAF, EGFR, CCDC6, and PTEN, in patients with
CC in China.!? However, research on the mutational profiles
of PIK3CA, KRAS, and PTEN in South Indian patients with
CC remains limited, leaving a gap in our understanding
of the genetic landscape of this disease in this population.!®

The PIK3CA gene, a key component of the phosphoinosit-
ide 3-kinase (PI3K) signaling pathway, is frequently mu-
tated in various cancers, making it a potential biomarker
for targeted therapies. The KRAS oncogene plays a critical
role in tumorigenesis by regulating cell growth and prolif-
eration, and its mutational status has clinical significance
in multiple cancer types."* The PTEN gene, a well-estab-
lished tumor suppressor, regulates cell migration and inhib-
its uncontrolled tumor growth.!> Understanding the mu-
tational status of these genes in CC could provide valuable
insights into tumor biology and facilitate the development
of more effective therapeutic strategies.

In regions with low socioeconomic status, the incidence
and mortality of CC remain disproportionately high due
to limited access to early diagnosis and personalized
treatment.'® The limited availability of genetic profiling
in South Indian patients with CC may complicate treat-
ment decision-making and restrict opportunities for more
individualized therapeutic approaches.'”

Objectives

This study hypothesizes that mutations in PIK3CA, KRAS,
and PTEN contribute to CC pathogenesis in South Indian
women. The primary objective was to screen for genetic
alterations in PIK3CA, KRAS, and PTEN, alongside high-
risk HPV genotyping (types 16, 18, 31, 45, 52, and 58), and
to assess their potential role in disease initiation and pro-
gression. By identifying specific mutations, this study aims
to enhance understanding of the molecular mechanisms
underlying CC in an understudied population and provide
a foundation for future targeted therapeutic strategies.

Materials and methods
Sample collection

Samples for the study were collected from patients at-
tending the Department of Obstetrics and Gynecology
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at Chettinad Hospital and Research Institute and Chettinad
Super Speciality Hospital (CSSH) in Coimbatore, India. Pa-
tients were screened for HPV infection using type-specific
polymerase chain reaction (PCR). The study protocol was
approved by the Institutional Human Ethics Committee
of the Chettinad Academy of Research and Education (CARE-
IHEC; approval No. IHEC/D.NO:012), and informed consent
was obtained from all participants prior to sample collection.

Inclusion and exclusion criteria

The study included patients diagnosed with CC across
various histopathological grades, as well as healthy con-
trols with no prior history of CC, HPV infection, or other
gynecological disorders. Participants with a history of con-
ization or hysterectomy, those who were pregnant, and
individuals with severe comorbid conditions, sexually
transmitted diseases, or other malignancies were excluded.

Sampling

Cervical scrapings were collected from study partici-
pants using a sterile disposable cervical cytobrush into
a clean collection container (Citotest Labware Manufac-
turing Ltd., Haimen, China) for HPV detection and genetic
analysis. Participants were also examined by trained gy-
necologists at Chettinad Hospital and Research Institute
(Kelambakkam, India), who performed colposcopic exami-
nations and obtained tissue samples when abnormalities
were identified. The sample size was determined through
power analysis using the formula n = p(1 - p)(Z/E)?, with
a statistical power of 0.95.18 A total of 414 individuals were
included, comprising 204 cases and 210 controls. The con-
trol group consisted of healthy individuals undergoing
routine health checkups who were free of disease.

Extraction of genomic DNA

Genomic DNA was extracted from cervical scrapings us-
ing the phenol-chloroform method.’” DNA quantity and
quality were assessed using spectrophotometric analysis,
and gel electrophoresis was performed for further evaluation.

Mutation profiling and Sanger sequencing
for mutation confirmation

According to the COSMIC database, previous studies
have identified somatic mutations in PIK3CA, PTEN, and
KRAS in cervical carcinoma.?’ Therefore, these 3 genes
were selected as targets for the present study, and gene-spe-
cific PCR primers were used to amplify mutation hotspot
regions. Mutation detection within oncogenic hotspot re-
gions was performed using gene-specific PCR.

Subsequent analyses included single-strand conforma-
tion polymorphism (SSCP) analysis and confirmation
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with bidirectional DNA sequencing. The nucleotide
sequences of the exonic regions of PIK3CA, KRAS, and
PTEN were retrieved from the Ensembl genome database
(https://www.ensembl.org/index.html).2! Primers were
newly designed for this study using the Primer3 (v. 4.0)
program (https://primer3.ut.ee). The quality of the de-
signed primers was evaluated using online tools, including
Primer Stats and OligoCalc (https://www.bioinformatics.
org/sms2/pcr_primer_stats.html and https://www.biosyn.
com/gizmo/tools/oligo/oligonucleotide%20properties%20
calculator.htm). The designed primer sequences and their
properties are presented in Table 1. Polymerase chain
reaction products were separated on a 1.2% agarose gel
to visualize and analyze the specific amplicon bands.
The amplified fragments were excised from the agarose
gel and purified using the QIAquick PCR Purification
Kit (cat. No. 28104) (Qiagen, Hilden, Germany). After
purification, the DNA fragments were sequenced using
the Sanger sequencing method?? with the Applied Bio-
systems 3130 system (Applied Biosystems, Foster City,
USA). The obtained sequences were then compared with
the reference sequences from the Ensembl genome data-
base to identify mutations.

Statistical analyses

All statistical analyses were performed using IBM SPSS
v. 21 (IBM Corp., Armonk, USA), with statistical signifi-
cance set at p < 0.05. The normality of continuous vari-
ables, such as age, was assessed using the Shapiro—Wilk
test, and appropriate parametric tests (Student’s t-test)
were applied where assumptions of normality were met.
Categorical variables were compared using Pearson’s
x? test, while Fisher’s exact test was applied when expected
cell counts were <5. For ordinal variables, trend analy-
sis was conducted using the Cochran—Mantel-Haenszel
(CMH) test.

Univariate risk ratios (RRs) with 95% confidence inter-
vals (95% Cls) were calculated for selected demographic
and lifestyle variables (e.g., tobacco use, contraceptive
use, parity, and family history) to assess their association
with CC risk. Multivariable logistic regression models
with elastic net regularization (combining L1 and L2 pen-
alties) were used to examine associations between muta-
tions in PIK3CA, KRAS, and PTEN and clinical/lifestyle
predictors, including HPV status, age, parity, contracep-
tive use, tobacco use, and family history of cancer. Ten-
fold cross-validation was used to optimize the penalty
parameters. Final model results are reported as adjusted
odds ratios (aORs), 95% Cls, and p-values. Model classifi-
cation performance was assessed using precision, recall,
and F1 score at a probability threshold of 0.3. Receiver
operating characteristic (ROC) curves and areas under
the curve (AUCs) are presented in the supplementary
materials.
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Table 1. Designed primer sequences for selected oncogenes
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Sample No. Sequences of PCR primers (5-3') TOtij S:Srzsber ee c(g/z;tent S:)zreogztcrle(;;R
1. PIK3CA-Exon 1-F GAACTGTGGGGCATCCACTT 20 55
2. PIK3CA-Exon 1-R CGGTTGCCTACTGGTTCAAT 20 50 2%
3. PIK3CA-Exon 9-F CTGTGAATCCAGAGGGGAAA 20 50
4. PIK3CA-Exon 9-R TTAGCACTTACCTGTGACTC 20 45 202
5. PIK3CA-Exon 20-F GCTCCAAACTGACCAAACTG 20 20
6. PIK3CA-Exon 20-R GGTCTTTGCCTGCTGAGAGT 20 55 2
7. KRAS-Exon 2-F CTGGTGGAGTATTTGATAGTG 21 43
8. KRAS-Exon 2-R CTCTATTGTTGGATCATATTCGTC 24 38 20
9. KRAS-Exon 3-F TGTGTTTCTCCCTTCTCAGGA 21 48
10. KRAS-Exon 3-R GGCATTAGCAAAGACTCA 18 44 2
11. KRAS-Exon 4-F TTGTGGACAGGTTTTGAAAGA 21 38
12. KRAS-Exon 4-R GTTACTTACCTGTCTTGTCTTTGC 24 42 7
13. PTEN-Exon 5-F AGACCATAACCCACCACAGC 20 55
14. PTEN-Exon 5-R TGGTCCTTACTTCCCCATAGAA 22 45 209
15. PTEN-Exon 9-F TAGAGGAGCCGTCAAATCCA 20 50
16. PTEN-Exon 9-R TCATGGTGTTTTATCCCTCTTG 22 41 %

F - forward primer; R — reverse primer; bp — base pair; PCR — polymerase chain reaction; GC — guanine and cytosine.

Results
Clinical features of the cases and controls

The demographic and baseline characteristics of the study
groups are presented as mean + standard deviation (SD)
in Table 2. The mean age of the participants was approxi-
mately normally distributed, as indicated by the Shap-
iro—Wilk test (p = 0.135 for cases; p = 0.838 for controls).
As age was approximately normally distributed and differed
modestly between groups, a 2-sample Student’s t-test was
used for comparison. The analysis showed a significant dif-
ference between the case group (mean age: 53 +8.90 years)
and the control group (mean age: 50 +5.49 years) (t = 4.14,
degrees of freedom (df) = 412, p < 0.001).

Among the categorical variables, having more than
4 pregnancies (x? = 11.19, df = 1, p = 0.001), contraceptive
use (% = 9.93, df = 1, p = 0.002), family history of cancer
(x* = 5.70, df = 1, p = 0.017), and tobacco use (x> = 7.38,
df =1, p = 0.007) were significantly more common in cases
than in controls.

No significant differences between cases and con-
trols were detected for education level (% = 1.65, df = 3,
p = 0.65), employment status (x*> = 1.79, df = 2, p = 0.41),
socioeconomic status (x* = 2.01, df = 2, p = 0.37),
or the composite comorbidity category (x> = 2.28, df = 3,
p = 0.52). In addition, risk ratios (RRs) with 95% Cls were
calculated for binary variables. Having more than 4 preg-
nancies (RR = 2.14), contraceptive use (RR = 2.65), and
tobacco use (RR = 2.27) showed strong positive associa-
tions with CC risk. Group differences in clinical and life-
style factors were assessed using x? tests, and variables

showing significant associations were considered poten-
tial confounders in the regression analysis. The normal-
ity of continuous variables, including age, was assessed
using the Shapiro—Wilk test. The results are presented
in Supplementary Table 1. All p-values in this section
were derived from univariate analyses using Pearson’s x>
test, where appropriate.

Genotyping of 6 high-risk HPVs

HPV genotyping was performed under optimized PCR
conditions. Amplicons ranging from 150 to 295 base pairs
indicated the presence of specific HPV genotypes in both
cases and controls. Polymerase chain reaction products
were analyzed using a 100 bp DNA ladder on a 1.2% agarose
gel (Fig. 1). The PCR findings were subsequently correlated
with histopathological grading.

Pearson’s X2 test revealed a highly significant associa-
tion between HPV infection and histopathological grade
(x? = 108.56, df = 3, p < 0.001), with HPV positivity increas-
ing from negative for intraepithelial lesion or malignancy
(NILM; 10.47%) to low-grade squamous intraepithelial le-
sion (LSIL; 60.34%), high-grade squamous intraepithelial
lesion (HSIL; 79.24%), and CC (87.10%) (Table 3). A CMH
test confirmed a significant increasing trend in HPV
positivity with worsening histopathological grade (p for
trend < 0.001). Among HPV genotypes, HPV 16 and HPV 58
showed significant variation across histopathological grades
(HPV 16:x2=8.10,df =2,p =0.017; HPV 58: x> =9.11, df = 2,
p = 0.033), with higher frequencies in more advanced le-
sions. No statistically significant distribution patterns were
observed for HPV 18, 31, 45, or 52 (p > 0.05 for all) (Table 4).



Adv Clin Exp Med. 2026;35(6):997-1008 1001

Table 2. Demographic characteristics of the study subjects

Factors Cases (n =204) (C:ftzr?(l); ‘ Test (statistic, df) ‘ p-value* ‘ 95% Cl
1. mean age 53 +890° 50 +5.49° St“de”;iff;: Al p < 0.001 - -
2. >4 pregnancies 50 (24.50)P 24 (11.4)b ¥’ =1119,df=1 p < 0.001 2.14 (1.41-4.19)
3. usage of contraceptives 35(17.15)b 14 (6.6)° x> =993,df =1 p =0.002 2.65 (1.33-5.04)
4. family E"asfc)g of any 18 (8.82)° 6 (2.9 2 =570,df =1 p=0017 304 (0.80-2.58)
5. tobacco usage 33 (16.17)b 15 (7.1)b x2=7238,df =1 p =0.007 227 (1.51-5.01)
level of education
primary 24 (11.76)° 17 (8.09)°
6. high school 67 (32.84)b 69 (32.8)b
x’=165,df=3 p=0648 - -
higher secondary 64 (31.37)b 70 (33.3)°
graduate 49 (24.01)° 54 (25.7)°
work status
; employed 38(18.62)b 43 (20.4)°
: retired 29 (14.21)b 21 (10.4)0 x’=179,df=2 p =0.409 - -
homemaker 137 (67.15)° 146 (69.4)P
socioeconomic status
g slow 84 (41.17)b 6 (36.2)°
4 middle 103 (50.49)° 109 (51.9)P x’=201,df=2 0367
high 17 (8.33) 25 (11.9)°
other complications
hypertension 08 (3.92)° 05 (2.3)0
9. T2DM 10 (4.90)° 03 (1.4)°
=228 df=3 p=0516 - -
thyroid 14 (6.86)° 11 (5.2)0
obesity 20 (9.80)° 08 (3.8)°

2data are presented as mean =+ standard deviation (SD); "percentage; df — degrees of freedom; RR - risk ratio; 95% Cl — 95% confidence interval;
T2DM — type 2 diabetes mellitus;*p-values were derived using Pearson’s x? test of independence. Only applicable binary variables are presented with RR
and 95% Cl. Values in bold are statistically significant.

Fig. 1. Optimized polymerase chain reaction (PCR) conditions for high-risk human papillomavirus (HPV) genotypes
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Table 3. HPV identification by type-specific polymerase chain reaction (PCR)

Histopathological grade Samples tested | HPV-positive Percentage (%) HPV-negative p-value
Negative for intraepithelial lesion or malignancy (NILM) 210 22 1047 188 -
Low-grade squamous intraepithelial lesion (LSIL) 58 35 60.34 23 <0.001
High-grade squamous intraepithelial lesion (HSIL) 53 42 79.24 11 -
Cervical cancer (CQ) 93 81 87.10 12 -

*p-value derived from Cochran-Mantel-Haenszel (CMH) test (x*> = 108.56, df = 3; p < 0.001); HPV — human papillomavirus; df — degrees of freedom.

Table 4. HPV genotype distribution among the LSIL, HSIL, and CC

HPV genotypes LSIL, % (n) HSIL, % (n) p-value
16 40.00 (14) 42.80 (23) 67.90 (55) x?=8.10,df =2 0.034
18 25.7109) 1430 (10) 19.75 (16) x>=059df=2 0.786
31 571(2) 4.76 (2) - x> =438,df=2 0.168
45 - 7.14(3) 740 (6) x?=271,df=2 0.308
52 1142 (4) 476 (2) 246 (2) x?=4.09,df =2 0.308
58 17.17 (6) 4.76 (2) 246 (2) x>=9.11,df=2 0.033

*p-values derived from Pearson’s x? test of independence; p-values were adjusted using the Benjamini-Hochberg false discovery rate (FDR) correction
for multiple comparisons. NILM — negative for intra-epithelial lesion (NILM); CC — cervical cancer; df — degrees of freedom; HPV — human papillomavirus.
Values in bold are statistically significant.

Table 5. Elastic net logistic regression for PIK3CA mutations adjusted for confounding factors

Predictors aOR (PIK3CA) 95% Cl aOR (KRAS) 95% Cl
Cervical cancer 74.03 6.39-857.89 <0.001 744 1.41-39.36 0.018
HPV-positive 1.20 0.60-2.38 0.593 0.79 0.44-1.42 0432
>4 pregnancies 0.84 0.51-1.37 0488 0.26 0.17-0.40 <0.001
Contraceptive use 0.89 0.52-1.51 0.664 0.76 043-1.34 0.340
Family history 0.14 0.05-0.37 <0.001 048 0.20-1.16 0.103
Tobacco use 1.1 0.62-2.00 0.725 1.34 0.73-2.46 0.342

aOR - adjusted odds ratio. 95% Cl — 95% confidence interval; HPV — human papillomavirus. Elastic net regularization (L1 + L2) was applied to logistic
regression models to control for overfitting and sparse data; p-values derived from the logistic model. Bold values indicate stronger associations.

Multivariable analysis of gene mutations

To assess the independent contribution of clinical and
lifestyle factors to mutation risk, elastic net-regularized
logistic regression was applied for PIK3CA and KRAS
mutations. This method combines L1 and L2 penalties
to balance variable selection and coefficient shrinkage
and is particularly suitable for small or sparse datasets.
The model identified CC status as the strongest indepen-
dent predictor of both PIK3CA (aOR = 74.03) and KRAS
(@OR = 7.44) mutations. Other variables, including HPV
positivity, tobacco use, parity, contraceptive use, and family
history of cancer, were retained in the models but did not
demonstrate statistically significant associations (Table 5).

Mutation profiling

Mutations in the PIK3CA, KRAS, and PTEN genes were
analyzed among study participants using gene-specific
PCR. The amplicon sizes ranged from 180 to 400 base pairs,
and the PCR products were confirmed with agarose gel

electrophoresis (Fig. 2). Mutation frequency comparisons be-
tween cases and controls were assessed using univariate ORs.

The observed mutation frequencies among CC cases
were 16.66% for PIK3CA (95% CI: 12.34-20.98, p = 0.002),
6.37% for KRAS (95% CI: 4.11-8.63, p = 0.017), and 2.45%
for PTEN (95% CI: 1.12-3.78, p = 0.042). No significant
mutations were identified in the control group, resulting
in perfect separation for some outcomes. Statistical com-
parisons between cases and controls confirmed a strong
association between PIK3CA mutations and CC risk
(OR = 3.89, 95% CI: 2.14-7.08, p < 0.001).

Gene profiling of PIK3CA, KRAS, and PTEN

Multivariable logistic regression was performed to as-
sess the association between gene mutations and potential
confounding factors. Penalized (L2) logistic regression was
applied due to sparse mutation events and perfect separa-
tion in some models. Results are presented as aORs with
95% CIs. The distribution of mutations in PIK3CA, KRAS,
and PTEN was further analyzed in relation to HPV genotype
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Fig. 2. Optimized polymerase chain reaction (PCR) conditions for the selected genes analyzed in this study

and histopathological grade (Fig. 3). PIK3CA mutations were
predominantly identified in exons 9, 20, and 1, with hotspot
mutations located in the helical domain (E542K, E545K) and
catalytic domain (H1047R). The overall frequency of these
mutations was 2.94%. Patients harboring PIK3CA mutations
had a significantly higher likelihood of HPV 16 infection
(p = 0.004). Detailed information regarding PIK3CA mu-
tations in relation to HPV genotypes and histopathologi-
cal grading is presented in Table 6. KRAS mutations were
primarily detected in exon 2, followed by exons 3 and 4
(Table 7). These mutations were significantly associated
with a family history of breast cancer and consanguineous
marriage (p = 0.016). As shown in Table 8, logistic regression
analysis demonstrated that KRAS mutations were signifi-
cantly associated with HPV positivity (OR = 2.47, 95% CI:
1.32-4.21, p=0.022) and CC (OR = 3.80, 95% CI: 2.01-6.88,
p < 0.001). An interaction term between HPV status and
cancer status was also statistically significant.

PTEN gene variants were predominantly identified
in exon 5, followed by exon 9. These mutations were de-
tected exclusively in CC cases and were not observed in any
control subjects. Patients harboring PTEN mutations did
not report a family history of cancer or consanguinity,
suggesting that these variants may represent somatic al-
terations contributing to carcinogenesis. A novel PTEN
mutation identified in this study has not previously been
reported in HPV-associated CC (Table 9).

Model performance evaluation
To further evaluate the classification performance

of the mutation prediction models, various probability
thresholds (e.g., 0.3) were tested. However, due to extreme

class imbalance, the models failed to identify mutation-
positive cases (zero true positives). Despite this limita-
tion, overall accuracy remained relatively high (91.8% for
PIK3CA and 96.9% for KRAS), largely driven by the high
number of correctly classified negative cases. These results
are presented in Supplementary Table 2. Nevertheless, ROC
analysis indicated that both models retained moderate-to-
strong discriminatory ability, with AUC values of 0.825
for PIK3CA and 0.881 for KRAS (Supplementary Table 3).
The corresponding ROC curves are shown in Supplemen-
tary Fig. 4.

Discussion

Advances in high-throughput sequencing technologies
have enabled the identification of novel genetic variants and
somatic mutations with high depth of coverage, contributing
to the transition toward precision medicine. The fundamen-
tal principle of mutation profiling is the detection of genetic
alterations in candidate or disease-associated genes. This ap-
proach may facilitate the identification of predictive biomark-
ers and improve the effectiveness of therapeutic strategies.

The present study aimed to identify and characterize
CC-associated mutations using gene-specific PCR, fol-
lowed by SSCP analysis and confirmation by DNA se-
quencing. According to our findings, mutations in PIK3CA
(16.66%), KRAS (6.37%), and PTEN (2.45%) were associ-
ated with CC in South Indian patients. PIK3CA is one
of the genes frequently implicated in human malignan-
cies. The PI3K signaling pathway plays a critical role
in multiple cellular processes, including cell survival,
metabolism, growth, and proliferation. PIK3CA mutation
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Table 6. Histological characteristics, human papillomavirus (HPV) status, and PIK3CA mutations of study subjects

Exonic region

Nucleotide change

Amino acid change

Sample No. Histological grading HPV genotype
1. CC 16
2. CC 16
3. HSIL 16
4. CcC 18
5. CC 16
6. LSIL 18
7. CC 16
8. CC 18
9. CcC 16
10. CcC 16
11. HSIL 18
12. CcC 45
13. CC 18
14, CC 16
15. HSIL 16
16. LSIL 58
17. cC 16
18. CcC 18
19. HSIL 16
20. CC 16
21. HSIL 18
22. LSIL 16
23. CC 16
24. CcC 45
25. CC 18
26. CC 16
27. CC 16
28. LSIL 58
29. HSIL 18
30. CcC 45
31. cC 18
32 LSIL 16
33. HSIL 16
34. CcC 16

c35G>T p.G12C
c70T>A p.C245
€c223C>G p.Q75E
‘! c100T>C p.L34L
c241G>A p.E81K
cI15G>A p.E39K
c1633G>A p.E545K
c1624G>A p.E542K
c1633G>A p.E545K
c1624G>A p.E542K
c1633G>A p.E545K
c.1624G>A p.E542K
c.1634A>C p.E545A
c1633G>A p.E545K
c1624G>A p.E542K
” c1634A>C p.E545A
c1624G>A p.E542K
c1633G>C p.E545Q
c1633G>A p.E545K
c1634A>C p.E545A
c1624G>A p.E542K
c1633G>C p.E545Q
c1635G>T p.E545D
c1633G>A p.E545K
c3140A>T p.H1047L
C3140A>G p.H1047R
c3140A>T p.H1047L
c3146G>C p.G1049A
c3140A>G p.H1047R
0 C3140A>T p.H1047L
c3140A>G p.H1047R
c3146G>C p.G1049A
c3140A>T p.H1047L
c3140A>G p.H1047R

NILM — negative for intra-epithelial lesion (NILM); LSIL - low-grade squamous intra-epithelial lesion; HSIL — high-grade squamous intra-epithelial lesion;

CC - cervical cancer.

and amplification are among the most common mecha-
nisms leading to aberrant activation of the PI3K pathway
in various cancers.?®> The mutation frequency of PIK3CA
in our study was 16.66% among patients with CC. When
compared with previous studies, a cohort from the Neth-
erlands including 301 patients with CC of Caucasian an-
cestry reported PIK3CA mutations in 20% of cases. Simi-
larly, a study of 213 Chinese patients with CC reported
a mutation frequency of 12.3%.2* Another study involving
Chinese patients of Asian ancestry that screened 16 genes
also reported a PIK3CA mutation frequency of 12.3%.%
Our observed PIK3CA mutation frequency was therefore

somewhat higher than that reported in Chinese cohorts,
despite both populations being of Asian ancestry. These
differences may reflect variation in mutation spectra, pa-
tient characteristics, HPV subtype distribution, or meth-
odological differences between studies. A study from
the USA involving 67 patients with CC reported PIK3CA
mutations in 27.1% of cases, which is substantially higher
than the frequency observed in our cohort.?¢ The higher
prevalence of PIK3CA mutations in some Western popula-
tions may reflect differences in environmental exposures,
lifestyle factors, genetic background, or interactions with
high-risk HPV variants.
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Table 7. Histological characteristics, human papillomavirus (HPV) status, and KRAS mutations of study subjects

Sample No. Histological grading HPV genotype
1. cC 16
2. CC 16
3. cC 45
4. CcC 16
5. HSIL 16
6. cC 18
7. HSIL 16
8. HSIL 45
9. cC 16
10. LSIL 16
1. CcC 18
12. HSIL 18
13. cC 16

Exonic region

Nucleotide change

Amino acid change

clTTG>A p.G38D
02 c168C>T p.D57C
Cl174A>T p.A59C
c29T>G p.IT00K
C349A>T pN117Y
o c310A>G p.104K
c362G>T p.P121P
453 G>A p.G151G
C470 A>T p.L157L
- C491G>A p.R171S
453 G>A p.G151G
CA80T>A p.C1675
€491 G>A PR171S

NILM - negative for intra-epithelial lesion (NILM); LSIL - low-grade squamous intra-epithelial lesion; HSIL — high-grade squamous intra-epithelial lesion;

CC - cervical cancer.

Table 8. Logistic regression model for predicting KRAS mutations based
on human papillomavirus (HPV) status and cervical cancer (CC)

| 95% ClI | SE |p-va|ue

Predictor

HPV-positive 247 1.32-4.21 045 0.022
Cervical cancer 3.80 2.01-6.88 0.49 <0.001
HPV * CC interaction 1.95 1.01-3.45 0.52 0.38

OR - odds ratio; 95% Cl — 95% confidence interval; SE - standard error.

The KRAS gene is a well-established oncogene, and mul-
tiple point mutations have been identified across various
malignancies, including breast, cervical, endometrial, liver,
and myeloid cancers.?” The KRAS protein plays a crucial
role in regulating the MAPK signaling pathway and may
also influence cellular proliferation through interactions
with the PI3BK-AKT pathway. Our study demonstrated
an association between KRAS mutations and high-risk
HPV 16/18 genotypes. The integration of KRAS mutational
analysis with HPV genotyping may improve risk stratifica-
tion and potentially inform prognostic assessment in pa-
tients with CC. The mutation frequency of KRAS in this
study was 6.37% among patients with CC. In comparison,
a previous study from Boston analyzing 80 Caucasian pa-
tients across 139 cancer-related genes reported an overall
mutation rate of 60%, with KRAS mutations accounting

for 8.8% of cases.?® In a Chinese study (n = 876), KRAS
mutations were detected in 3.4% of CC cases,? whereas an-
other Chinese study focused on cervical adenocarcinoma
reported KRAS mutations in 16.6% of patients.?® These
differences may reflect variation in histological subtype,
study population, sequencing methodology, or sample
composition.

Although KRAS mutations have been reported across
diverse populations, current evidence remains insufficient
to conclude that they represent a conserved oncogenic
event in CC irrespective of ethnicity. In addition to mu-
tation-driven signaling pathways, targeted gene-silencing
approaches such as MCT1 inhibition have shown promise
in enhancing dendritic cell-mediated immune responses
against CC, suggesting potential synergy between immuno-
therapeutic and molecular targeting strategies.?! However,
our observed association between KRAS mutations and HPV
16/18 infection highlights the potential value of integrating
viral and genetic profiling in CC risk assessment.

PTEN is a well-established tumor suppressor gene impli-
cated in the development of multiple cancer types and plays
an important role in regulating cellular proliferation, sur-
vival, and migration. The phosphatase encoded by PTEN
negatively regulates the PI3K signaling pathway through
dephosphorylation of phosphoinositide substrates, thereby

Table 9. Histological characteristics, HPV status, and PTEN mutations of study subjects

Sample No.

Histological grading | HPV genotype

Exonic region

1 CcC 16 05
2. CcC 16 05
3. HSIL 45 05

Nucleotide change Amino acid change Prediction
c397G>A p.V133L damaging
cA405A>T p.1135] silent
€407 G>A p.C136Y damaging
466 G>T p.R160H pathogenic
C1044A>T p.K234B pathogenic

HPV — human papillomavirus; CC - cervical cancer; HSIL — high-grade squamous intra-epithelial lesion; CC - cervical cancer.



Adv Clin Exp Med. 2026;35(6):997-1008

limiting uncontrolled cellular growth and proliferation.?
In our study, the mutation frequency of PTEN was 2.45%
among patients with CC. Compared with previous stud-
ies, cohorts from Mexico and Norway analyzing 115 CC
and control samples reported a PTEN mutation frequency
of approx. 6%, which is higher than the frequency observed
in our cohort.® A Japanese study (n = 50) reported PTEN
mutations in 4.2% of cases,* while a study from the USA
reported PTEN alterations in 8% of CC cases.?® Another
study in Mexican patients (n = 155) identified PTEN muta-
tions in 5% of cases.?¢

Observed differences in PTEN mutation frequency
across studies may reflect variation in study population
characteristics, sequencing methodology, histological
subtype composition, or sample size rather than ethnic-
ity alone. The reasons for these discrepancies remain un-
certain. In addition, the identification of a novel PTEN
mutation in our study raises the possibility of previously
unrecognized genetic alterations in South Indian patients
with CC, warranting further investigation.

Limitations of the study

One important limitation of this study is its focus
on a specific population from South India, which may
limit the generalizability of the findings to other popula-
tions or ethnic groups. Additionally, the relatively small
sample size, particularly for mutation frequency analyses,
may have reduced the statistical power to detect less com-
mon genetic variants. Although techniques such as SSCP
and bidirectional DNA sequencing were employed, these
methods may not detect all potentially relevant genetic al-
terations, including large structural variants or epigenetic
changes. Furthermore, the use of conventional PCR and
Sanger sequencing rather than next-generation sequencing
(NGS) may have limited the ability to detect rare, novel,
or non-hotspot mutations more comprehensively. A major
limitation of the mutation prediction models was their
inability to accurately identify mutation-positive cases be-
cause of the low frequency of mutation events and severe
class imbalance. This resulted in zero sensitivity and F1
scores at the evaluated classification thresholds. There-
fore, further large-scale studies using more comprehen-
sive genomic approaches are needed to better understand
the genetic landscape of CC in South Indian patients and
its relationship to other populations.

Conclusions

Our findings underscore the importance of under-
standing population-specific genetic variation in CC.
The higher mutation frequency of PIK3CA compared with
KRAS and PTEN suggests that alterations in the PI3K
pathway may play a prominent role in cervical carcino-
genesis in South Indian women. These results provide
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valuable insights into the molecular landscape of CC
in this population and add to the growing body of evi-
dence suggesting that genetic alterations, together with
HPV infection, may influence disease progression and
therapeutic response. This study highlights the poten-
tial relevance of PIK3CA, KRAS, and PTEN mutations
in CC among South Indian women. A higher mutation
frequency was observed for PIK3CA (16.66%) compared
with KRAS (6.37%) and PTEN (2.45%), suggesting that
alterations in the PI3K/AKT/mTOR pathway may play
an important role in cervical carcinogenesis in this popu-
lation. The observed association between KRAS muta-
tions and high-risk HPV 16/18 infection warrants further
investigation into the biological and potential clinical
significance of this finding. Although PTEN mutations
were less frequent, their established role in tumor sup-
pression suggests potential relevance to disease biology.
Integrating genetic profiling with HPV testing may im-
prove molecular characterization and risk stratification
in CC. However, the clinical utility of mutation-guided
therapeutic strategies, including PI3K-targeted thera-
pies, alternative approaches for KRAS-mutant tumors,
or the predictive relevance of PTEN alterations for immu-
notherapy response, requires further validation in larger
prospective studies. Future research should focus on fur-
ther investigating these mutations and clarifying their
potential clinical relevance. Our findings suggest that
more individualized therapeutic strategies for CC warrant
exploration. Although current management strategies do
not routinely incorporate molecular stratification beyond
standard clinicopathological classification, our study sug-
gests that identifying distinct molecular subpopulations
within CC may offer opportunities to improve patient
stratification and potentially enhance outcomes in both
early- and advanced-stage disease.
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ﬁ:r:‘eflie‘cfa‘r’efdi“te’e“ Materials and methods. The study included 120 subjects aged 1830 years divided into 4 groups (30 per
group; 15 women and 15 men). The ocular surface disease index (OSDI) was assessed, followed by evaluation
of LLP using EASYTEAR View+- and TER using the Delfin VapoMeter.
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group Kendall tau-b correlations between TER and LLP revealed strong negative associations in the high-BM|
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tive correlation was found in the RE group (th = —0.287, n = 30, p = 0.043), but not in healthy controls
(th=-0199,n =30, p=10.189).

Conclusions. The association between TER and LLP was strongly negative in smokers and the high-BMI
group, moderate in the RE group, and absent in healthy controls. The inverse relationship between TER and
LLP may indicate compromised tear film stability in populations at risk of dry eye disease.
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Highlights

studied.

index (BMI).

» The correlation between tear evaporation rate (TER) and lipid layer patterns (LLP) has not been systematically
+ A strong negative correlation was found between TER and LLP in smokers and individuals with a high body mass

+ A moderate negative correlation was observed between TER and LLP in individuals with refractive errors (RE).
+ This research gap highlights the need for further studies to better understand these correlations.

Background

The tear film is crucial for vision and ocular health.
Disturbances in tear film stability and osmolarity can
lead to several disorders, with dry eye disease being one
of the most common, affecting 5-50% of the population.?
Symptoms include foreign body sensation, dryness, irrita-
tion, discomfort, and pain.? Dry eye disease has significant
economic and social impacts, making it important to iden-
tify associated factors such as digital screen use, contact lens
wear, smoking, systemic illnesses, and certain medications.*

Dysfunction of the meibomian glands leads to increased
tear evaporation, whereas lacrimal gland dysfunction
results in aqueous deficiency.>® Various tests are used
to assess dry eye disease, as each measures different pa-
rameters.” 1% The lipid layer spreads across the tear film
with each blink to reduce tear evaporation and is there-
fore crucial for maintaining tear film stability and func-
tion.!! A portable evaporimeter has been effectively used
to measure tear evaporation rate (TER).1>!3 This technique
is quick, convenient, repeatable, and noninvasive compared
with other methods. A TER value exceeding 25 g/m?/h
at room temperature and approx. 30% humidity indicates
the presence of dry eye symptoms.'*

The EASYTEAR view+ is a noninvasive diagnostic tool
designed for evaluating the tear film. It plays an essential
role in identifying various dry eye syndromes. This device
operates as an interferometer, offering detailed insights
into the lipid layer of the tear film. It allows practitioners
to measure noninvasive tear break-up time after insert-
ing a specialized grid, providing valuable information
about tear stability.!> However, it shares similarities with
the Tearscope. The EASYTEAR view+ offers enhanced
features, including an integrated stopwatch for precise
timing and a light-emitting diode that serves as an effec-
tive light source for optimal visualization. This device can
operate either as a portable handheld unit or be connected
directly to a slit lamp, making it suitable for different clini-
cal environments and practitioner preferences.'®

Several studies have explored the evaluation of lipid layer
patterns (LLP) in smokers, individuals with refractive er-
rors (RE), and those with a high body mass index (BMI),
among others.316-20 For example, smokers and individuals
with RE or a high BMI tend to exhibit lower LLP values

than healthy individuals.® However, these investigations
often share a common limitation in participant selection:
many include only young men or young women, thereby
limiting broader population representation. The relation-
ship between TER and LLP has not been systematically
studied in smokers, individuals with RE, or those with
a high BMI. This research gap highlights the need for fur-
ther studies to better understand these correlations and
their impact on dry eye syndrome.

The integrity of the tear film plays a crucial role in main-
taining overall ocular health. Various factors can disrupt
this delicate balance, leading to discomfort and dryness.
Notably, smoking has been identified as a significant risk
factor, as it can adversely affect tear production and quality.
Additionally, individuals with RE may experience increased
dryness due to imbalance within the visual system. Further-
more, a high BMI has also been linked to dry eye syndrome,
as obesity may contribute to inflammation and hormonal
changes that affect tear production. Together, these fac-
tors highlight the importance of lifestyle modification and
appropriate eye care in maintaining a healthy tear film
and preventing dry eye symptoms. Therefore, the present
comparative observational study examined the correlation
between LLP, assessed using EASYTEAR view+, and TER,
evaluated using the Delfin VapoMeter, in 3 distinct groups:
smokers, individuals with RE, and those with a high BMI.

Objectives

The study aimed to assess the correlation between TER
and LLP in smokers, individuals with RE, and those with
a high BMI. We hypothesized that smokers and individuals
with RE and a high BMI would exhibit thinner lipid layers
and higher TER values.

Materials and methods
Subjects
The current comparative observational study in-

cluded a total of 120 participants aged between 18 and
30 years. They were categorized into 4 distinct groups:
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individuals with no ocular diseases or disorders, smokers
with a smoking history of 1-11 years, individuals with RE
ranging from +7.5 to -7.5 D, and those with a high BMI
between 30.0 and 48.7 kg/m?, with each group comprising
15 women and 15 men. The sample size was determined
based on the prevalence of these participant groups among
university students.

Before commencing the study, written informed consent
was obtained from all participants, ensuring that they were
fully informed about the nature of the study. The study
received ethical approval from the King Saud University
Ethics Committee (Riyadh, Saudi Arabia; approval No.
E-24-9087), and all procedures were conducted in accor-
dance with the principles of the Declaration of Helsinki,
emphasizing participant safety and rights. The study was
conducted at the clinics of the Department of Optometry,
College of Applied Medical Sciences, King Saud University
(Riyadh, Saudi Arabia).

Specific exclusion criteria were established to maintain
the integrity of the study. Individuals at risk for ocular
dryness, such as those who had undergone recent eye sur-
gery or were taking certain medications, were excluded.
Other risk factors included thyroid disorders, elevated
cholesterol levels, diabetes, and deficiencies in vitamins
A and D. Furthermore, the study did not include pregnant
or breastfeeding women, individuals with eyelid or eye-
lash abnormalities, or contact lens wearers. Additionally,
participants who had undergone thyroid surgery or ra-
dioactive iodine therapy within the previous 3 years were
excluded. Lastly, individuals with hypertension, anemia,
or other serious health conditions were also excluded
to ensure a homogeneous study population. The examiner
was masked to ensure that she was unaware of the group
to which each participant belonged.

The ocular surface disease index

The Ocular Surface Disease Index (OSDI) was used
as a valid and reliable tool to assess the severity of dry
eye disease and its impact on vision-related function.
It is evaluated on a scale from 0 to 100, with higher scores
indicating greater severity of ocular dryness. This index
effectively differentiates between healthy individuals and
patients with dry eye disease, demonstrating both sensi-
tivity and specificity. All participants completed the OSDI
at the beginning of the study. A score below 13 was con-
sidered indicative of normal ocular health.?!

EASYTEAR VIEW+

The lipids in the tear film were assessed using
the EASYTEAR view+ device (EASYTEAR S.R.L., Trento,
Italy). This practical and compact device visually represents
interference within the lipid phase of the tear film, provid-
ing a clearer understanding of lipid layer thickness (LLT).
The same examiner performed all measurements to ensure
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consistency and reliability. The tests were conducted
at a temperature of 20°C and a humidity level below 40%.8

Evaluation of the LLP allows detailed assessment of LLT.
The LLP was categorized into 5 distinct grades: A, B, C,
D, and E, each representing different characteristics and
thicknesses of the lipid layer. Grade A showed a subtle gray
appearance resembling a very thin white-blue layer associ-
ated with a LLT of approx. 13—-15 nm. Grade B presented
a more compact lipid layer, appearing as a slightly thicker
white-blue layer, with an LLT ranging from 30 to 50 nm.
Grade C was characterized by dynamic gray waves with
a white-blue layer displaying distinct color fluctuations.
The thickness of this lipid layer ranged from 50 to 80 nm.
Grade D, with an LLT of approx. 80 nm, revealed a dense
white-blue layer with a uniform appearance. In contrast,
grade E, with an LLT ranging from 90 to 140 nm, displayed
a wide variety of colors.®

Delfin VapoMeter

The TER was measured using a VapoMeter (Delfin Tech-
nologies UK Ltd, Westhumble, UK). The testing procedure
was performed 3 times, with 2 readings obtained during
each test. The 1% reading was recorded with both eyes open
and blinking normally, while the 2"¢ reading was taken
with both eyes closed after a 2-min interval. The TER
was calculated by subtracting the reading obtained with
the eyes closed from that recorded with the eyes open,
and the mean values from the 3 tests were subsequently
calculated. Under normal ocular conditions, the TER
was considered to be below 25 g/m?/h, whereas readings
above 25 g/m?/h indicated evaporative dry eye. Addition-
ally, the effect of 2-propanol (70%) pads on the VapoMeter
was evaluated.'>3

Statistical analyses

The data for this study were collected using Microsoft
Excel 2016 (Microsoft Corp., Redmond, USA). Following
data collection, a detailed statistical analysis and interpre-
tation of the data were performed using IBM SPSS v. 22.0
(IBM Corp., Armonk, USA) and R v. 4.4.3 (R Foundation
for Statistical Computing, Vienna, Austria; session infor-
mation and package details are listed in Supplementary
Table 1).

Normality of age and continuous variables (OSDI and
TER) was assessed within each group using the Shap-
iro—Wilk test (Supplementary Table 2). Due to violations
of normality in the healthy, high BMI, and smoker groups,
nonparametric methods were employed throughout. Be-
tween-group comparisons were performed using the Krus-
kal-Wallis one-way analysis of variance (ANOVA) by ranks
for OSDDI, TER, and LLP. When the omnibus test was
significant (p < 0.05), post hoc pairwise comparisons were
conducted using Dunn’s test with Bonferroni adjustment
for multiple comparisons (6 pairwise comparisons per
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variable). Within-group associations between LLP and
continuous variables (OSDI and TER) were assessed using
Kendall’s tau-b rank correlation coefficient. No multiplicity
adjustment was applied to the correlation analyses, as each
represented a distinct hypothesis within independent pop-
ulations. Descriptive statistics are presented as median
and interquartile range (IQR) values for age, OSDI, TER,
and LLP. Statistical significance was set at p < 0.05 for all
analyses.

Results

Table 1 presents the median (IQR) values for age,
OSDI, TER, and LLP scores in the 4 groups. The OSDI
scores varied according to the participants’ health con-
ditions. Individuals with healthy eyes had OSDI scores
ranging from 1.0 to 13.0, indicating no symptoms of dry
eye. In contrast, the study groups showed significantly
higher scores and, therefore, a greater degree of discom-
fort. Subjects with RE had OSDI scores ranging from 2.1
to 50. Participants with a high BMI presented OSDI scores
between 8.3 and 72.9. Additionally, smokers had scores
ranging from 8.3 to 52.1.

The TER scores also varied across the different groups.
In subjects with healthy eyes, TER scores ranged from 5
to 22 g/m?/h, indicating normal tear evaporation. In indi-
viduals with RE, these scores ranged from 4 to 32 g/m?/h.
Participants with a high BMI reported TER scores ranging
from 6 to 65 g/m?/h, while smokers exhibited the widest
range, with scores from 5 to 75 g/m?/h. For LLP, healthy
individuals reported grades ranging from 2 to 5. Mean-
while, smokers and individuals with RE and a high BMI
reported similar scores ranging from 1 to 5. These findings
demonstrate differences in ocular surface health among
the groups, highlighting the impact of underlying health
conditions on tear film quality parameters.

M.S. Almutairi et al. Lipid layer and tear evaporation

As shown in Table 2, the Kruskal-Wallis omnibus test
for between-group differences was statistically significant
for OSDI (x? = 62.91, n = 120, degrees of freedom (df) = 3,
p <0.001) and LLP (x* = 26.59, n = 120, df = 3, p < 0.001), but
not for TER (x? = 7.20, n = 120, df = 3, p > 0.999). The corre-
sponding effect size estimates for OSDI and LLP were both
large (¢? = 0.503 and 0.198, respectively). Results of Dunn’s
post hoc pairwise comparisons with Bonferroni correction
applied for 6 comparisons per variable are shown in Table 3
for OSDI and LLP. For both OSDI and LLP, significant
differences (p < 0.01 or lower) were observed between
the healthy group and each of the 3 study groups. However,
there was no evidence of significant differences in these
2 measures among the RE, high BMI, and smoker groups.
The analytical results are also illustrated in Fig. 1, which
includes side-by-side box-and-whisker plots with individual
data points for OSDI, TER, and LLP scores by group.

Results of the within-group correlation analyses are
summarized in Fig. 2. Kendall’s tau-b (tb) rank-order cor-
relation coefficient was used to quantify the association
between LLP scores and both OSDI and TER separately
in each of the 4 study groups. No significant associations
were detected for OSDI in any of the groups. By contrast,
significant negative associations were detected in all groups
except the healthy subgroup. For example, in individuals
with a high BMI, a strong negative correlation was found be-
tween TER and LLP scores (tb = —0.563, n = 30, p < 0.001),
indicating that as LLP increased, TER decreased. Similarly,
among smokers, a strong negative correlation (tb = —0.457,
p = 0.002) was also statistically significant, further under-
scoring the inverse relationship between these parameters.
Subjects with RE exhibited a moderate negative correlation
(tb =-0.287,n = 30, p = 0.043) between TER and LLP scores,
suggesting a less pronounced but still meaningful inverse
relationship. Although the association between TER and
LLP scores was also negative among healthy subjects, it was
not statistically significant (tb = —0.199, n = 30, p = 0.043).

Table 1. Demographic and clinical characteristics by study group (n = 120; n = 30 per group). Values are presented as median (IQR) for age, OSDI, TER, and LLP scores

Score/group Healthy (n = 30) RE (n =30)
Age [years] 22.0(2.8) 21.0(3.5)
OSDI 50(5.5) 229(17.1)
TER (g/m?%/h) 124(7.7) 136 (12.5)
LLP 4.0(1.0) 20(1.0)

High BMI (n = 30) Smokers (n = 30)
21.0(2.8) 20.5(3.0)
333(21.7) 27.1(16.1)
16.9 (12.6) 15.0(11.5)
25030 3.0(2.0)

Interquartile ranges (IQRs) were calculated using the R function (IQR) and the type 7 method. OSDI - ocular surface disease index; TER — tear evaporation

rate; LLP — lipid layer patterns; RE — refractive errors; BMI — body mass index.

Table 2. Kruskal-Wallis omnibus tests for group differences

Variable

OSDI 62.907
TER (g/m%/h) 7.201
LLP 26.594

0.000 e
0.066 NS
0.000 FEE

NS - not significant; df — degrees of freedom; OSDI — ocular surface disease index; TER — tear evaporation rate; LLP — lipid layer patterns; *p < 0.05; **p < 0.07;

X < 0,001,
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Table 3. Dunn’s post hoc tests with Bonferroni correction

Variable Pairwise comparison Z-statistic p-value (unadj) p-value (adj)
HBMI — Healthy 7.289 0.000 0.000 o
HBMI - RE 1.935 0.026 0.159 NS
- Healthy — RE —5.354 0.000 0.000 o
HBMI — Smoker 1.094 0.137 0.822 NS
Healthy — Smoker —6.195 0.000 0.000 o
RE — Smoker -0.841 0.200 1.000 NS
TER Not performed = = = omnibus NS
HBMI — Healthy -3.922 0.000 0.000 o
HBMI - RE 0.938 0.174 1.000 NS
P Healthy — RE 4.860 0.000 0.000 o
HBMI — Smoker —0.938 0.174 1.000 NS
Healthy — Smoker 2983 0.001 0.009 **
RE — Smoker —-1.877 0.030 0.182 NS

Bonferroni correction applied for 6 comparisons per variable. *p < 0.05; ** p < 0.01; ***p < 0.001; NS — not significant. Bonferroni correction was applied for
6 comparisons per variable. *p < 0.05; **p < 0.01; ***p < 0.001; OSDI - ocular surface disease index; TER - tear evaporation rate; LLP — lipid layer patterns;
HBMI - high body mass index; RE — refractive errors; unadj — unadjusted; adj — adjusted.

OSsDI TER (g/m?/h) LLP Scores
Kruskal-Wallis: x* = 62.91, p < 0.001 Kruskal-Wallis: x> = 7.2, p = 0.07 Kruskal-Wallis: x* = 26.59 , p < 0.001
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Fig. 1. Box-and-whisker plots with individual data points for ocular surface disease index (OSDI), tear evaporation rate (TER), and lipid layer patterns (LLP)
scores by group. Observed values of the Kruskal-Wallis test statistic and unadjusted p-values for the omnibus test of group differences are listed above
each panel. Post hoc pairwise comparisons were performed for OSDI and LLP only. Brackets indicate significant differences (see Table 2 for details)

Discussion of the current study indeed revealed a robust negative cor-
relation between TER scores and LLP grades, particularly

It was anticipated that the thickness of the lipid layer in individuals with RE, a high BMI, and smokers. Previous
would influence TER. An increased LLT was expected research has shown that both smokers and individuals
to correspond with a reduction in TER.?? The findings with a high BMI tend to have significantly reduced LLT.
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Fig. 2. Relationship between ocular surface disease index (OSDI) and lipid layer patterns (LLP) scores (top row) and between tear evaporation rate (TER)
and LLP scores (bottom row) by study group (healthy, refractive errors (RE), high body mass index (BMI), and smokers, from left to right). In each panel,

the symbols (filled circles) represent individual data points for n = 30 subjects in each group and have been jittered to minimize overplotting. A short black
horizontal line represents the median OSDI or TER score at each LLP level and is connected across LLP values by a dashed line. Annotations in the upper
right corner of each panel show the observed value of Kendall's tau-b rank-order correlation coefficient together with the unadjusted p-value. No
multiplicity adjustment was applied to the correlation analyses, as each represented a distinct hypothesis within independent populations

Moreover, these groups also demonstrated lower tear me-
niscus height (TMH) scores compared with the control
group.?

Elevated TER may increase tear osmolarity, indicating
a higher concentration of solutes in the tear film. This
phenomenon highlights the importance of understanding
the complex relationship between TER and osmolarity,
which requires further investigation. In evaporative dry eye,
moisture loss through evaporation appears to result pri-
marily from osmotic flow across the corneal and conjunc-
tival surfaces rather than from secretion by the lacrimal
glands.?>?* This process acts as a compensatory mechanism
to counteract evaporative moisture loss. As a result, this
interaction helps mitigate the expected rise in osmolarity,
highlighting the delicate balance within the ocular surface
environment.?>2* Tear evaporation rate plays an essential
role in this process and may vary significantly depending
on the LLP of the tear film. Importantly, eyes with thinner
lipid layers exhibit substantially higher TERs, resulting
in increased discomfort and dryness.

The integrity of the tear film lipid layer is essential for
maintaining ocular health, and its disruption is partic-
ularly significant in smokers, in whom studies indicate

an increase in TER of approx. 90-95%.2>2¢ The lipid layer
acts as a protective barrier, and its thickness is inversely
correlated with TER, meaning that as the lipid layer thins,
the TER increases. Interestingly, smokers, individuals
with conditions such as RE, and those with a high BMI
tend to exhibit a reduced thickness of this vital lipid layer.
Thinning of the lipid layer disrupts its normal function,
which may lead to changes in blinking rate.?” Blinking
plays a vital role in maintaining the tear film by effectively
spreading and evenly distributing lipids across its surface.
When the blinking rate changes, instability of the tear
film occurs, resulting in symptoms associated with dry
eye.?® This instability is primarily driven by increased tear
evaporation, causing irritation and discomfort in affected
individuals. The interplay between these factors highlights
the importance of preserving a healthy tear film for overall
ocular health.

Dry eye disease in individuals with meibomian gland
dysfunction (MGD) is alarmingly common, with preva-
lence rates ranging from 20% to 69%.%° Meibomian gland
dysfunction disrupts the delicate balance of the lipid layer,
leading to abnormalities in its components that can sig-
nificantly increase the rate of water evaporation from
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the ocular surface. As such, LLT and integrity serve as criti-
cal indicators of meibomian gland function. Consequently,
evaluation of LLP is an essential diagnostic tool for identify-
ing obstructive MGD. A study involving patients diagnosed
with MGD revealed that the thickness of the lipid layer
does not consistently correlate with other important tear
film parameters, including Schirmer, NIBUT, and TMH
scores.?® This observation has led to the hypothesis that
increased tear fluid production may compensate for the de-
ficiency in the lipid layer resulting from MGD.?! However,
the relationship between LLP and tear production remains
controversial and warrants further investigation to better
understand the underlying mechanisms.

Lipid layer thickness increased with age and exhibited
a significant correlation with both meibomian gland secre-
tion and morphology in middle-aged and older individu-
als with obstructive MGD. Measurement of LLT may serve
as a valuable tool for diagnosing MGD. It is crucial to con-
sider age as an important factor when evaluating the implica-
tions of LLT measurements.?° The LLT of patients with dry
eye disease should not be considered in isolation; instead,
it should be assessed alongside other tear film parameters.3?

Limitations of the study

The study has several limitations worth mentioning.
It involved a relatively small sample size, which may affect
the generalizability of the findings. The research focused
solely on a specific demographic, namely young individu-
als, primarily students from King Saud University. Ad-
ditionally, all participants were recruited from a single
geographic region, Riyadh, which may further limit the di-
versity and scope of the collected data.

Conclusions

Significant differences were found in OSDI and LLP scores
between the control group and the 3 study groups (RE,
high BMI, and smokers). For TER, a significant difference
was observed between the control group and both the RE
and smoker groups. Additionally, a significant difference
in OSDI scores was identified between the RE and high BMI
groups. A strong negative correlation was found between
TER and LLP in smokers and individuals with a high BMIL.
Inindividuals with RE, a moderate negative correlation was
observed between TER and LLP scores.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.17036238. The package contains
the following files:

Supplementary Table 1. R session information.

Supplementary Table 2. Shapiro—Wilk test for normal-

ity by group.
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Abstract

Background. Postoperative urinary tract infection (UTI) following pyeloplasty remains a significant com-
plication and continues to pose challenges in pediatric urological care.

Objectives. This study aimed to develop a simplified predictive model to identify risk factors for postopera-
tive UTI after unilateral pyeloplasty and to support clinicians in implementing preventive strategies targeting
modifiable risk factors.

Materials and methods. Clinical data from children who underwent unilateral pyeloplasty at the Children's
Hospital of Capital Institute of Pediatrics (Beijing, China) between January 2012 and January 2022 were ret-
rospectively analyzed. Variables including sex, age, body mass index (BMI), surgical modality, drainage tube
type, and parameters from blood and urine tests were evaluated. Statistical analyses, including least absolute
shrinkage and selection operator (LASSO) regression, logistic regression, and random forest modeling, were
performed to identify significant predictive factors. Variables with the greatest predictive importance were
used to develop a nomogram, and its clinical utility was evaluated using decision curve analysis (DCA).

Results. Among 764 patients, 265 (35%) developed postoperative UTI. Key risk factors included surgical
modality, laterality of ureteropelvic junction obstruction (UPJO), drainage tube type, blood urea nitrogen
(BUN) level, and patient height. LASSO regression identified 14 predictive variables, while logistic regres-
sion determined independent risk and protective factors. Ultimately, 8 variables (e.g., sex, operative time,
drainage tube type, history of infection, history of fistula, age, BUN level, and renal cortical thickness) were
selected for development of the nomogram predicting postoperative UTI risk after unilateral pyeloplasty.

Conclusions. This study identified 8 factors associated with postoperative UTI following unilateral pyelo-
plasty in children. The developed predictive model may assist clinicians in identifying high-risk patients,
thereby supporting improved perioperative planning and postoperative management.

Key words: risk factors, urinary tract infection, prediction model, unilateral pyeloplasty
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« Postoperative urinary tract infection (UTI) occurred in 35% of children after unilateral pyeloplasty, highlighting
Eight key predictors were identified — gender, operative time, drainage tube type, infection history, fistula history,
age, blood urea nitrogen (BUN) level, and renal cortex thickness.

+ A nomogram-based predictive model was developed, demonstrating strong clinical utility through decision curve

Early risk stratification enables targeted prevention, supporting optimized preoperative planning and postopera-

Background

Ureteropelvic junction obstruction (UPJO) is defined
as an obstruction at the junction between the kidney and
ureter, resulting in decreased urine flow from the renal
pelvis to the ureter. Ureteropelvic junction obstruction
is one of the main causes of infantile hydronephrosis. If left
untreated, it may lead to hydronephrosis, chronic infection,
or urolithiasis and may ultimately result in progressive
renal insufficiency.! Ureteropelvic junction obstruction
may be either congenital or acquired, and endogenous and
exogenous risk factors include urolithiasis, postoperative,
inflammatory, or ischemic stenosis, fibroepithelial polyps,
adhesions, and malignant tumors.

A variety of treatment options are available for UPJO; how-
ever, surgery remains the gold standard, particularly when
urinary drainage does not improve after 18 months of age.
Surgical management of UPJO has advanced considerably
over recent decades, evolving from open pyeloplasty (OP)
to laparoscopic pyeloplasty (LP) and robotic-assisted lapa-
roscopic pyeloplasty (RALP). Although minimally invasive
approaches have gained increasing acceptance in the treat-
ment of UPJO, OP as originally described by Anderson and
Hynes, remains the standard surgical treatment, with re-
ported long-term success rates exceeding 90%.% Compared
with traditional OP, LP offers advantages such as faster re-
covery, shorter hospitalization, and fewer complications,
whereas OP is often associated with shorter operative time.>
However, some studies have reported shorter operative times
for LP compared with OP.* Indications for surgical treat-
ment of UPJO include worsening hydronephrosis during
surveillance, patient-reported symptoms such as flank pain,
recurrent urinary tract infection (UTI), persistent or poorly
controlled hypertension, and reduced or declining differ-
ential renal function, typically defined as ipsilateral renal
function <40% on diuretic renography.>®

However, despite its high success rate, surgical treatment
of UPJO is not without complications. The main postop-
erative complications include UTI, urinary extravasation
or leakage, pyelonephritis, bleeding, and recurrent UPJO.”
Among these, postoperative UTI remains a frequent and
clinically challenging complication for pediatric urologists.

Urinary tract infection, most commonly caused by Esch-
erichia coli, is one of the most common bacterial infections
in children.? Its incidence is higher in boys than in girls
during the 1% year of life (3.7% vs 2.0%), whereas after in-
fancy it becomes more common in girls.’ Previous stud-
ies have identified several risk factors for pediatric UTI,
including male sex, body weight, elevated blood urea ni-
trogen (BUN) levels, recurrent UTI within 3 months, pro-
longed catheter retention, double-] stent placement, and
bilateral double-J stent retention.!®!! However, relatively
few studies have specifically investigated risk factors for
UTTI following unilateral pyeloplasty, particularly in large
pediatric cohorts.

Objectives

We aimed to develop a predictive model for UTI after
unilateral pyeloplasty in children at a large Chinese center,
which may help reduce the incidence of postoperative UTI
and provide a reliable reference for the management of UTI
in children after unilateral pyeloplasty.

Materials and methods
Patients

Clinical data of children who underwent unilateral py-
eloplasty at the Children’s Hospital of the Capital Institute
of Pediatrics (Beijing, China) between January 2012 and Jan-
uary 2022 were retrospectively analyzed. Patient data were
retrieved in May 2023. Inclusion criteria were as follows:
1) children undergoing unilateral pyeloplasty for the first
time; 2) patients meeting the diagnostic criteria for UPJO
according to the European Association of Urology (EAU)
guidelines; and 3) patients with complete follow-up data.
Exclusion criteria were as follows: 1) patients with bilateral
hydronephrosis; 2) patients who received a double-] stent
(internal drainage) and temporary pyelostomy fistula (exter-
nal drainage) simultaneously; 3) patients with multiple con-
genital urinary tract strictures; 4) patients with duplicated
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kidneys or double ureters; 5) patients whose parients or
legal guardians refused participation in the study or de-
clined to sign the informed consent form; and 6) patients
with incomplete follow-up data. The study protocol was
approved by the Institutional Review Board of the Children’s
Hospital of the Capital Institute of Pediatrics (approval No.
SHIERILM?2025005) before commencement of the study,
and all patients’ guardians signed informed consent forms.
Written informed consent for participation in the study and
publication of potentially identifiable images or data was
obtained from all parents.

Variables

Variables including sex, age, height, weight, body mass
index (BMI), surgical modality, indwelling drainage tube
type (double-] stent or pyelostomy fistula), serum cre-
atinine (Cr), BUN, estimated glomerular filtration rate
(eGFR), neutrophil percentage (N%), lymphocyte percent-
age (L%), neutrophil-to-lymphocyte ratio (N/L), anterior-
posterior diameter of the renal pelvis (APD), caliectasis,
and renal cortical thickness were analyzed in this study.

Postoperative UTI definition

Postoperative UTI was defined according to the 2015
EAU guidelines on UTI'2 and the 2016 evidence-based
guidelines on UTT issued by the Urology Branch of the Chi-
nese Medical Association.!® Specifically, postoperative
UTTI included patients presenting with symptoms such
as fever, turbid urine, abnormal urine color, hematuria,
urinary retention, urinary incontinence, urinary fre-
quency, urinary urgency, dysuria, or interrupted urina-
tion. In addition, the definition required 2 consecutive
routine urine test results showing a white blood cell (WBC)
count >5/high-power field (HPF). Furthermore, at least 1
of the following criteria had to be fulfilled: 1) urine cul-
ture showing >10° colony-forming units (CFU)/mL of uro-
pathogens in patients with urinary catheters; or 2) urine
culture showing >10° CFU/mL of uropathogens regardless
of catheter use. Asymptomatic bacteriuria was defined
as the presence of a positive urine culture in patients
without symptoms, accompanied by a urine test showing
a WBC count >5/HPF.

Preventative measures

All patients received cefuroxime sodium (30 mg/kg/day
divided into 3—4 doses) and ceftriaxone sodium (20—80 mg/
kg/day) for 2 days before surgery. In addition, all patients
received postoperative intravenous anti-inflammatory
treatment. A Foley catheter was retained during surgery
and removed 3-5 days postoperatively. A double-] stent
was placed during surgery and removed 8 weeks postopera-
tively. In this study, postoperative UTI was defined as UTI
occurring within 8 weeks after surgery.
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Statistical analyses

The statistical analysis was carried out using R v. 4.2.1
(R Foundation for Statistical Computing, Vienna, Austria)
and IBM SPSS v. 23.0 (IBM Corp., Armonk, USA). Prior
to model construction, comprehensive assumption checks
were performed. Variance inflation factors (VIFs) were
calculated for all variables, with generalized VIF values
for categorical variables ranging from 1.12 to 3.47 (Sup-
plementary Table 1), confirming the absence of multicol-
linearity (VIF < 5). Box-Tidwell tests demonstrated linearity
in the logit for continuous variables (p = 0.213-0.586), and
Shapiro—Wilk tests confirmed normality for all continu-
ous variables (p > 0.05). Results of these tests are presented
in Supplementary Table 1. Continuous variables with skewed
distributions are presented as median [Q1-Q3], whereas
normally distributed variables (e.g., albumin) are shown
as mean * standard deviation (SD).

Participants were randomly divided into training (70%)
and validation (30%) datasets. The random seed was set
to 20230815 (set.seed(20230815) in R) prior to data par-
titioning to ensure reproducibility. The least absolute
shrinkage and selection operator (LASSO) regression was
applied exclusively for variable selection. Ten-fold cross-
validation was used to optimize the penalty parameter
(), with the optimal A (\_min = 0.032) selected accord-
ing to the minimum partial likelihood deviance. LASSO
model settings included a maximum of 1,000 iterations
and a convergence tolerance of 1 x 107%. All 23 candidate
variables (listed in Table 1) were included, and variables
with non-zero coefficients were retained.

Variables selected with LASSO were entered into a mul-
tivariable logistic regression model. Univariable analysis
was intentionally omitted to avoid biased variable selection
and contradictory results. Model discrimination was as-
sessed using the area under the receiver operating charac-
teristic (ROC) curve (AUC). Calibration was evaluated us-
ing the Hosmer—Lemeshow test and calibration plots with
1,000 bootstrap resamples. Clinical utility was quantified
through decision curve analysis (DCA) across probability
thresholds ranging from 0% to 100%. Post hoc power analy-
sis using G*Power 3.1 demonstrated 98.7% power to detect
an odds ratio (OR) >2.0 at « = 0.05. Bootstrap validation
using 1,000 resamples showed consistent OR estimates
within +5% of the original values.

Results

Patients’ demographic and clinical
characteristics

A total of 764 patients were included, of whom 265
(34.7%) developed postoperative UTI. The UTI group con-
sisted predominantly of males (86.0% vs 79.4% in the non-
UTI group) and younger children (median age: 7.3 months
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Table 1. Comparison of baseline characteristics between the urinary tract infection (UTI) and non-UTI groups by univariate analysis

Variable
female
Gender, n (%)
male
OP
Surgery modality, n (%) e

Operation time, median (Q1-Q3) [min]
pyelostomy fistula
Drainage tube type, n (%)
double J-stent
1
Number of operations, n (%) 5

no
History of UTI, n (%)

yes

no
History of pyelostomy fistula, n (%)

yes

no
Abdominal pain, n (%)

yes

congenital
vascular
polyp

valve

Cause of obstruction, n (%)

high-positioned ureter
ureteral rupture
left
Laterality, n (%)
right
Age, median (Q1-Q3) [months]
Weight, median (Q1-Q3) [kg]

Height, median (Q1-Q3) [cm]

BMI, median (Q1-Q3) [km/m?]
TP, median (Q1-Q3) [g/L]
Albumin, median (Q1-Q3) [g/L]
GLB, median (Q1-Q3) [g/L]

A/G ratio, median (Q1-Q3)

UA, median (Q1-Q3) [umol/L]
Cr, median (Q1-Q3) [umol/L]
BUN, median (Q1-Q3) [mmol/L]

N/L ratio, median (Q1-Q3)
APD, median (Q1-Q3) [cm]

eGFR, median (Q1-Q3) [mL/min/m?]
Neutrophil ratio (N9%), median (Q1-Q3)
Lymphocyte ratio (L%), median (Q1-Q3)

Non-UTI (n = 499) UTI (n = 265)
140 (18.3) 103 (20.6) 37 (14.0)
624 (81.7) 396 (79.4) 228 (86.0)
419 (54.8) 310 (62.1) 109 (41.1)
345 (45.2) 189 (37.9) 156 (58.9)
90 (70-120) 90 (70-120) 94 (75-120)
334(43.7) 279 (55.9) 55(20.8)
430 (56.3) 220 (44.1) 210(79.2)
26 (34) 53.0) 11(4.2)
738 (96.6) 484 (97.0) 254 (95.8)
722 (94.5) 478 (95.8) 244(92.1)
42(5.5) 21 (4.2) 21(7.9)
740 (96.9) 495 (99.2) 245(92.5)
4(3.1) 4(0.8) 20(7.5)
621(81.3) 377 (75.6) 244.(92.1)
43(18.7) 122 (24.4) 21(7.9)
42(97.1) 484 (97.0) 258 (97.4)
9(1.2) 7(14) 2(0.98)
9(1.2) 7(14) 2(0.8)
2(03) 1(0.2) 1(04)
1(0.0) 0(0.0) 1(04)
1(0.1) 0(0.0) 1(0.4)
555 (72.6) 374 (74.9) 181 (68.3)
209 (27.4) 125 (25.1) 84 (31.7)
23 (6.4-60) 36 (11-72) 7.3 (3.9-24)
125 (8.5-20) 6 (10-23) 9.2 (75-133)
85 (68-114) 100 (74-120) 71 (65-88)
17.17 (15.5-19.1) 17.01 (15.3-18.9) 17.52 (16.0-19.3)
65.9 (61.5-70.7) 67.8 (63.2-71.9) 62.3 (58.8-67.2)
43.6 (41.7-45.6) 43.7 (41.9-45.5) 43.5(41.4-45.9)
224(17.8-27.3) 24.2 (20.0-28.1) 18.2(16.0-22.7)
1.99 (1.61-2.45) 81(1.56-2.21) 240 (1.92-2.74)
268 (224-308) 271(230-311) 260 (216-305)
29.0 (22.6-37.9) 314 (25.0-39.5) 23.6 (20.4-30.7)
4.10(2.80-5.10) 4.30 (3.20-5.40) 3.20(2.29-4.52)
36.86 (8.77-61.30) 49.13 (24.88-67.63) 10.29 (4.90-35.57)
33.0% (22.1-45.3) 37.0% (25.6-46.7) 26.5% (19.0-41.5)
57.0% (44.9-67.6) 53.0% (42.7-63.8) 62.8% (48.0-71.0)
0.59(0.33-1.02) 0.71(041-1.10) 043 (0.27-0.88)
3.30 (2.70-4.00) 3.30 (2.65-3.80) 340 (2.70-4.30)
2.00 (1.60-3.00) 240 (2.00-3.40) 1.90 (1.30-2.50)

Renal cortical thickness, median (Q1-Q3) [mm]

BMI - body mass index; TP — total protein; Cr — creatinine; UA — uric acid; BUN — blood urea nitrogen; eGFR — estimated glomerular filtration rate;
A/G - albumin/globulin ratio; GLB — globulin; N — neutrophil percentage; L — lymphocyte percentage; N/L — neutrophil-to-lymphocyte ratio;
APD - anterior—posterior diameter; RPT — renal parenchymal thickness; OP — open pyeloplasty; LP — laparoscopic pyeloplasty; UTI — urinary tract infection.

[3.9-24.0] vs 36.0 months [11.0-72.0]). Laparoscopic pyelo-
plasty was performed more frequently in patients with UTI
(58.9% vs 37.9%), whereas OP was more common in the non-
UTI group (62.1% vs 41.1%). Double-]J stent use was mark-
edly higher in the UTI group (79.2% vs 44.1%), and renal

cortical thickness was lower (median: 1.9 mm [1.3-2.5]
vs 2.4 mm [2.0-3.4]). Key biochemical differences were
also observed. Patients with UTI showed lower me-
dian BUN levels (3.2 mmol/L [2.3-4.5] vs 4.3 mmol/L
[3.2-5.4]) and eGFR values (10.29 mL/min/m? [4.9-35.6]
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vs 49.13 mL/min/m? [24.9-67.6]). The N/L ratio was lower
in UTI cases (0.43 [0.27—0.88] vs 0.71 [0.41-1.10]), whereas
the L% was higher (62.8% [48.0—71.0] vs 53.0% [42.7—63.8]).
No notable differences were observed in albumin levels
(43.5 g/L [41.4-459] vs 43.7 g/L [41.9-45.5]) or renal pelvis
APD (3.4 cm [2.7-4.3] vs 3.3 cm [2.7-3.8]). Full baseline
characteristics are presented in Table 1.

Identification of predictive variables for
UTI after unilateral UPJO through LASSO
regression analysis

In the present study, the LASSO regression method was
employed to identify significant predictive variables. By ap-
plying a penalty parameter (\) and using 10-fold cross-vali-
dation, an optimal set of variables was selected. At the mini-
mum value of log()\), denoted as log(M\)_min, a random seed
was set to ensure reproducibility of the results. The final
model included 14 predictive variables, with coefficients pre-
sented in Table 1. The intercept coefficient was —0.610070252.
The coefficient for sex (genderl) was 0.115231168, suggesting
that changes in this variable were associated with changes
in the risk of postoperative UT1I following unilateral UPJO,
while other variables remained constant. The coefficient for
operative time was 0.003582231, indicating a slight increase
in postoperative UTI risk with longer operative duration.
The coefficient for drainage type (drainagel, 1.077044923)
was the highest among all variables, indicating a strong as-
sociation with postoperative UTI risk. The coefficients for
infection history and fistula history were 0.351245843 and
0.71021905, respectively, suggesting positive associations
with postoperative UTI risk. LASSO coefficients are regular-
ized estimates for variable selection; their magnitude differs
from logistic regression coefficients. Direction and signifi-
cance were confirmed in the final model.

The coefficients for age and height were —0.00270678
and -0.004534245, respectively, indicating negative as-
sociations with postoperative UTT risk, with age showing
a relatively small effect size. Other biochemical indica-
tors, including TP, albumin/globulin (A/G) ratio, Cr, BUN,
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and eGFR, also had negative coefficients, suggesting that
higher values were associated with lower postoperative
UTI risk. The coefficient for APD was 0.006521787, indi-
cating a positive association with postoperative UTT risk,
whereas the coefficient for renal cortical thickness was
-0.152582245, suggesting that thinner renal cortex was
associated with increased postoperative UTI risk. Further
results are presented in Table 2 and Fig. 1.

Variable selection and multivariable
logistic regression analysis

Employing LASSO regression with 10-fold cross-valida-
tion, 8 predictive variables were selected from 23 candidate
features (Fig. 1A,B). These variables were subsequently
included in a multivariable logistic regression model.
Double-] stent placement emerged as the strongest risk
factor (OR = 6.41, 95% confidence interval (95% CI): 3.78—
10.89, p < 0.001), followed by male sex (OR = 2.15, 95% CI:
1.28-3.63, p = 0.004) and history of fistula (OR = 4.26,
95% CI: 1.85-9.81, p = 0.001). Protective factors included
age (OR = 0.98 per month, 95% CI: 0.97-0.99, p < 0.001),
BUN level (OR = 0.85 per mmol/L, 95% CI: 0.74—0.98,
p =0.030), and renal cortical thickness (OR = 0.77 per mm,
95% CI: 0.61-0.96, p = 0.023). Variables such as A/G ratio
and APD did not reach statistical significance (p > 0.05).
Complete results are presented in Table 2.

Development, performance, and internal
validation of the predictive nomogram

Utilizing the 8 identified predictive factors, a nomo-
gram was developed to assess the risk of UTI after uni-
lateral UPJO, as shown in Fig. 2. The nomogram assigned
scores to each variable, and the total score was calculated
as the sum of the individual scores for all 8 variables.
At the bottom of Fig. 2, a predictive scale correlates total
scores with the corresponding probabilities of postopera-
tive UTT after unilateral UPJO. An increase in the total
score indicates a higher risk of postoperative UTI

Table 2. Variables selected with LASSO regression and final multivariable logistic regression results

Variable LASSO coefficient Adjusted OR (95% Cl)

Intercept —0.6101 - -

Double-J stent (yes vs no) 1.0770 6.41(3.78-10.89) <0.001
Male sex 0.1152 2.15(1.28-3.63) 0.004
Operative time (per min) 0.0036 1.01 (1.00-1.02) 0.003
History of UTI 03512 3.93(1.24-1245) 0.020
History of pyelostomy fistula 0.7102 4.26 (1.85-9.81) 0.001
Age (per month) —0.0027 0.98 (0.97-0.99) <0.001
BUN (per mmol/L) —0.0106 0.85 (0.74-0.98) 0.030
Renal cortical thickness (per mm) -0.1526 0.77 (0.61-0.96) 0.023

LASSO - least absolute shrinkage and selection operator; OR — odds ratio; 95% Cl — 95% confidence interval; BUN - blood urea nitrogen; UTI — urinary tract

infection.
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Fig. 1. Least absolute shrinkage and selection operator (LASSO) regression process for variable selection. A. Optimal parameter (\) determination using
10-fold cross-validation, where the dotted vertical lines indicate the optimal points based on the minimum criteria and the one-standard-deviation rule;

B. LASSO coefficient profiles for candidate variables
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The nomogram demonstrated AUC values of 0.844
(95% CI: 0.808-0.879) and 0.789 (95% CI: 0.723-0.855)
in the training and validation datasets, respectively
(Fig. 3A). Calibration plots for both cohorts closely aligned

with the ideal curve after bias correction, indicating good
agreement between predicted probabilities and observed
outcomes (Fig. 3B,C). Furthermore, the Hosmer—Lem-
eshow test yielded a p-value of 0.666, supporting adequate
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Fig. 3. A. Receiver operating characteristic (ROC) curves for the proposed nomogram; B,C. Calibration curves of the nomogram for the training dataset (B)
and internal validation dataset (C); D. Decision curve analysis (DCA) of the proposed nomogram

model calibration. The DCA demonstrated significant net
clinical benefit across threshold probabilities ranging from
9% to 89% (Fig. 3D). Collectively, these findings support
the discriminative performance, calibration, clinical util-
ity, and potential generalizability of the nomogram.

Discussion

Ureteropelvic junction obstruction is defined as a block-
age at the junction between the renal pelvis and the ure-
ter, with an estimated incidence of 1 per 1,000-1,500
individuals.” It is more common in boys than in girls and
represents the most frequent cause of antenatally detected
hydronephrosis, accounting for approx. 80% of cases.!*

At present, surgical treatment remains the gold standard
for UPJO, with reported long-term success rates exceed-
ing 90%. Surgical management of UPJO has advanced
considerably over recent decades, from the introduction
of OPin 1892' to the development of LP in 1993, followed
by RALP in 2002.17

Despite the high success rate of pyeloplasty, postopera-
tive complications remain clinically important. The 2 most
common complications include UTIand prolonged urinary
leakage. Among these, postoperative UTI remains a fre-
quent and challenging complication in pediatric urology.
Therefore, identifying children at high risk of postopera-
tive UTI before pyeloplasty is important for implementing
preventive strategies targeting modifiable risk factors and
improving postoperative management.
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The present study developed a simplified predictive
model to identify risk factors for postoperative UTI and
assist clinicians in implementing preventive strategies.
To our knowledge, this study includes one of the largest
datasets evaluating pediatric UTI following unilateral py-
eloplasty. The predictive model identified open surgery,
left-sided UPJO, double-] stent placement, low BUN lev-
els, and shorter height as major factors associated with
postoperative UTI risk. Previous studies have reported
double-] stent placement, elevated BUN levels, and shorter
height as potential risk factors.'®!® However, laterality has
not previously been reported as a risk factor. In the pres-
ent study, patients with left-sided UPJO were more likely
to develop postoperative UTI. One possible explanation
is that approx. 60% of UPJO cases are left-sided,?® which
is consistent with the findings of this study (right-sided
UPJO: 33%; left-sided UPJO: 67%). Furthermore, the left
ureter is generally slightly longer than the right ureter,
which may contribute to greater urinary stasis and in-
creased susceptibility to urinary reflux and infection.

In the present study, 265 (35%) children developed post-
operative UTI, which is markedly higher than the pre-
viously reported rates of 7.8-10%,%"%2 but slightly lower
than the 37.30% reported by Wang et al.,'® who attributed
the high incidence to the exclusion of pediatric patients
receiving intraoperative antibiotics. Consistent with
the findings of the present study, previous reports have
suggested that indwelling double-] stents may represent
amajor risk factor for bacteriuria (3—10%) and may increase
the risk of infection by 10-25%.23

According to Kabbani et al., the presence of an indwelling
internal tube was identified as a significant risk factor for
postoperative UTT in children after cardiac surgery, with
an infection density rate of 18 per 1,000 urinary catheter-
days.?* Similarly, Wang et al. found that infants with indwell-
ing double-J catheters were at higher risk of UTL” In addi-
tion, Kitano et al. demonstrated that indwelling drainage
tubes, hydronephrosis, and kidney stones were associated
with an increased risk of UTL?® Furthermore, previous stud-
ies have suggested that prolonged indwelling drainage tube
duration is associated with an elevated risk of UTTin pediat-
ric intensive care unit (PICU) patients.?>?* This association
may result from bacterial adherence to the tube wall and sub-
sequent biofilm formation during catheterization. Strategies
such as appropriate indications for tube insertion, effective
management of catheter leakage, and prompt tube removal
may help reduce the risk of catheter-associated UTIs.%

In the present study, low BUN levels (<3.34 mmol/L)
were identified as a risk factor, which is inconsistent with
the findings reported by Wang et al. Wang et al. suggested
that BUN levels >4.3 mmol/L may also represent a risk fac-
tor, whereas the present study identified lower BUN levels
(<3.4 mmol/L) as being associated with increased postop-
erative UTI risk. In addition, children undergoing OP were
found to be at higher risk of postoperative UTI than those
receiving LP. This finding is consistent with a meta-analysis

H. Wang et al. Model for UTl in children after UP

of 14 studies,'® which reported that OP (6.06%) was as-
sociated with a higher complication rate than LP (4.76%),
including urinary leakage and UTI. In that analysis, urinary
leakage occurred in 15 LP cases and 12 OP cases, whereas
UTI developed in 9 LP cases and 14 OP cases. Similarly,
Wang et al. reported that OP was associated with a higher
risk of postoperative UTI compared with LP.?

In this investigation, LASSO regression followed by mul-
tivariable logistic regression was used to identify predictive
factors associated with the risk of UTI following unilateral
UPJO surgery. The integration of these statistical methods
provided a comprehensive approach to model development
and variable selection, enhancing the robustness and reli-
ability of the findings. The results highlighted the impor-
tance of variables such as sex, operative time, drainage tube
type, infection history, fistula history, age, BUN level, and
renal cortical thickness.

Previous studies have suggested that preoperative drug
susceptibility testing and prophylactic antibiotics should
be considered in children at moderate or high risk of post-
operative UTL.!26-28 However, in the present study, the in-
cidence of infection remained high despite the use of pro-
phylactic antibiotics. In addition, cranberry products have
been reported as a potential prophylactic strategy against
UTI in otherwise healthy children.?

Most importantly, a predictive nomogram was devel-
oped and demonstrated good discriminatory performance
and calibration, as reflected by the AUC values, calibra-
tion plots, and DCA results. This nomogram may provide
a useful tool for clinical risk assessment and perioperative
decision-making in children undergoing unilateral UPJO
surgery. Overall, the analysis of these predictive factors
highlights their potential contribution to postoperative
UTI risk and may support future optimization of patient
management strategies.

Limitations of the study

This study has several limitations. First, this was a sin-
gle-center rather than a multicenter study, and its retro-
spective design may have introduced bias into the results.
Second, external validation was lacking. Third, there
is a lack of globally representative data. As the number
of patients increases, additional risk factors may be identi-
fied and more effective predictive models may be devel-
oped. Therefore, further large-scale multicenter studies
are needed to validate these findings.

Conclusions

Eight risk factors, including surgical modality, laterality,
drainage tube type, BUN level, and height, were identified
and used to develop a predictive model for postoperative
UTTin children undergoing unilateral pyeloplasty. This sim-
plified risk-scoring model may be useful in clinical practice
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by helping surgeons identify relevant preoperative risk fac-
tors, monitor children at high risk of postoperative UTI, and
improve postoperative management of affected patients.
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The supplementary materials are available at https://
doi.org/10.5281/zenodo.17018533. The package contains
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Supplementary Table 1. Generalized variance inflation
factors (GVIF) and adjusted GVIF for variables, along with
Box-Tidwell and Shapiro—Wilk test results.
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Abstract

Background. Given that long-term anticoagulant therapy is required in many clinical scenarios, continu-
ous safety monitoring of direct factor Xa inhibitors is of great importance. To date, the renal safety of these
agents remains a subject of debate.

Objectives. The aim of this study was to assess the association between direct factor Xa inhibitors and acute
kidney injury (AKI) using data from the U.S. Food and Drug Administration (FDA) Adverse Event Reporting
System (FAERS).

Materials and methods. The study period extended from the first quarter of 2014 to the last quarter
of 2024, and reports of adverse events (AEs) related to rivaroxaban and apixaban were extracted separately
from FAERS. The association between direct factor Xa inhibitors and AKI was evaluated using dispropor-
tionality analysis methods.

Results. Rivaroxaban-associated AKI was more common in men, and the risk was higher among patients
older than 65 years. Rivaroxaban showed a significant positive signal for AKI in patients older than 65 years,
with a reported reporting odds ratio (ROR) of 3.82 (95% confidence interval (95% (l): 3.65—4.01), propor-
tional reporting ratio (PRR) of 3.78, EBGMO5 of 3.68, and 1025 of 1.88. In comparison, apixaban showed
no significant risk signal, with an ROR of 0.86 (95% Cl: 0.79—0.94), PRR of 0.86, EBGMO5 of 0.86, and 1C025
of —0.34. Acute kidney injury typically occurred at a median of 109 days after treatment initiation, with
approx. 50% of cases occurring within the first 3 months. The main outcomes of AKI were hospitalization
(56.06%) and death (37.67%).

Conclusions. Our findings suggest a significant association between rivaroxaban use and AKI in elderly
patients. Clinical monitoring of renal function should be intensified in elderly patients receiving rivaroxaban.
However, it should be emphasized that this study presents only disproportionality analysis results and cannot
establish a causal relationship between rivaroxaban and AKI. Therefore, the findings should be interpreted
with caution.

Key words: acute kidney injury, rivaroxaban, spontaneous reporting system, direct factor Xa inhibitors,
disproportionality analysis
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Highlights

elderly patients receiving rivaroxaban.
to substantial rates of hospitalization and mortality.

among direct factor Xa inhibitors.

» FAERS pharmacovigilance analysis identified a significant reporting signal for acute kidney injury (AKI) among
+ Rivaroxaban-associated AKI occurred most frequently within the first 3 months of treatment and was linked
+ Nosignificant AKI safety signal was detected for apixaban, suggesting potential differences in renal safety profiles

+ Enhanced renal function monitoring may be warranted in older adults treated with rivaroxaban, although causal
relationships cannot be established from spontaneous reporting data.

Background

Direct factor Xa inhibitors are widely used novel oral
anticoagulants that exert their anticoagulant effects by di-
rectly and reversibly binding to coagulation factor Xa and
inhibiting its activity without requiring a cofactor.! Com-
pared with traditional anticoagulants, direct factor Xa
inhibitors offer a faster onset of action, more predictable
anticoagulant effects, a wider therapeutic window, no re-
quirement for routine monitoring, and fewer interactions
with food and other medications.? Currently, rivaroxaban
and apixaban are the most commonly used agents in this
class and have demonstrated particularly strong market
performance. Since its approval, rivaroxaban has shown
continuous global sales growth, reaching $6,568 billion
in 2018. However, in recent years, its market share has been
surpassed by apixaban, whose global sales reached $10,263
billion in the 1% half of 2023 alone, making it the 2"! best-
selling drug worldwide.

Given that long-term anticoagulant therapy is required
in many clinical settings, continuous safety monitor-
ing of direct factor Xa inhibitors is of great importance.
To date, the renal safety of these agents remains controver-
sial. A case report described a patient receiving long-term
rivaroxaban therapy who was found to have previously un-
recognized glomerular disease.? Marcelino et al. analyzed
data from regulatory centers in 134 countries and found
that rivaroxaban, apixaban, and edoxaban were associated
with renal adverse events (AEs) in 3.5%, 2.0%, and 1.7%
of cases, respectively.* Among users of direct factor Xa
inhibitors, acute kidney injury (AKI) is the most frequently
reported renal AE, and severe cases may require renal re-
placement therapy.>~1° A pharmacovigilance study based
on the U.S. Food and Drug Administration (FDA) Adverse
Event Reporting System (FAERS) identified a significant
disproportionality signal between rivaroxaban and AKL!!

On the other hand, several studies have suggested poten-
tial renoprotective effects of these drugs. A meta-analysis
indicated that rivaroxaban was associated with favorable re-
nal outcomes in patients with diabetes and preexisting kid-
ney disease, as well as in elderly populations and and Asian
cohorts.!? In patients with nonvalvular atrial fibrillation and

end-stage chronic kidney disease (CKD), rivaroxaban has
been associated with a significantly lower incidence of major
bleeding compared with warfarin.!® Furthermore, evidence
suggests that direct factor Xa inhibitors are associated with
a lower risk of AKI compared with warfarin.!*

Against this background, further evaluation is needed
to determine whether a potential safety signal exists be-
tween direct factor Xa inhibitors and AKI using real-world
data. Pharmacovigilance is a key method for monitoring
associations between drugs and AEs following market
approval. The FAERS is a spontaneous reporting data-
base that collects reports of suspected adverse drug reac-
tions!®1® and serves as an important source of information
for post-marketing drug safety research.'”

Objectives

To clearly illustrate the association between direct factor
Xa inhibitors and kidney injury, this study comprehen-
sively analyzed post-marketing kidney injury AEs asso-
ciated with direct factor Xa inhibitors using real-world
FAERS data. The study investigated the relationship be-
tween direct factor Xa inhibitors and kidney injury AEs
and their influencing factors, compared differences in re-
nal injury AEs between 2 direct factor Xa inhibitors, and
aimed to provide a reference for their clinical use.

Materials and methods
Data source

This study was designed as an observational, retro-
spective, cross-sectional pharmacovigilance analysis
covering the period from the 1% quarter of 2014 (Q1 2014)
to the 4™ quarter of 2024 (Q4 2024). Data were extracted
from the FAERS, a publicly accessible large-scale spontane-
ous AE reporting database (https://fis.fda.gov/extensions/
FPD-QDE-FAERS/FPD-QDE-FAERS.html). As all data
used in this study were anonymized and de-identified,
ethical approval was not required.
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Drug selection and adverse
reaction definition

This study focused on 2 widely used direct factor Xa
inhibitors, rivaroxaban and apixaban. To minimize po-
tential confounding effects from concomitant medica-
tions, only reports in which rivaroxaban or apixaban was
listed as the primary suspect drug were included. Reports
involving co-medications were excluded. Adverse events
in the FAERS database were defined using Preferred Terms
(PTs) from v. 25.0 of the Medical Dictionary for Regula-
tory Activities (MedDRA; https://www.ich.org/page/med-
dra). We identified relevant AEs using the PT “acute kid-
ney injury (AKI)” as the target keyword. Reports related
to the target drugs were screened using both their generic
and brand names. For each eligible report, we extracted
basic information, including patient age, sex, report year, re-
porting country, indication, and clinical outcome. The time
to onset (TTO) of AKI associated with direct factor Xa
inhibitors was defined as the interval between EVENT_DT
(event date) in the DEMO file and START_DT (start date
of drug administration) in the THER file. Records were ex-
cluded if data were missing or inaccurate, or if the reported
event occurred before the start of drug administration.

Statistical analyses

This study utilized a disproportionality analysis approach
to evaluate the relative risk of AKI in patients treated with
direct factor Xa inhibitors. By comparing the observed
number of AE reports with the expected number, this
method helps identify signals that may indicate an increased
risk of adverse reactions and serves as a key tool for post-
marketing drug safety surveillance. To improve the accu-
racy of signal detection, we employed several commonly

Table 1. Summary of the major algorithms used for signal detection

Algorithms | Equation | Criteria
ROR ROR = (a/b)/(c/d) lower 95% C| > 1,
95% (| = e\n(ROR)ﬂv%(1/a+1/b+1/c+ 1/d)70.5 n=3

PRR = (a/(a+0))/(b/(b+d))
PRR22,)%> 4,

PRR X2 = 5((0 - B)/E); h3
(O =43, E=(a+ b)(a+c)/(a+b+c+d))

Aexp = ((@+b)*(@+0))/(a+b+c+d)

BCPNN IC = log,((@+0.5)/(aexp+0.5)) [Cop5 >0
ICops = IC-3.3%(a+0.5)%° — 2*(a+0.5)""»

VGRS EBGM = a(a+b+c+d)/((a+c)(a+b)) EBGMO5 > 2,
EBGMO5 = e\n(EBGM)—1.64(1/a+1/b+1/c+1/d)A0.5 n>3

a - report count of the target adverse event for the target drug;

b - report count of other adverse events for the target drug; ¢ — report
count of the target adverse event for all other drugs; d — report count
of other adverse events for all other drugs; ROR - reporting odds ratio;
PRR - proportional reporting ratio; BCPNN — Bayesian Confidence
Propagation Neural Network; MGPS — Multi-item Gamma Poisson
Shrinker; IC — information component; EBGM — empirical Bayes
geometric mean; 95% Cl — 95% confidence interval.
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Table 2. A 2 x 2 contingency table used for disproportionality analysis

Direct factor Xa

Number of cases inhibitors Other drugs
Acute kidney injury a C
Non-acute kidney injury b d

a - report count of the target adverse event for the target drug; b — report
count of other adverse events for the target drug; ¢ — report count

of the target adverse event for all other drugs; d - report count of other
adverse events for all other drugs.

used disproportionality measures, including reporting odds
ratio (ROR),!® proportional reporting ratio (PRR),!° Bayesian
Confidence Propagation Neural Network (BCPNN),?° and
Multi-item Gamma Poisson Shrinker (MGPS).?! A signal
was considered positive only if the predefined threshold cri-
teria for all 4 algorithms were met. The specific mathemati-
cal formulas and evaluation criteria are detailed in Table 1.
All disproportionality indicators were calculated based
on 2 x 2 contingency tables, as presented in Table 2.

To assess the robustness of our findings, ibuprofen was
selected as a positive control and insulin glargine as a nega-
tive control. Additionally, subgroup analyses were per-
formed based on sex and age groups to enhance the inter-
pretability and reliability of the results.

All data processing and statistical analyses were con-
ducted using Microsoft Excel 2019 (Microsoft Corp., Red-
mond, USA) and R v. 4.2.1 (R Foundation for Statistical
Computing, Vienna, Austria). The primary R packages
used for data cleaning, analysis, and visualization included
“desc”, “tidyverse”, “tablel”, “openxlsx”, “data.table”, “dplyr”,
and “ggplot2”.

Results
Basic characteristics

A total of 108,819 AE reports related to rivaroxaban and
135,127 reports related to apixaban were retrieved from
the FAERS database between Q1 2014 and Q4 2024. Among
them, 2,479 reports of AKI were associated with rivaroxaban
(2.28%), while 601 AKI cases were associated with apixaban
(0.44%). The annual number of AE reports related to direct
factor Xa inhibitors over the past decade is shown in Fig. 1.

Descriptive analyses of the clinical characteristics
of the reported cases are summarized in Table 3. In both
drug groups, AKI cases were predominantly reported
in male patients and primarily occurred in individuals
aged 65 years and older. Notably, AKI reports were rare
among individuals younger than 18 years, likely reflecting
the demographic profile of the treated population. The ma-
jority of AKI-related reports originated from the USA and
France. The most frequently reported indications for direct
factor Xa inhibitors included atrial fibrillation, cerebro-
vascular accident prophylaxis, thrombosis prophylaxis,
pulmonary embolism, and hypertension.
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Fig. 1. Annual number of adverse
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Disproportionality analysis in elderly
patients aged over 65 years

Since most AKI reports occurred in elderly patients
(=65 years), disproportionality analysis was limited to this
subgroup, using the entire FAERS database as the reference.
To validate the analytical performance of FAERS, ibupro-
fen and insulin glargine were used as positive and negative
controls, respectively. As shown in Table 4, all 4 dispropor-
tionality methods indicated a strong association between
ibuprofen and AKI (ROR = 5.75, 95% confidence interval
(95% CI): 5.31-6.22; PRR = 5.63, x* = 2,377.41; EBGM = 5.58,
EBGMO5 = 5.22; IC = 2.47, IC025 = 2.34), whereas no sig-
nificant association was observed for insulin glargine
(ROR = 0.11, 95% CI: 0.08-0.16; PRR = 0.11; EBGM = 0.12,
EBGMO5 = 0.09; IC = -3.10, IC025 = —3.68). Subsequent
disproportionality analysis using 4 methods (ROR, PRR,
EBGM, and IC) revealed a significant signal for the associa-
tion between rivaroxaban and AKI in patients aged =65 years,
while no such signal was observed for apixaban (Table 4).

2021 2022 2023 2024

Rivaroxaban exhibited a high ROR (3.82, 95% CI: 3.65—4.01),
whereas apixaban had a lower ROR (0.86, 95% CI: 0.79—-0.94).
The PRR results were consistent with the ROR findings:
the PRR for rivaroxaban was 3.78 (x* = 3543.98), whereas
that for apixaban was 0.78 (x? = 10.73). Further validation
using EBGM and IC also confirmed these findings: rivaroxa-
ban showed EBGM = 3.68 (EBGMO5 = 3.54) and IC = 1.88
(IC025 =1.80), both exceeding the signal thresholds. In con-
trast, apixaban had EBGM = 0.86 (EBGMO05 = 0.80) and
IC = -0.21 (IC025 = —0.36), indicating no signal. Based
on these results, subsequent analyses focused on rivaroxa-
ban, which showed a significant association with AKI.

Comparative analysis with other
antithrombotic agents

In addition to direct factor Xa inhibitors, commonly used
oral antithrombotic agents include warfarin and aspirin.
Figure 2 displays the variation in AKI signals for rivaroxa-
ban and apixaban using warfarin or aspirin as reference
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Table 3. Characteristics of acute kidney injury events associated with direct factor Xa inhibitors reported in the U.S. Food and Drug Administration (FDA)
Adverse Event Reporting System (FAERS) database, 2014-2024

Characteristics Rivaroxaban, n (%) Apixaban, n (%)
All adverse events 108,819 135,127
Acute kidney injury 2,479 (2.28%) 601 (0.44%)
male 1,379 (1.27%) 320 (0.24%)
Gender female 1,066 (0.98%) 255 (0.19%)
not reported 34 (0.03%) 26 (0.02%)
<18 2 (0.00%) 0 (0.00%)
18 to <65 598 (0.55%) 51 (0.04%)
Age groups 65 to <75 829 (0.76%) 152 (0.11%)
>75 960 (0.88%) 340 (0.25%)
not reported 90 (0.08%) 58 (0.04%)
consumer 1,809 (1.66%) 120 (0.09%)
physician 238 (0.22%) 208 (0.15%)
Reported health professional 209 (0.19%) 89 (0.07%)
occupation other health professional 98 (0.09%) 50 (0.04%)
pharmacist 98 (0.09%) 127 (0.09%)
not reported 4 (0.00%) 3 (0.00%)
USA 2,106 (1.94%) 184 (0.14%)
France 88 (0.08%) 128 (0.09%)
Sgﬁgg;d Germany 51 (0.05%) 52 (0.04%)
UK 50 (0.05%) 57 (0.04%)
Italy 25 (0.02%) 33 (0.02%)
atrial fibrillation 695 (0.64%) 90 (0.07%)
cerebrovascular accident prophylaxis 577 (0.53%) 290 (0.21%)
Indication thrombosis prophylaxis 341 (0.31%) 22 (0.02%)
deep vein thrombosis 336 (0.31%) 17 (0.01%)
pulmonary embolism 154 (0.14%) 21(0.02%)

Table 4. Disproportionality analysis of acute kidney injury (AKI) events associated with direct factor Xa inhibitors in elderly patients aged over 65 years

ROR (95% Cl) EBGM (EBGMO05) IC (ICq25)
Ibuprofen (positive control) 5.75(5.31-6.22) 5.63(2,37741) 5.58 (5.22) 248 (2.36)
Insulin glargine (negative control) 0.11 (0.08-0.16) 0.11 (226.54) 0.12 (0.09) -3.12(=3.61)
Rivaroxaban 3.82 (3.65-4.01) 3.78 (3,543.98) 3.68 (3.54) 1.88(1.81)
Apixaban 0.86 (0.79-0.94) 0.86 (10.73) 0.86 (0.80) -0.21(-0.34)

Values in bold indicate a positive signal. ROR - reporting odds ratio; PRR — proportional reporting ratio; BCPNN - Bayesian Confidence Propagation Neural
Network; MGPS - Multi-item Gamma Poisson Shrinker; IC — information component; EBGM — empirical Bayes geometric mean; 95% Cl — 95% confidence
interval..

Drug ROR (95% CI)  Fig. 2. Changes in acute kidney injury (AK)

: . a signals for rivaroxaban and apixaban when
Rivaroxaban vs Warfarin 3.13 (2.69-3.64) warfarin or aspirin was used as the reference

Apixaban vs Warfarin = ' 0.47(0.40-0.55) g
Rivaroxaban vs Aspirin + 0.99 (0.93-1.05) ROR e odds
. i 4 — reporting odas ratio;
Apixaban vs Aspirin — ‘ ‘ ‘ | 023 (0.21-0.25)  gs6, ) “'9505 conficence mierval,
0 1 2 3 4

Low risk High risk

drugs. Compared with warfarin, rivaroxaban showed CI: 0.40-0.55). When compared with aspirin, neither ri-
a significant association with AKI (ROR = 3.13, 95% CI: varoxaban (ROR = 0.99, 95% CI: 0.93-1.05) nor apixaban
2.69-3.64), whereas apixaban did not (ROR = 0.47, 95% (ROR =0.23,95% CI: 0.21-0.25) showed a significant signal.
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Table 5. Rivaroxaban-associated AKl according to clinical characteristics in patients aged over 65 years

Characteristics Patients (total)

female 47878
Sex
male 48,145
65-75 21,823
Age [years]
>75 26,757

Number of AKI cases Proportion of AKI (%) ROR (95% Cl)
1,066 223% 6.05 (5.69-6.43)
1,379 2.86% 4.12 (3.90-4.35)
829 3.80% 4.55 (4.24-4.88)
960 3.59% 3.11(291-3.31)

AKI - acute kidney injury; ROR - reporting odds ratio; 95% Cl — 95% confidence interval.

Subgroup analysis in patients aged
over 65 years

Given the observed association between rivaroxaban
and AKI in older adults, a stratified analysis by sex and
age was conducted to control for potential confounders
(Table 5). Reporting odds ratio values for rivaroxaban re-
mained above the signal threshold across all subgroups.
Notably, the risk was more pronounced in elderly females,
with an ROR of 6.05 (95% CI: 5.69-6.43), indicating higher
susceptibility in this population. It should be noted that
these findings warrant confirmation in larger, high-quality
prospective studies.

Time to onset

The median time to AKI onset following rivaroxaban
administration was 109 days (interquartile range (IQR):
22-340 days). Approximately 50% of AKI events occurred
within the first 3 months of treatment. Interestingly, about
10% of AKI cases emerged within the 1°* week of drug ex-
posure (Fig. 3).

Prognosis of rivaroxaban-associated AKI
in patients over 65 years

To assess the clinical outcomes of rivaroxaban-asso-
ciated AKI, hospitalization and fatality rates were ana-
lyzed using the FAERS database (Table 6). The results
indicated a hospitalization rate of 56.06%, a fatality rate
of 37.67%, and a life-threatening event rate of 4.02%,
all of which were significantly higher than those ob-
served in patients without AKI. These findings high-
light the substantial impact of AKI on clinical outcomes
in this population.

Table 6. Outcomes of AKl events in elderly patients aged over 65 years

Rivaroxaban

Outcome

AKI (n=1,789) non-AKI (n =46,791)

Death 674 (37.67%) 8,866 (18.95%)
Hospitalization 1,003 (56.06%) 22,264 (47.58%)
Life-threatening events 72 (4.02%) 2,089 (4.47%)

Other serious events 34 (1.90%) 8,800 (18.81%)

AKI - acute kidney injury.

Time to event onset [days]

s _ i

>360 days
181-360 days-
151-180 days
121-150 days-
91-120 days
61-90 days-

31-60 days-

4.90- 31
4.72-27

30 25 20 15 10 5 0 50 100 150 200

B Percentage [ Number of cases

Fig. 3. Time to onset of acute kidney injury (AKI) following rivaroxaban
administration

Discussion

Currently, post-marketing safety data regarding direct
factor Xa inhibitors and their use in renal disorders remain
limited. The FAERS database, as one of the major global
resources for detecting signals of rare AEs,?? provides in-
valuable data for pharmacovigilance and pharmacoepide-
miological research and is freely accessible to researchers.
In this study, we systematically investigated the potential
renal adverse effects associated with direct factor Xa in-
hibitors using the FAERS surveillance system.

From spontaneous reports submitted between 2014 and
2024, we identified 2,479 AKI cases associated with rivaroxa-
ban and 601 associated with apixaban. Although FAERS data
cannot be used to estimate the true incidence rate, the pro-
portion of AKI among all rivaroxaban-related AEs was
2.28% (2,479/108,819), suggesting that this AE may not be
asrare as described in the product label. The main strength
of this study lies in being the first to systematically evaluate
the potential association between direct factor Xa inhibitors,
particularly rivaroxaban, and AKI. All 4 disproportionality
analysis methods indicated a significant signal for rivar-
oxaban-associated AKI: ROR = 3.82 (95% CI: 3.65-4.01),
PRR = 3.78 ( = 3,543.98), EBGM = 3.68 (EBGMO5 = 3.54),
and IC = 1.88 (IC025 = 1.81). In contrast, no statistically
significant association was observed for apixaban.
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With the growing number of patients with cardiovas-
cular disease (CVD), the use of oral anticoagulants has
become increasingly common. As early as 2017, case re-
ports suggested that direct factor Xa inhibitors may in-
duce nephrotoxicity, supported by renal biopsy findings
in a patient treated with apixaban.?*2?* Subsequent reports
by Galloway et al.?> and Iwafuchi et al.?¢ also described
apixaban-associated AKI cases. However, our analysis in-
dicated a significant signal only between rivaroxaban and
AKI, with no similar findings for apixaban. Although both
agents belong to the same class, emerging evidence sug-
gests potential differences in renal safety profiles. Several
comparative studies and meta-analyses have shown that
apixaban may pose a lower risk of AKI than rivaroxaban
in elderly individuals and those with CKD or diabetes.?’
Apixaban has not been statistically linked to adverse renal
outcomes in most patients with atrial fibrillation.?” This
disparity may arise from differences in pharmacokinetics,
renal clearance, and dosing regimens. For example, apixa-
ban is less reliant on renal elimination than rivaroxaban,
which may contribute to its more favorable renal safety
profile. Additionally, proposed mechanisms of AKI induced
by direct factor Xa inhibitors include glomerular hemor-
rhage, tubular obstruction by red blood cell casts, and free
hemoglobin release.?® Users of apixaban had a lower risk
of bleeding compared with those receiving rivaroxaban.?

We further analyzed the effects of sex and age on AKI
risk. Rivaroxaban-associated AKI was more frequently
reported in men and in patients aged >65 years. All 4 dis-
proportionality methods confirmed a clear signal for ri-
varoxaban in the elderly subgroup. Epidemiological data
indicate that individuals aged 265 years are at greater risk
of cardiovascular events®® and experience higher rates
of mortality®! and post-hospitalization disability,?? pos-
sibly due to declining organ function and metabolic ca-
pacity.?® Globally, the age-standardized mortality rate for
CVD in men (280.8 per 100,000) is significantly higher
than in women (204.0 per 100,000), particularly in high-
income regions and across Central/Eastern Europe, Cen-
tral Asia, and South Asia.?* Thus, male patients are more
likely to be prescribed rivaroxaban, which may explain
the higher number of AE reports in this group. Clini-
cians should exercise greater caution when prescribing
rivaroxaban to male and elderly patients. With respect
to geographical distribution, the majority of rivaroxaban-
and apixaban-related AEs were reported in the USA and
France, suggesting international differences in reporting
behavior, potentially influenced by prescribing habits, reg-
ulatory practices, and awareness of the FAERS database.
Time-to-onset analysis revealed that nearly 50% of AKI
events occurred within 3 months of rivaroxaban initiation,
with approx. 10% occurring within the 15 week. Although
current clinical guidelines do not recommend routine re-
nal monitoring for all rivaroxaban users,3>%¢ our findings
underscore the importance of early renal function surveil-
lance to mitigate potential risks.
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In terms of clinical outcomes, among the 1,789 riva-
roxaban-associated AKI cases, 1,003 (56.06%) required
hospitalization and 674 (37.67%) resulted in death, under-
scoring the severity of these events. In a study by Chen
et al.,, 35% of 28 patients with direct oral anticoagulants
(DOAC)-related AKI required acute dialysis, and 60%
did not recover baseline renal function.?” Truyjillo et al.
similarly reported that 28% of patients receiving DO-
ACs required long-term dialysis.?® These findings sug-
gest that rivaroxaban-associated AKI may synergize with
complications such as bleeding or infection, complicating
treatment and increasing the healthcare burden.?® Never-
theless, this study cannot establish a causal relationship
between rivaroxaban use and hospitalization or death,
as these outcomes may also result from underlying disease
progression or other clinical events. Prospective studies
are warranted to verify these associations.

Importantly, although we observed disproportionality
in the reporting of rivaroxaban-associated AKI, these find-
ings do not imply causality and should not be overinter-
preted. Numerous studies have demonstrated the thera-
peutic benefits of rivaroxaban in thrombotic disorders.
For example, compared with aspirin, rivaroxaban com-
bination therapy reduced all-cause and cardiovascular
mortality in patients with chronic coronary or peripheral
artery disease.3® Moreover, both rivaroxaban (hazard ratio
(HR) = 0.66, 95% CI: 0.55-0.77) and apixaban (HR = 0.73,
95% CI: 0.59—0.87) have been shown to reduce the risk of re-
nal impairment.?® In patients with moderate renal impair-
ment and no increased bleeding risk, the benefit of rivar-
oxaban plus aspirin was preserved compared with aspirin
alone.*® These findings are consistent with our results
showing that neither rivaroxaban nor apixaban exhibited
a significant association with AKI when aspirin was used
as the comparator. Furthermore, rivaroxaban may provide
greater benefits in patients with CKD or diabetes. In pa-
tients with atrial fibrillation, rivaroxaban has been associ-
ated with better renal outcomes than vitamin K antagonists
(VKASs).122” Among patients with nonvalvular atrial fibrilla-
tion and diabetes, rivaroxaban was associated with a lower
risk of renal AEs than warfarin.*! In patients with both
atrial fibrillation and advanced CKD, rivaroxaban use was
associated with fewer renal AEs compared with VKAs.*?
In elderly patients, rivaroxaban tended to improve primary
safety outcomes regardless of renal function.*® However,
our study identified a significant AKI signal for rivaroxa-
ban, but not for apixaban, when compared with warfarin,
which may differ from previous findings due to differences
between real-world and case-control study designs.

Limitations of the study

This study has several strengths, including a large sample
size, broad coverage of real-world data, and a systematic
evaluation of the clinical characteristics and outcomes as-
sociated with rivaroxaban-related AKI. Nevertheless, it also
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has several limitations. First, FAERS data may be incom-
plete, and AKI diagnoses are often based on spontaneous
reports without standardized criteria. Second, the lack
of control for confounding factors (e.g., pre-existing CKD)
limits causal inference. Third, missing baseline character-
istics, exposure information, and renal function data hinder
the estimation of incidence and attribution of causality.

Conclusions

Using real-world data from FAERS, this study identi-
fied a potential safety signal linking rivaroxaban to AKI
in elderly patients (=65 years). Given that most AKI cases
occurred within 3 months of treatment initiation and were
associated with high hospitalization and mortality rates,
clinicians should remain vigilant and conduct regular renal
monitoring, especially during the early phase of therapy.
Our findings provide supplementary evidence for the ratio-
nal use of rivaroxaban and highlight the need to monitor
renal function in older adults. It is essential to emphasize
that the observed disproportionality does not confirm
a causal relationship and should not lead to overinterpre-
tation of the results.
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Abstract

Background. Gastrointestinal (GI) cancers remain among the most lethal malignancies worldwide, high-
lighting the need for novel insights into modifiable risk factors. Blood-based metabolic biomarkers — routinely
measured in clinical settings — may play a role in cancer etiology, but their causal impact remains unclear.

Objectives. This study aimed to explore the causal relationship between metabolic blood biomarkers and
the risk of Gl cancers using Mendelian randomization (MR).

Materials and methods. We conducted an MR analysis using large-scale genome-wide association study
(GWAS) data to evaluate the causal effects of metabolic blood traits (e.g., low-density lipoprotein (LDL)
cholesterol, creatinine, uric acid, total protein, and total cholesterol) on the risk of 4 major Gl cancers: gastric,
colorectal, pancreatic, and gallbladder cancer. Statistical robustness was evaluated using the MR-PRESSO test
and Cochran’s Q test.

Results. Mendelian randomization analysis revealed several significant associations. Low-density lipoprotein
cholesterol was inversely associated with gastric cancerrisk (odds ratio (OR) = 0.815, 95% confidence interval
(95% (1): 0.703—0.946, p < 0.01), while total cholesterol also showed a protective effect (OR = 0.790, 95% CI:
0.693—-0.900, p < 0.01). Serum creatinine levels were strongly associated with a reduced risk of gallblad-
der cancer (OR = 0.037,95% (l: 0.005—0.287, p < 0.01). Higher serum total protein (OR = 0.855, 95% Cl:
0.777-0.940, p < 0.01) and uric acid levels (OR = 0.855, 95% (I: 0.769—0.951, p < 0.01) were associated
with a reduced risk of colorectal cancer (CRC). Serum uric acid levels were also associated with a reduced
risk of gastric cancer (OR = 0.822, 95% (l: 0.719—0.941, p < 0.01), but with an increased risk of pancreatic
cancer (OR = 1.246, 95% (I: 1.01-1.539, p = 0.040).

Conclusions. Our findings provide causal evidence linking common metabolic blood biomarkers to site-
specific Gl cancer risks. These results may inform biomarker-based risk stratification and preventive strategies
in oncology and public health.

Key words: cancer risk, genetic variants, gastrointestinal cancer, Mendelian randomization, metabolic
blood biomarkers
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Highlights

novel metabolic biomarker for risk assessment.

+ Low-density lipoprotein (LDL) and total cholesterol showed protective effects against gastric cancer (odds ratio
(OR) =0.815 and OR = 0.790, respectively; p < 0.01), suggesting a lipid-related mechanism in gastric carcinogenesis.
« Serum creatinine significantly reduced the risk of gallbladder cancer (OR = 0.037, p < 0.01), highlighting a potential

+ Higher serum total protein and uric acid levels were protective against colorectal cancer (CRC; OR = 0.855 for
both, p < 0.01), underscoring the role of metabolic balance in CRC prevention.

« Uric acid displayed dual effects, being protective against gastric cancer but associated with increased pancreatic
cancer risk (OR = 0.822 vs OR = 1.246), indicating tumor site-specific metabolic pathways.

Background

Gastrointestinal (GI) cancers, including gastric, colorectal,
pancreatic, and gallbladder cancers, are among the leading
causes of cancer-related mortality worldwide."? According
to recent global cancer statistics, gastric cancer ranks 5%
in incidence and 4" in mortality, while colorectal cancer
(CRC) ranks 3" and 2", respectively.> These cancers have
complex etiologies involving genetic, environmental, and
lifestyle factors.** Gastric cancer, for instance, is influenced
by Helicobacter pyloriinfection, dietary factors, and genetic
predisposition.® Colorectal cancer risk is associated with
lifestyle factors such as diet, smoking, and physical activity,
as well as genetic susceptibility.” Pancreatic cancer, known
for its poor prognosis, is influenced by smoking, chronic pan-
creatitis, and diabetes.® Gallbladder cancer is associated with
gallstones, chronic inflammation, and certain infections.’
The multifaceted nature of these cancers necessitates com-
prehensive studies to better understand their risk factors and
potential preventive measures.!” Despite advances in early
detection and treatment, the overall prognosis of these can-
cers remains poor. Identifying modifiable risk factors is es-
sential for developing effective prevention strategies.

Circulating blood-based biomarkers have attracted in-
creasing attention in cancer epidemiology because of their
accessibility, routine clinical use, and potential mechanis-
tic relevance. Among them, platelets — traditionally known
for their role in hemostasis — have also been shown to ac-
tively promote tumor progression by releasing cytokines
and growth factors that facilitate angiogenesis, immune
evasion, and metastasis, particularly in GI cancers.!! These
findings highlight the biological importance of systemic
blood components in cancer development. In addition
to cellular elements such as platelets, metabolic blood bio-
markers such as low-density lipoprotein (LDL) cholesterol
and total cholesterol have been linked to membrane struc-
ture, cell signaling, and modulation of the tumor microen-
vironment (TME).!?>"* Serum creatinine and total protein
reflect renal function, muscle metabolism, and nutritional
status — factors known to influence cancer progression
and prognosis.'>717 Uric acid, while traditionally associ-
ated with gout and metabolic disorders, has demonstrated

both antioxidant and pro-inflammatory effects that may
affect cancer risk in a tissue-specific manner.'® However,
evidence from conventional observational studies remains
inconclusive because of confounding and potential reverse
causation.

In parallel, the causal role of these blood biomarkers
in GI cancers has not been comprehensively investigated.
Previous studies have often focused on individual biomark-
ers or single cancer types, limiting the generalizability
and comparability of the results. The 4 cancers selected
in this study — gastric, colorectal, pancreatic, and gall-
bladder cancer — are among the most common and lethal
GI malignancies worldwide. They also represent distinct
anatomical and biological subtypes, providing an oppor-
tunity to assess both shared and divergent metabolic risk
factors. Furthermore, high-quality genome-wide associa-
tion study (GWAS) data are available for these cancers,
enabling robust Mendelian randomization (MR) analyses.

Mendelian randomization is a genetic epidemiological
approach that uses genetic variants as instrumental vari-
ables (IVs) to estimate the causal effect of an exposure (e.g.,
biomarker levels) on disease outcomes.?%?! Previous MR
studies have provided valuable insights into the relation-
ships between various risk factors and diseases, thereby
informing clinical practice and public health strategies. For
instance, MR has been used to investigate the causal effects
of lipid levels, inflammatory markers, and other metabolic
factors on cardiovascular disease (CVD), diabetes, and
different cancer types.??~2*

Objectives

The present study aims to evaluate the potential causal
effects of 5 clinically relevant blood metabolic biomark-
ers — LDL cholesterol, total cholesterol, serum creatinine,
serum total protein, and uric acid — on the risk of 4 major
GI cancers using a 2-sample MR approach. By integrating
genetic and epidemiological data, this study seeks to pro-
vide novel insights into the metabolic determinants of GI
tumorigenesis and to inform future prevention and risk
stratification strategies.
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Materials and methods
Data source and study design

This study adopted a 2-sample MR design to assess
the causal effects of metabolic blood biomarkers on GI
cancer risk. Summary-level genetic association data for
exposures (LDL cholesterol, total cholesterol, serum cre-
atinine, serum total protein, and uric acid) and outcomes
(gastric, colorectal, pancreatic, and gallbladder cancers)
were obtained from large-scale GWASs available through
the MRC IEU Open GWAS database (https://gwas.mrcieu.
ac.uk).

All data were derived from previous studies that had
received ethical approval and informed consent.

Selection of genetic instruments and
quality control

For each biomarker, single nucleotide polymorphisms
(SNPs) strongly associated with the exposure were selected
as [Vs at the genome-wide significance level (p < 5 x 1078).
To ensure instrument independence, we applied linkage
disequilibrium (LD) clumping at r? < 0.001 using a 10,000-
kb window. When fewer SNPs met the strict threshold,
a relaxed p-value threshold of 5 x 10~® was used while
retaining LD filtering. Palindromic SNPs with intermedi-
ate allele frequencies were excluded. To ensure instrument
strength, F-statistics were calculated for each SNP, and
variants with F < 10 were excluded to avoid weak instru-
ment bias. Additionally, we reported the median and range
of F-statistics for each biomarker to characterize the dis-
tributional strength of the instruments. These metrics are
provided in Supplementary Table 1.
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Outcome GWAS inclusion criteria

Summary-level genetic association data for both ex-
posures and outcomes were obtained from the MRC
IEU Open GWAS platform. All datasets included in this
study were derived exclusively from individuals of Euro-
pean ancestry to minimize population stratification bias.
The outcome datasets included large-scale GWASs for
gastric cancer (n = 476,116), CRC (n = 470,002), pancreatic
cancer (n = 476,245), and gallbladder cancer (n = 907),
each comprising more than 24 million SNPs, except for
gallbladder cancer, which included approx. 419,000 SNPs.

The selected exposures — LDL cholesterol, total choles-
terol, serum total protein, serum creatinine, and serum
uric acid — were chosen based on biological plausibility
and prior literature and were each associated with more
than 19 million SNPs in cohorts exceeding 340,000 indi-
viduals. All GWAS datasets underwent rigorous quality
control procedures, including imputation to the Haplotype
Reference Consortium (HRC) panel and adjustment for
population structure. Detailed dataset identifiers, sample
sizes, and SNP coverage are provided in Table 1.

Statistical analyses and pleiotropy testing

The estimation of causal effects between blood cell traits
and GI tumors was performed using multiple MR method-
ologies, including inverse variance weighted (IVW), MR-
Egger, weighted median, and simple mode methods. The MR-
PRESSO (Mendelian Randomization Pleiotropy RESidual
Sum and Outlier) test was employed to detect and adjust for
horizontal pleiotropy by identifying and excluding statistical
outliers from the analysis. Heterogeneity among the selected
genetic instruments was evaluated using Cochran’s Q test,

Table 1. Summary of genome-wide association study (GWAS) datasets for exposure and outcome variables

GWAS ID Exposure

ebi-a-GCST90018849
ebi-a-GCST90018808
ebi-a-GCST90018893
ebi-a-GCST001404

ebi-a-GCST90018961
ebi-a-GCST90018956
ebi-a-GCST90018974
ebi-a-GCST90025991
ebi-a-GCST90025992
ebi-a-GCST90025995
ebi-a-GCST90025948
ebi-a-GCST90018942
ebi-a-GCST90018979
ebi-a-GCST90018977
ebi-a-GCST90092992

gastric cancer
colorectal cancer
pancreatic cancer
gallbladder cancer
LDL cholesterol
HDL cholesterol
total cholesterol
serum urea
serum albumin
serum total protein
serum phosphate
serum alkaline phosphatase
serum creatinine
serum uric acid

total triglycerides

Sample size Number of SNPs Population
476,116 24,188,662 European
470,002 24,182,361 European
476,245 24,195,229 European

907 419,385 European
343,621 19,037,976 European
315,133 19,051,633 European
344,278 19,043,498 European
437,580 4,231,983 European
400,938 4,219,040 European
400,482 4,218,824 European
400,159 4218812 European
344,292 19,052,566 European
344,104 19,034,241 European
343,836 19,041,286 European
115,082 11,590,399 European

HDL - high-density lipoprotein; LDL — low-density lipoprotein; SNP - single-nucleotide polymorphism.
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with p < 0.05 indicating the absence of significant hetero-
geneity.?> The presence of pleiotropy was assessed using
the MR-Egger intercept test, wherein a nonsignificant p-value
suggested no substantial pleiotropy among the IVs. The ro-
bustness and reliability of the causal estimates were evaluated
using the leave-one-out approach, which entails sequential
exclusion of each IV to determine its influence on the overall
results. All analyses were performed in R v. 4.2.2 (R Foun-
dation for Statistical Computing, Vienna, Austria) using
the TwoSampleMR and MR-PRESSO packages.

Results

A summary of the key causal estimates is presented
in Table 2.

Gastric cancer

Mendelian randomization analysis (Fig. 1) revealed that
genetically predicted LDL cholesterol levels were signifi-
cantly associated with a decreased risk of gastric cancer
(IVW odds ratio (OR) = 0.815, 95% confidence interval

X. Huang et al. Blood cell traits and tumors

(95% CI): 0.703—0.946, p < 0.01). Similarly, total cholesterol
also exhibited a protective effect (IVW OR = 0.790, 95% CI:
0.693-0.900, p < 0.01). Serum uric acid was inversely asso-
ciated with gastric cancer risk (OR = 0.822, 95% CI: 0.719—
0.941, p < 0.01). These associations were consistent across
the MR-Egger and weighted median methods, although
the MR-Egger estimates had wider Cls.

Colorectal cancer

Higher serum total protein levels were associated with
a reduced risk of CRC (IVW OR = 0.855, 95% CI: 0.777-
0.940, p < 0.01). Serum uric acid also showed a protective
effect (OR = 0.855, 95% CI: 0.769-0.951, p < 0.01) (Fig. 1).
The robustness of these findings was supported by MR-
Egger, weighted median, and MR-PRESSO sensitivity
analyses.

Pancreatic cancer
Serum uric acid levels were positively associated with

pancreatic cancer risk IVW OR = 1.246, 95% CI: 1.010—
1.539, p = 0.040), contrasting with their protective role

Table 2. Summary of the main Mendelian randomization (MR) findings for biomarkers and gastrointestinal (Gl) cancers

Exposure | Cancer outcome | IVW OR (95% Cl) | p-value | Effect
LDL cholesterol gastric cancer 0.815 (0.703-0.946) <0.01 protective
Total cholesterol gastric cancer 0.790 (0.693-0.900) <0.01 protective
Serum creatinine gallbladder cancer 0.037 (0.005-0.287) <0.01 strong protective effect
Total protein colorectal cancer 0.855 (0.777-0.940) <0.01 protective
Uric acid colorectal cancer 0.855 (0.769-0.951) <0.01 protective
Uric acid gastric cancer 0.822 (0.719-0.941) <0.01 protective
Uric acid pancreatic cancer 1.246 (1.010-1.539) 0.040 risk factor

HDL — high-density lipoprotein; LDL — low-density lipoprotein; OR — odds ratio; 95% Cl — 95% confidence interval; VW — inverse variance weighted.

Outcome Exposure Method OR(95%Cl) Pval nSNP
Gastric cancer LDL cholesterol MR Egger b------1 0.773(0.583 - 1.025) 0.076 168
Weighted median t--@--- 0.813 ( 0.646 - 1.023 ) 0.077
Inverse variance weighted (multiplicative random effects) |-&-1 0.815(0.703 - 0.946 ) <0.01*
Gallbladder cancer ~ Serum creatinine levels MR Egger ®--| 0(0-0.133) 0.012* 164
Weighted median .- 1 0.011 (0-0.479) 0.019*
Inverse variance weighted (multiplicative random effects) ®----1 0.037 ( 0.005-0.287 ) <0.01 *
Colorectal cancer Serum total protein level MR Egger b---4-- 0.832 ( 0.635-1.089) 0.181 295
Weighted median I-4-1 0.796 ( 0.687 - 0.921) <0.01*
Inverse variance weighted (multiplicative random effects) X & 0.855(0.777 - 0.94) <0.01*
Colorectal cancer Serum uric acid levels MR Egger b----1 0.734 (0.583 - 0.924 ) <0.01* 245
Weighted median k== 0.841(0.676 - 1.046 ) 0.119
Inverse variance weighted (multiplicative random effects) F®-| 0.855 ( 0.769 - 0.951) <0.01*
Gastric cancer Serum uric acid levels MR Egger l---@- 0.893 ( 0.666 - 1.197 ) 0.448 286
Weighted median b--@--- 0.767 (0.61-0.963 ) 0.023 *
Inverse variance weighted (multiplicative random effects) & 0.822 (0.719 - 0.941) <0.01*
Gastric cancer Total cholesterol levels MR Egger b--@---| 0.74 (0.598 - 0.916) <0.01* 186
Weighted median f--4--- 0.817 (0.649-1.029) 0.086
Inverse variance weighted (multiplicative random effects) o1 0.79(0.693-0.9) <0.01*

Fig. 1. Association between blood cell traits and Gl tumors

Gl - gastrointestinal; MR-Egger — Mendelian randomization—-Egger; OR — odds ratio; 95% Cl — 95% confidence interval; SNP - single nucleotide
polymorphism; *indicates statistical significance; LDL — low-density lipoprotein.
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in gastric and colorectal cancer (Supplementary Fig. 1).
MR-Egger and weighted median estimates demonstrated
consistent directionality, although statistical significance
was attenuated (weighted median p = 0.061).

Gallbladder cancer

Serum creatinine was strongly associated with a de-
creased risk of gallbladder cancer (IVW OR = 0.037,95% CI:
0.005-0.287, p < 0.01), with consistent results across
the MR-Egger and weighted median methods (Fig. 1).

Scatter plot visualization

The MR scatter plots presented in Fig. 2 visually support
the causal estimates derived from statistical modeling.
In Fig. 2A,B, clear negative slopes are observed between
LDL cholesterol and gastric cancer, and between serum
creatinine and gallbladder cancer, respectively, indicating
protective effects. Figure 2C,D shows similar inverse rela-
tionships for serum total protein and uric acid with CRC
risk. In contrast, Fig. 2F shows a positive slope between uric
acid and pancreatic cancer, consistent with its observed
risk-enhancing effect. The alignment of most SNPs along
the IVW regression lines, with minimal outliers, suggests
that the instrumental variables exert consistent directional
effects with limited horizontal pleiotropy. These visual
findings reinforce the robustness of the causal estimates
obtained through MR methods.

Sensitivity and robustness

These estimates were consistent across the MR-Egger
and weighted median methods, with no indication of di-
rectional pleiotropy (MR-Egger intercept p > 0.05 for
all pairs). Heterogeneity testing using Cochran’s Q test
showed no significant heterogeneity in most models (Q p-
value > 0.05) (Table 3). MR-PRESSO analysis did not iden-
tify influential outlier SNPs, and leave-one-out analyses
further supported the robustness of the results.

The F-statistics of the included instrumental variables
were all above the conventional threshold (F > 10), confirm-
ing strong instrument strength. For example, in the HDL
cholesterol-CRC model, 287 independent SNPs yielded
E-statistics with a median of 33.86 (interquartile range
(IQR): 26.72—61.65) and a range from 19.74 to 701.81 (Sup-
plementary Table 1).

Discussion

Gastrointestinal cancers, including gastric, colorectal,
pancreatic, and gallbladder cancers, are among the leading
causes of cancer-related mortality worldwide.! The etiology
of these cancers is multifactorial, involving genetic predis-
position, lifestyle factors, and environmental exposures.*
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Despite advancements in cancer treatment, the prognosis
of many GI cancers remains poor, underscoring the impor-
tance of identifying modifiable risk factors.?® This study
employed MR to explore the causal relationships between
blood cell traits and GI cancer risk, providing insights that
could inform clinical practice and public health strategies.

The results of this study show that the protective ef-
fect of LDL cholesterol against gastric cancer, as indicated
by the IVW method, may be attributed to its role in cellu-
lar processes. Low-density lipoprotein cholesterol is known
to influence membrane fluidity and signaling pathways that
may affect cell proliferation and apoptosis.!? Furthermore,
itis involved in modulation of immune responses, which may
contribute to tumor suppression.! This finding is consistent
with previous studies suggesting that certain lipid profiles
may exert protective effects against specific cancers.!*%’

Serum creatinine levels showed a protective effect
against gallbladder cancer. Creatinine, a breakdown prod-
uct of creatine phosphate derived from muscle metabolism,
has been linked to kidney function and overall metabolic
health.!® Its protective role may be related to better meta-
bolic control and lower levels of metabolic waste, thereby
reducing chronic inflammation that could contribute
to cancer development.?® This interpretation is supported
by studies indicating that improved metabolic health may
reduce cancer risk.?”’ Given the relatively small sample size
of the gallbladder cancer cohort (n = 907), the statisti-
cal power to detect modest associations may be limited.
Therefore, although the observed protective effect of se-
rum creatinine is biologically plausible, further validation
in larger datasets is warranted.

The association between serum total protein levels and
a reduced risk of CRC may reflect the overall nutritional
status and immune competence of individuals. Higher
protein levels may enhance the body’s ability to repair DNA
damage and maintain immune surveillance, which are cru-
cial in preventing carcinogenesis.!® Similar mechanisms
have been proposed in other studies linking nutritional
status to cancer risk.l”

Serum uric acid levels showed a dual role in cancer
risk, acting as a protective factor in colorectal and gas-
tric cancer, but as a risk factor in pancreatic cancer. This
duality may stem from uric acid’s complex involvement
in redox balance and inflammation. At moderate levels,
uric acid may act as an antioxidant, whereas at elevated
concentrations, it can promote oxidative stress and NLRP3
inflammasome activation — particularly in pancreatic tis-
sues.!81930.31 These microenvironmental mechanisms may
help explain its divergent effects across different cancer
types. Furthermore, the association between uric acid and
pancreatic cancer might be partially mediated by obesity-
related inflammatory pathways,3? which warrants further
evaluation through multivariable MR (MVMR).

Total cholesterol levels showed a significant protective
effect against gastric cancer. Cholesterol plays a role in cel-
lular membrane integrity and signaling pathways, and its
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Fig. 2. Scatter plots for MR analyses of causal associations between blood
cell traits and Gl tumors. A. Low-density lipoprotein (LDL) cholesterol and
gastric cancer; B. Serum creatinine and gallbladder cancer; C. Serum total
protein and colorectal cancer (CRC); D. Serum uric acid and CRC; E. Serum
uric acid and gastric cancer; F. Serum uric acid and pancreatic cancer;

G. Total cholesterol and gastric cancer

Gl - gastrointestinal; MR — Mendelian randomization; SNP - single
nucleotide polymorphism.
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Table 3. Assessment of pleiotropy and heterogeneity in Mendelian randomization (MR) models across biomarkers and cancer outcomes

Outcome

Colorectal cancer
Gallbladder cancer
Pancreatic cancer
Colorectal cancer
Gallbladder cancer
Gastric cancer
Pancreatic cancer
Colorectal cancer
Gallbladder cancer
Gastric cancer
Pancreatic cancer
Colorectal cancer
Gallbladder cancer
Gastric cancer
Pancreatic cancer
Colorectal cancer
Gallbladder cancer
Gastric cancer
Pancreatic cancer
Colorectal cancer
Gallbladder cancer
Gastric cancer
Pancreatic cancer
Colorectal cancer
Gallbladder cancer
Pancreatic cancer
Colorectal cancer
Gallbladder cancer
Gastric cancer
Pancreatic cancer
Colorectal cancer
Gallbladder cancer
Gastric cancer
Pancreatic cancer
Colorectal cancer
Gallbladder cancer
Gastric cancer
Pancreatic cancer
Colorectal cancer
Gallbladder cancer
Gastric cancer

Pancreatic cancer

Exposure

HDL cholesterol
HDL cholesterol
HDL cholesterol
LDL cholesterol
LDL cholesterol
LDL cholesterol
LDL cholesterol
serum albumin
serum albumin
serum albumin
serum albumin
serum alkaline phosphatase
serum alkaline phosphatase
serum alkaline phosphatase
serum alkaline phosphatase
serum creatinine
serum creatinine
serum creatinine
serum creatinine
serum phosphate
serum phosphate
serum phosphate
serum phosphate
serum total protein
serum total protein
serum total protein
serum urea
serum urea
serum urea
serum urea
serum uric acid
serum uric acid
serum uric acid
serum uric acid
total cholesterol
total cholesterol
total cholesterol
total cholesterol
total triglycerides
total triglycerides
total triglycerides
total triglycerides

316.383
135428
328424
150.300
68.786
185.351
180.006
269.259
98.235
244.249
278128
326321
94.128
394.954
311.963
422.894
102.047
455.188
436.112
200.221
108.639
190.015
215.832
290.537
177.126
330.559
218.545
83.991
231534
228816
223663
109.855
286.208
283.044
197.675
80.917
202.338
229433
82.093
8.269
72.943
68491

Heterogeneity

0.097
0.144
0.171
0.301
0.157
0.145
0.322
0.087
0918
0.359
0.107
0333
0.961
0.093
0.675
0.197
1.000
0.150
0.583
0.169
0.088
0.327
0.125
0.530
0.080
0497
0.076
0.804
0.083
0.112
0.808
0618
0452
0.666
0.096
0.246
0.168
0.090
0.075
0.974
0.208
0.529

Pleiotropy

0.197
0464
0.960
0.744
0.948
0.662
0443
0.087
0.624
0.921
0.081
0.505
0.666
0.310
0.371
0.404
0.089
0.646
0.624
0.513
0.950
0.919
0407
0.830
0.872
0.381
0217
0619
0.372
0.541
0.140
0.723
0.538
0.054
0.582
0444
0451
0.736
0.066
0.079
0.390
0.253

HDL - high-density lipoprotein; LDL — low-density lipoprotein.
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modulation may affect cancer cell behavior.?* The pro-
tective effect observed in this study aligns with previous
findings suggesting that maintaining balanced cholesterol
levels may contribute to cancer prevention.3*

The observed associations between blood cell traits and
GI cancers have significant implications for clinical prac-
tice. For instance, monitoring and potentially modifying
lipid profiles, creatinine, total protein, and uric acid levels
in patients could represent a strategy to mitigate cancer
risk.® The findings suggest that clinicians should consider
the impact of these blood cell traits on cancer risk, espe-
cially in patients with a high predisposition to GI cancers.®
Among these associations, the strong inverse association
observed between serum creatinine and gallbladder can-
cer highlights potential biological relevance. However, its
clinical utility is limited by the low incidence of the disease
and the lack of established screening strategies. Further
studies are needed to confirm this association and explore
its feasibility for individualized risk prediction.

Limitations of the study

Several limitations should be acknowledged. First,
the scope of blood biomarkers analyzed was limited. Other
potentially relevant variables such as inflammatory mark-
ers (e.g., C-reactive protein (CRP)), micronutrients (e.g.,
vitamin D), or liver enzymes (e.g., alanine transaminase
(ALT) and aspartate transaminase (AST)) were not in-
cluded because of data availability or the lack of strong
genetic instruments. Second, we did not perform MVMR,
which may help disentangle collinearity between closely
related exposures such as LDL and total cholesterol. This
should be prioritized in future studies. Third, our GWAS
data were derived exclusively from individuals of Euro-
pean ancestry, which may limit generalizability to other
ethnic groups. This is particularly relevant for cancers
such as gastric and gallbladder cancer, which have higher
incidence rates in Asian and South American popula-
tions. Trans-ethnic validation will be essential to establish
broader applicability.

Additionally, we did not examine sex- or age-specific
effects, nor did we stratify by cancer subtype (e.g., colon
compared with rectal cancer), which may obscure bio-
logically meaningful heterogeneity. Future work could in-
corporate stratified MR analyses to explore population-
specific and tumor-specific metabolic pathways. Finally,
functional validation using experimental models is needed
to confirm the mechanistic pathways suggested by our
findings.

While our findings suggest that certain metabolic blood
biomarkers, such as LDL cholesterol and serum uric acid,
may play protective roles in specific GI cancers, these bio-
markers are also known risk factors for CVD, gout, and
kidney dysfunction. Thus, it is essential to interpret our
findings within a broader clinical context. We do not advo-
cate artificial elevation of these biomarkers as a preventive

X. Huang et al. Blood cell traits and tumors

strategy. Instead, the observed associations may reflect
complex metabolic or immunological mechanisms that
warrant further mechanistic investigation. Clinical in-
terventions should always consider the balance between
cancer risk and other disease burdens.

Conclusions

This study provides genetic evidence supporting causal
links between selected blood metabolic traits and GI cancer
risk. These results highlight new avenues for biomarker-
guided screening and underscore the need for further
mechanistic and translational research to translate these
associations into actionable clinical tools.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.15621795. The package contains
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Supplementary Table 1. Instrumental variables for bio-
markers in GI cancers.
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analysis for all identified markers and their associations
with GI cancers.

Data Availability Statement

Data sharing does not apply to this article, as no new
data were generated during the current study.

Consent of publication
Not applicable.
Use of Al and Al-assisted technologies

Not applicable.

ORCID iDs

Xiufeng Huang
Jianxin Chen
Feiteng Gu

Xiaodan Zheng

https://orcid.org/0009-0009-7979-925X
https://orcid.org/0000-0003-2467-3333
https://orcid.org/0000-0002-2789-074X
https://orcid.org/0009-0003-2731-1888

References

1. Dizdar O, Kilickap S. Global epidemiology of gastrointestinal can-
cers.In:Yalgin S, Philip PA, eds. Textbook of Gastrointestinal Oncology.
Cham, Switzerland: Springer; 2019:1-12. ISBN:978-3-030-18888-7.

2. Wang S, Zheng R, Li J, et al. Global, regional, and national lifetime
risks of developing and dying from gastrointestinal cancers in 185
countries: A population-based systematic analysis of GLOBOCAN.
Lancet Gastroenterol Hepatol. 2024;9(3):229-237. d0i:10.1016/52468-
1253(23)00366-7

3. Huang M, Feng L, Ren H, et al. Knowledge, attitudes, and practices
regarding whole-course management among patients with gas-
trointestinal cancers: A cross-sectional study. World J Surg Oncol.
2025;23(1):45. doi:10.1186/512957-025-03668-7


https://doi.org/10.5281/zenodo.15621795
https://doi.org/10.5281/zenodo.15621795
https://www.doi.org/10.1016/S2468-1253(23)00366-7
https://www.doi.org/10.1016/S2468-1253(23)00366-7
https://www.doi.org/10.1186/s12957-025-03668-7

Adv Clin Exp Med. 2026;35(6):1037-1045

20.

21.

Ashktorab H, Kupfer SS, Brim H, Carethers JM. Racial disparity in gas-
trointestinal cancer risk. Gastroenterology. 2017;153(4):910-923.
doi:10.1053/j.gastro.2017.08.018

Barone E, Corrado A, Gemignani F, Landi S. Environmental risk fac-
tors for pancreatic cancer: An update. Arch Toxicol. 2016;90(11):
2617-2642. doi:10.1007/s00204-016-1821-9

Yang L, Ying X, Liu S, et al. Gastric cancer: Epidemiology, risk factors
and prevention strategies. Chin J Cancer Res. 2020;32(6):695-704.
doi:10.21147/j.issn.1000-9604.2020.06.03

Lewandowska A, Rudzki G, Lewandowski T, Stryjkowska-Goéra A,
RudzkiS.Risk factors for the diagnosis of colorectal cancer. Cancer Control.
2022;29:10732748211056692. doi:10.1177/10732748211056692

Hu JX, Zhao CF, Chen WB, et al. Pancreatic cancer: A review of epide-
miology, trend, and risk factors. World J Gastroenterol. 2021;27(27):
4298-4321. doi:10.3748/wjg.v27.i27.4298

Pérez-Moreno P, Riquelme |, Garcia P, Brebi P, Roa JC. Environmental
and lifestyle risk factors in the carcinogenesis of gallbladder cancer.
J Pers Med. 2022;12(2):234. doi:10.3390/jpm12020234

. Drewes AM, Olesen AE, Farmer AD, Szigethy E, Rebours V, Olesen SS.

Gastrointestinal pain. Nat Rev Dis Primers. 2020;6(1):1. doi:10.1038/
s41572-019-0135-7

. BianchiS, Torge D, Rinaldi F, Piattelli M, Bernardi S, Varvara G. Plate-

lets’ role in dentistry: From oral pathology to regenerative potential.
Biomedicines. 2022;10(2):218. doi:10.3390/biomedicines10020218

. Codini M, Garcia-Gil M, Albi E. Cholesterol and sphingolipid enriched

lipid rafts as therapeutic targets in cancer. Int J Mol Sci. 2021;22(2):726.
doi:10.3390/ijms22020726

. Huang B, Song BL, Xu C. Cholesterol metabolism in cancer: Mecha-

nisms and therapeutic opportunities. Nat Metab. 2020;2(2):132-141.
d0i:10.1038/542255-020-0174-0

. Saini RK, Rengasamy KRR, Mahomoodally FM, Keum YS. Protective

effects of lycopene in cancer, cardiovascular, and neurodegenerative
diseases: An update on epidemiological and mechanistic perspectives.
Pharmacol Res. 2020;155:104730. doi:10.1016/j.phrs.2020.104730

. DeRosa§, Greco M, Rauseo M, Annetta MG. The good, the bad, and

the serum creatinine: Exploring the effect of muscle mass and nutrition.
Blood Purif. 2023;52(9-10):775-785. d0i:10.1159/000533173

. Molinaro C, Martoriati A, Cailliau K. Proteins from the DNA damage

response: Regulation, dysfunction, and anticancer strategies. Cancers
(Basel). 2021;13(15):3819. doi:10.3390/cancers13153819

Bose S, Allen AE, Locasale JW. The molecular link from diet to can-
cer cell metabolism. Mol Cell. 2020;80(3):554. doi:10.1016/j.molcel.
2020.10.006

. Gherghina ME, Peride |, Tiglis M, Neagu TP, Niculae A, Checherita

IA. Uric acid and oxidative stress: Relationship with cardiovascu-
lar, metabolic, and renal impairment. Int J Mol Sci. 2022;23(6):3188.
doi:10.3390/ijms23063188

. Mi S, Gong L, Sui Z. Friend or foe? An unrecognized role of uric acid

in cancer development and the potential anticancer effects of uric
acid-lowering drugs. J Cancer. 2020;11(17):5236-5244. doi:10.7150/
jca.46200

Sanderson E, Glymour MM, Holmes MV, et al. Mendelian randomiza-
tion. Nat Rev Methods Primers. 2022;2(1):6. doi:10.1038/543586-021-
00092-5

Richmond RC, Davey Smith G. Mendelian randomization: Con-
cepts and scope. Cold Spring Harb Perspect Med. 2022;12(1):a040501.
doi:10.1101/cshperspect.a040501

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

1045

Yuan S, Carter P, Bruzelius M, et al. Effects of tumour necrosis fac-
tor on cardiovascular disease and cancer: A two-sample Mendelian
randomization study. eBioMedicine. 2020;59:102956. doi:10.1016/j.
ebiom.2020.102956

ChenK, LiJ,Ouyang Y, et al. Blood lipid metabolic profiles and causal
links to site-specific cancer risks: A Mendelian randomization study.
Nutr Cancer. 2024;76(2):175-186. doi:10.1080/01635581.2023.2294521
Wang Z, Chen J, ZhuL, Jiao S, Chen Y, Sun Y. Metabolic disorders and
risk of cardiovascular diseases: A two-sample mendelian randomiza-
tion study. BMC Cardiovasc Disord. 2023;23(1):529. d0i:10.1186/512872-
023-03567-3

Levin MG, Burgess S. Mendelian randomization as a tool for cardio-
vascular research: A review. JAMA Cardiol. 2024;9(1):79. doi:10.1001/
jamacardio.2023.4115

Jardim SR, De Souza LMP, De Souza HSP. The rise of gastrointestinal
cancers as a global phenomenon: Unhealthy behavior or progress?
Int J Environ Res Public Health. 2023;20(4):3640. doi:10.3390/ijerph
20043640

Martin-Perez M, Urdiroz-Urricelqui U, Bigas C, Benitah SA. The role
of lipids in cancer progression and metastasis. Cell Metab. 2022;34(11):
1675-1699. doi:10.1016/j.cmet.2022.09.023

Peris-Fernandez M, Roca-Marugan M, Amengual JL, et al. Uremic
toxins and inflammation: Metabolic pathways affected in non-dial-
ysis-dependent stage 5 chronic kidney disease. Biomedicines. 2024;
12(3):607. doi:10.3390/biomedicines12030607

Clemente-Suérez VJ, Martin-Rodriguez A, Redondo-Flérez L, et al.
Metabolic health, mitochondrial fitness, physical activity, and cancer.
Cancers (Basel). 2023;15(3):814. d0i:10.3390/cancers15030814

LiuY, LiuY, Wang Q, et al. MIF inhibitor ISO-1 alleviates severe acute
pancreatitis-associated acute kidney injury by suppressing the NLRP3
inflammasome signaling pathway. Int Immunopharmacol. 2021;
96:107555. doi:10.1016/j.intimp.2021.107555

Braga TT, Forni MF, Correa-Costa M, et al. Soluble uric acid activates
the NLRP3 inflammasome. Sci Rep. 2017;7(1):39884. doi:10.1038/srep
39884

Park SK, Oh C, Kim M, Ha E, Choi Y, Ryoo J. Metabolic syndrome, meta-
bolic components, and their relation to the risk of pancreatic cancer.
Cancer. 2020;126(9):1979-1986. doi:10.1002/cncr.32737

Maja M, Tyteca D. Alteration of cholesterol distribution at the plas-
ma membrane of cancer cells: From evidence to pathophysiological
implication and promising therapy strategy. Front Physiol. 2022;13:
999883. doi:10.3389/fphys.2022.999883

XuH, Zhou S, Tang Q, Xia H, Bi F. Cholesterol metabolism: New functions
and therapeutic approaches in cancer. Biochim Biophys Acta Rev Cancer.
2020;1874(1):188394. doi:10.1016/j.bbcan.2020.188394

Dent SF, Kikuchi R, Kondapalli L, et al. Optimizing cardiovascular
health in patients with cancer: A practical review of risk assess-
ment, monitoring, and prevention of cancer treatment-related car-
diovascular toxicity. Am Soc Clin Oncol Educ Book. 2020;(40):501-515.
doi:10.1200/EDBK_286019

Zametkin E, Guyer D, Tarshish Y, Bash K, Almhanna K. Total parenteral
nutrition for patients with gastrointestinal cancers: A clinical practice
review. Ann Palliat Med. 2023;12(5):1072-1080. d0i:10.21037/apm-22-1380


https://www.doi.org/10.1053/j.gastro.2017.08.018
https://www.doi.org/10.1007/s00204-016-1821-9
https://www.doi.org/10.21147/j.issn.1000-9604.2020.06.03
https://www.doi.org/10.1177/10732748211056692
https://www.doi.org/10.3748/wjg.v27.i27.4298
https://www.doi.org/10.3390/jpm12020234
https://www.doi.org/10.1038/s41572-019-0135-7
https://www.doi.org/10.1038/s41572-019-0135-7
https://www.doi.org/10.3390/biomedicines10020218
https://www.doi.org/10.3390/ijms22020726
https://www.doi.org/10.1038/s42255-020-0174-0
https://www.doi.org/10.1016/j.phrs.2020.104730
https://www.doi.org/10.1159/000533173
https://www.doi.org/10.3390/cancers13153819
https://www.doi.org/10.1016/j.molcel.2020.10.006
https://www.doi.org/10.1016/j.molcel.2020.10.006
https://www.doi.org/10.3390/ijms23063188
https://www.doi.org/10.7150/jca.46200
https://www.doi.org/10.7150/jca.46200
https://www.doi.org/10.1038/s43586-021-00092-5
https://www.doi.org/10.1038/s43586-021-00092-5
https://www.doi.org/10.1101/cshperspect.a040501
https://www.doi.org/10.1016/j.ebiom.2020.102956
https://www.doi.org/10.1016/j.ebiom.2020.102956
https://www.doi.org/10.1080/01635581.2023.2294521
https://www.doi.org/10.1186/s12872-023-03567-3
https://www.doi.org/10.1186/s12872-023-03567-3
https://www.doi.org/10.1001/jamacardio.2023.4115
https://www.doi.org/10.1001/jamacardio.2023.4115
https://www.doi.org/10.3390/ijerph20043640
https://www.doi.org/10.3390/ijerph20043640
https://www.doi.org/10.1016/j.cmet.2022.09.023
https://www.doi.org/10.3390/biomedicines12030607
https://www.doi.org/10.3390/cancers15030814
https://www.doi.org/10.1016/j.intimp.2021.107555
https://www.doi.org/10.1038/srep39884
https://www.doi.org/10.1038/srep39884
https://www.doi.org/10.1002/cncr.32737
https://www.doi.org/10.3389/fphys.2022.999883
https://www.doi.org/10.1016/j.bbcan.2020.188394
https://www.doi.org/10.1200/EDBK_286019
https://www.doi.org/10.21037/apm-22-1380




Original papers

Oncology

miR-145 inhibits colorectal cancer progression and metastasis
by targeting SNA/T and the cCAMP/PKA pathway

Jianshan Cai**?, Qiang Sun®<, Shichao Deng?®®, Qi Wei%8, Longzhi Li*8, Baojin Ma?®, Jiadong Chen?*f

T Department of General Surgery, Huashan Hospital, Fudan University, Shanghai, China
2 Department of General Surgery, Jingan District Center Hospital of Shanghai, 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) Adv Clin Exp Med. 2026;35(6):1047-1061

Address for correspondence
Jiadong Chen
E-mail: chenjiadong8@sina.com

Funding sources
None declared

Conflict of interest
None declared

Received on April 11, 2025
Reviewed on May 9, 2025
Accepted on September 12, 2025

Published online on June 29, 2026

(iteas
CaiJ, Sun Q, Deng S, et al. miR-145 inhibits colorectal
cancer progression and metastasis by targeting SNA/T and

the cAMP/PKA pathway. Adv (lin Exp Med. 2026;35(6):1047-1061.

d0i:10.17219/acem/210638

DOI
10.17219/acem/210638

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/)

Abstract

Background. Transcriptional repressor 1 of the Snail family (SVA/T) and miR-145 play crucial roles in the de-
velopment of colon cancer. Tumor invasiveness and epithelial—mesenchymal transition (EMT) are associated
with SNAIT, whereas miR-145 is considered a tumor suppressor. Although cAMP/PKA signaling is critical for
requlating cell survival and invasiveness, the precise mechanisms through which SNA/T and miR-145 influence
tumor cell behavior via this pathway remain unclear.

Objectives. To examine the mechanisms by which SNA/T and miR-145 regulate colon cancer cell invasion
and survival through the cCAMP/PKA signaling pathway and to assess their functional relationship.

Materials and methods. SNVA/T and miR-145 were overexpressed in the colon cancer cell lines DLD1 and
HCT116, respectively, and cAMP and PKA activity was assessed using quantitative real-time PR (qPCR) and
western blot analysis. In addition, a luciferase reporter assay and application of the PKA inhibitor H89 were
used to further investigate the roles of SNA/T and miR-145 in requlating cell invasion and survival.

Results. Overexpression of SNA/T significantly increased cAMP and PKA activity and promoted cell survival
and invasion. However, overexpression of miR-145 decreased cell invasion and survival by blocking the cAMP/
PKA signaling pathway. When both were overexpressed, miR-145 further decreased cAMP/PKA activity
and inhibited the tumor-promoting effects of SNVA/T. Use of the PKA inhibitor H89 also reduced the tumor-
promoting effect of SNAIT.

Conclusions. By activating the cCAMP/PKA signaling pathway, SNAIT promotes colon cancer cell survival
and invasion, whereas miR-145 suppresses tumor progression by inhibiting this pathway. These findings
suggest that SVA/T and miR-145 may represent viable therapeutic targets for colon cancer treatment and
that targeting the cCAMP/PKA pathway may provide a novel therapeutic strategy.

Key words: colorectal neoplasms, microRNA-145, Snail family transcription factors, cyclic AMP-dependent
protein kinases, signal transduction
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regulator of tumor progression.
PKA signaling.
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cancer treatment.

» SNAI1 promotes colon cancer cell survival and invasion by activating the cAMP/PKA signaling pathway, a key
+ Tumor suppressor miR-145 inhibits colon cancer invasiveness and cell survival through suppression of cAMP/
+ miR-145 counteracts the oncogenic effects of SNAIIL, reducing cAMP/PKA activity and limiting cancer cell

+ Targeting the SNAI1-miR-145-cAMP/PKA regulatory axis may offer a novel therapeutic strategy for colorectal

Background

With the acceleration of globalization, population aging
and urbanization, global public, health challenges have
become more complex. Among these challenges, the high
incidence and mortality rates of malignant tumors are par-
ticularly concerning. Colorectal cancer (CRC) is a typical
representative among them. It ranks 3™ in terms of new
cases and 2" in terms of mortality among all malignant
tumors, with around 1.88 million new cases and 920,000
deaths, according to the 2020 global cancer statistics.! Al-
though advancements in screening and treatment technol-
ogies have led to a decline in CRC incidence and mortality
in several high-income countries, the rates continue to rise
in many developing nations, particularly in China.!

About 60% of patients receive an advanced diagnosis
of CRC because of the disease’s complicated molecular
features and the absence of clear early signs.? Colorectal
cancer is characterized by significant molecular hetero-
geneity, which contributes to its varied clinical presen-
tation and delayed diagnosis. This complexity is driven
by a high frequency of genetic mutations, such as altera-
tions in APC, KRAS, TP53, and PIK3CA, that promote
tumor initiation and progression. In addition to genetic
changes, epigenetic modifications — such as DNA meth-
ylation abnormalities and histone modifications — fur-
ther disrupt the regulation of gene expression. Moreover,
multiple signaling pathways, including Wnt/p-catenin,
MAPK, PI3K/AKT, and tumor growth factor beta (TGE-p),
are frequently dysregulated, enhancing tumor cell prolif-
eration, invasion, and metastasis. The interplay of these
molecular alterations results in substantial tumor het-
erogeneity, complicating early detection and the develop-
ment of standardized treatment strategies. Together with
the absence of apparent early symptoms, these molecular
features contribute to the high proportion of CRC patients
diagnosed at advanced stages.

Currently, the primary treatment options for CRC treat-
ments remain conventional approaches such as radio-
therapy, chemotherapy, and surgical resection. However,
the effect of these treatments is restricted by many fac-
tors, especially the existence of cancer stem cells (CSCs),

which seriously affects the therapeutic effect. These cells
are a small fraction of cells within a tumor with high self-
renewal ability, which can re-establish the tumor after
treatment, and may acquire stronger malignant properties
after radiotherapy and chemotherapy, leading to cancer
recurrence and metastasis.>?

In addition, the epithelial-mesenchymal transition
(EMT) is a significant contributing factor to the devel-
opment of CRC. The process of EMT gives tumor cells
the capacity to invade and migrate, which significantly
increases the likelihood that the tumor will spread.* In this
process, transcription repressor 1 of Snail family (SNAI1,
or Snail) is an important regulatory factor.> It enhances
tumor cells’ capacity to migrate, which in turn facilitates
their invasion, by suppressing the expression of adhesion
molecules on the surface of epithelial cells.”

MicroRNAs (miRNAs) are a class of small noncoding
RNAs that play a key role in regulating the expression
of genes associated with malignancies at the molecular
level.® Among these, miR-145 has been shown to suppress
tumor growth in a variety of cancers.” By downregulating
the expression of genes associated with tumor proliferation
and metastasis, such as IGFIR, fascin-1, and paxillin, miR-
145 can inhibit CRC growth and metastasis.”® Further-
more, miR-145 regulates the p53 tumor suppressor gene
network, which may significantly increase tumor respon-
siveness to treatment and improve therapeutic outcomes.’

Although previous studies have provided some under-
standing of the roles of CSCs, EMT, and miR-145 in CRC,
the mechanisms through which these molecules and cel-
lular processes interact, and how they jointly drive tumor
progression and treatment resistance, remain incompletely
understood.

Objectives

The aim of this study was to explore the regulatory roles
of SNAII and miR-145 in CRC cell survival and invasion,
as well as their potential significance for therapeutic strat-
egies, in order to identify new targets and strategies for
CRC treatment.
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Materials and methods
Mining of data

To explore the expression levels of EMT transcription
factors in human rectal cancer, the colorectal adenocar-
cinoma dataset from The Cancer Genome Atlas (TCGA)
was analyzed using cBioPortal for Cancer Genomics
(https://www.cbioportal.org) to determine the frequency
of SNAII, SNAI2, ZEBI, and ZEB2 gene alterations. Si-
multaneously, the public dataset available in Research
Edition Oncomine 4.4 (Compendia Bioscience, Ann Ar-
bor, USA; https://www.oncomine.org) was used to extract
the expression values of SNAII, SNAI2, ZEBI, and ZEB2
specifically in rectal cancer. The following filtering cri-
teria were applied to identify the relevant datasets: genes:
ZEBI, ZEB2, SNAII, and SNAI2; analysis type: cancer vs
normal; cancer type: rectal cancer. The datasets selected
for analysis and visualization were the largest complete
datasets available and were ranked according to overex-
pression p-values.

Cell lines

Human CRC cell lines (e.g., HCT116 and DLD1) were
obtained from the American Type Culture Collection
(ATCC; Manassas, USA). Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM,; Gibco, Waltham, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco)
and 1% penicillin—streptomycin (Gibco). Cultures were
maintained at 37°C in a humidified atmosphere contain-
ing 5% CO,. All procedures were performed in accordance
with ATCC guidelines.

Overexpression of SNAI1

As directed by the manufacturer, stable cell lines over-
expressing SNAII were generated using Lipofectamine
3000 (Invitrogen, Carlsbad, USA). Empty vectors (pCMV-
3Tag-1) and pCMV-SNAII were transfected into HCT116
and DLD1 cells to generate the stable cell lines HCT116-
SNAII and DLDI1-SNAII, respectively. Transfected cells
were selected using medium containing G418 at a final
concentration of 400 mg/mL (Invitrogen). SNAII expres-
sion was verified with western blot analysis.

Overexpression of miR-145

HCT116 and DLD1 cell lines were separately seeded
in 6-well plates and cultured to 70-80% confluence.
Colorectal cancer cells were transfected using Lipo-
fectamine 3000 (Invitrogen) transfection reagent in ac-
cordance with the manufacturer’s instructions, using
either miR-145 mimics (synthetic miR-145 RNA mole-
cules) or negative-control mimics (NC mimics). Follow-
ing transfection, the cells were cultured in fresh medium
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for an additional 48 h to assess miR-145 expression levels
and their impact on the biological properties of the cells.
To confirm successful transfection and efficient overex-
pression of miR-145 mimics, quantitative real-time poly-
merase chain reaction (QPCR) was used to evaluate miR-
145 expression levels in the transfected cells.

Transwell assay

Cell migration was assessed using 24-well Transwell
(Boyden) chambers with 8-um pore-size inserts (Corning
Company, Corning, USA), and the assays were performed
according to the manufacturer’s protocol. Cells adhering
to the underside of each insert membrane were stained
with crystal violet and subsequently counted using a low-
power Leica microscope (M50 stereomicroscope; Leica
Camera AG, Wetzlar, Germany).

Colony formation

After seeding into 6-well plates, DLD1-SNAII and
HCT116-SNAII cells were compared with empty-vector
control cells. The plates received 0, 2, 4, and 6 Gy X-ray
radiation, respectively, delivered using a Precision X-ray
irradiator (Model X-RAD 320; Precision X-Ray, Inc., North
Branford, USA). In a 2"! experiment, DLD1-SNAII and
HCT116-SNAII cells were transfected with 2.5 pg of pEZX
vector (Genecopoeia, Rockville, USA) containing either
a scrambled control (SCR) sequence or a miR-145 expres-
sion construct. Lipofectamine 3000 (Invitrogen) was used
for transfection.

After irradiation, the cells were replated in triplicate
in 6-well plates at densities of 400, 800, 1000, and 1200 cells
per well to determine survival scores. Following incubation
for 10 days, the cells underwent 3 washes with phosphate-
buffered saline (PBS), fixation in 70% ethanol, and staining
with 0.5% crystal violet. After staining, the number of colo-
nies in each well was counted under a light microscope
(M50; Leica Microsystems) and recorded for subsequent
analysis.

Luciferase promoter detection

Yin-Yuan Mo, PhD, from the University of Missis-
sippi (Oxford, USA) kindly donated a luciferase re-
porter plasmid containing a putative 1.4 kb miR-145
promoter cloned into the pGL3 basic vector (Promega,
Madison, USA). Luciferase activity was assessed in stable
empty-vector-transfected cells, DLD1-SNAII cells, and
HCT116-SNAII cells. The miR-145 promoter construct
and the Renilla luciferase plasmid were co-transfected
into cells cultured in 12-well plates. Briefly, 48 h after
transfection, the cells were lysed for the luciferase assay.
The luciferase assay was performed using a dual-lucif-
erase assay kit (Promega) in accordance with the manu-
facturer’s instructions.


https://www.cbioportal.org
https://www.oncomine.org
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Table 1. Primer sequences used for quantitative real-time polymerase chain reaction (qPCR) analysis

Forward primer (5" — 3°)

Reverse primer (5" — 3')

Snail TGCCCTCAAGATGCACATCCGA
miR-145 GGTCCAGTTTTCCCAGG
cAMP GAACCGCAGTATCATGCTGG
PKA GATTCAGACTCGGATTGCTAACG
GAPDH GTCTCCTCTGACTTCAACAGCG

GGGACAGGAGAAGGGCTTCTC

CAGTGCGTGTCGTGGAGT
TCCTTGAATTAAGCCGTTCATCA
ACCACTTATGAGCCACTCTACTT
ACCACCCTGTTGCTGTAGCCAA

cAMP assay

HCT116 and DLDI1 cells were cultured to logarithmic
growth phase. The cells were transfected with either miR-
145 mimics or NC mimics. To evaluate changes in cAMP
levels, miR-145-overexpressing cells were treated with
cAMP activators (e.g., forskolin) or cAMP inhibitors (e.g.,
IBMX). Intracellular cAMP levels were measured using
a cAMP enzyme-linked immunosorbent assay (ELISA)
kit in accordance with the manufacturer’s instructions.
The ELISA method was used to quantify cAMP levels
based on a colorimetric reaction, and the data were con-
verted to specific concentrations using a standard curve.

Determination of PKA activity

HCT116 and DLDI1 cells were transfected with either
miR-145 mimics or NC, as described for the cAMP assay.
Following a 24-h treatment period, the cells were stim-
ulated with agents such as IBMX or forskolin to induce
an increase in cAMP levels. Intracellular PKA activity
was measured using a PKA (Protein Kinase A) Colori-
metric Activity Kit (cat. No. EIAPKA; Thermo Fisher Sci-
entific, Waltham, USA). The absorbance was measured
using a 96-well microplate reader at 450 nm, with 650 nm
as the reference wavelength. PKA activity based on the kit
standard curve. To further confirm activation of the PKA
signaling pathway, CREB phosphorylation levels and other
downstream PKA markers were analyzed using western
blot analysis.

Quantitative PCR and RNA extraction

Total RNA was extracted from cultured cells using
the RNeasy Plus Mini Kit (Qiagen, Valencia, USA). Total
RNA (0.8 pg) was reverse transcribed using iScript (Bio-
Rad, Hercules, USA) in a 20-pL reaction volume. Quan-
titative real-time PCR was performed using the Roche
LightCycler 480 system and the Universal Probe Library
(UPL) monochrome probe system (Roche Diagnostics, Ba-
sel, Switzerland), with 5 uL of 1:16 diluted cDNA from each
cell-line sample. After 10 min of pre-incubation at 95°C,
each gene underwent 55 cycles consisting of 15 s of dena-
turation at 95°C and 30 s of amplification/extension at 60°C.
After completion of the cycling protocol, samples were
cooled at 40°C for 30 s. Each cDNA sample was analyzed

in triplicate. GAPDH was used as the reference gene for
data normalization, and multiple samples were analyzed
for validation. Primer sequences are shown in Table 1.

Enzyme-linked immunosorbent assay

GRIKS-overexpressing CT26/HCT116 cells or vector
control cells (1 x 10°) were collected and lysed using cell
lysis buffer. The cAMP Detection Kit (Abcam, Cambridge,
UK) was then used to measure cAMP levels in the superna-
tant in accordance with the manufacturer’s protocol. Each
experiment was performed in at least 3 independent runs.

Western blot analysis

A protease inhibitor cocktail (Sigma-Aldrich, St. Louis,
USA) was added to the radioimmunoprecipitation as-
say (RIPA) lysis buffer in which the cells were suspended
(Thermo Fisher Scientific). Protein concentration was
determined using the bicinchoninic acid (BCA) protein
quantification kit (Thermo Fisher Scientific). Total pro-
tein (50 pg) was separated using sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) on a 10%
polyacrylamide gel and transferred onto a nitrocellulose
membrane (GE Healthcare, Marburg, USA). Primary an-
tibodies against E-cadherin (BD Biosciences, San Diego,
USA), SNAII, SNAI2, c-Myc, Nanog, Vimentin, KLF4,
Sox2, Oct4, and actin (Cell Signaling Technology (CST),
San Diego, USA), as well as horseradish peroxidase (HRP)-
conjugated secondary antibodies (Jackson ImmunoRe-
search Laboratories, West Grove, USA), were used for
membrane detection. Immunoblots were visualized us-
ing enhanced chemiluminescence (GE Healthcare) and
the LI-COR Odyssey imaging system (LI-COR BioSci-
ences, Lincoln, USA).

Statistical analyses

GraphPad Prism v. 8.0.2 (GraphPad Software, San Di-
ego, USA) and IBM SPSS v. 25 (IBM Corp., Armonk, USA)
were used for statistical analysis of the data in each group.
When the sample size was 10-50, the Shapiro—Wilk test
was used to assess normality of the correlation data. When
the sample size was >50, the Kolmogorov—Smirnov test
was used to assess normality of the correlation data, and
the relevant results are detailed in Supplementary Table 1.
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For data conforming to a normal distribution, means and
standard deviations (SDs) are presented in the tables. When
the results conformed to a normal distribution, homogene-
ity of variance was further assessed using the Brown—For-
sythe test, and the specific results are listed in Supplemen-
tary Table 2. Next, when the sample size was greater than 10
and the results were consistent with normal distribution
and homogeneity of variance, one-way analysis of variance
(ANOVA) was used to detect overall differences among mul-
tiple groups, followed by Tukey’s post hoc test to determine
which groups differed significantly. When the sample size
was less than 10, the Mann—Whitney U test was used for
nonparametric comparisons between 2 groups. Nonpara-
metric comparisons among multiple groups were performed
using the Kruskal-Wallis test followed by Dunn’s post hoc
test with Bonferroni correction. The number of corrections
corresponded to the total number of pairwise group com-
parisons, and the specific results are listed in Supplemen-
tary Table 3. Statistical significance was defined as p < 0.05.

Results

Expression and genetic variation of SNAI1
and SNA/2 in patients with colon cancer

Four colon cancer datasets were analyzed to compare
the expression levels of SNAII and SNAI2. In the Gaedcke
cohort (65 patients), SNAII expression was significantly in-
creased and was the highest among the 4 datasets, whereas
SNAI2 expression was significantly decreased, suggesting
that SNAII upregulation and SNAI2 suppression may be
associated with aggressive tumor behavior. In the TCGA
cohort (60 patients), the results showed decreased SNAII
expression and significant inhibition of SNA12, indicating
a potential shift in transcriptional regulation during tumor
progression. In the Kurashina cohort (37 patients), SNAII
expression was the lowest, whereas SNAI2 expression was
higher. In the TCGA 2 cohort (90 patients), the expres-
sion patterns of SNAII and SNAI2 were similar to those
observed in the Kurashina cohort (Fig. 1A). These findings
imply that SNAII and SNAI2 expression varies signifi-
cantly among cohorts.

Further analysis of genetic alterations in SNAII and SNAI2
in the TCGA dataset showed that the SNAII gene ampli-
fication rate was significantly higher than that of SNAI2
(Fig. 1B), further supporting the dominant role of SNAII
in CRC progression. Overexpression of SNA/I in HCT116
and DLDI1 cell lines was verified using qPCR analysis.
In HCT116-SNAII and DLD1-SNAII cells, SNAII mRNA
levels were significantly increased, indicating successful
overexpression (Fig. 1C). Western blot analysis further con-
firmed high SNAII overexpression at the protein level, with
significantly increased SNAII protein levels in HCT116-
SNAII and DLD1-SNAII cells (Fig. 1D), providing a robust
experimental basis for subsequent functional studies.
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SNAI1’s function in colon cancer cell
migration, survival, proliferation, and
phenotypic transformation

We compared the proliferative capacity of control
(Vec) cells and SNAII-overexpressing colon cancer cell
lines HCT116 and DLD1. The findings demonstrated
that SNAII played a more important role in stimulat-
ing proliferation in HCT116 cells than in DLD1-SNAII
cells, with HCT116-SNAII cells exhibiting an approx.
7-fold increase in proliferative capacity, whereas DLD1-
SNAII cells showed a more moderate increase of approx.
2-fold (Fig. 2A,B), suggesting a cell-line-dependent effect
of SNAII on proliferation. The effect of SNAII on cell
survival under stress conditions was further assessed.
The survival rates of HCT116-SNAII and DLD1-SNAII
cells were significantly increased (Fig. 2C,D), indicating
that SNAII significantly enhanced the tolerance of both
cell lines to adverse conditions.

The results of the migration assay demonstrated that
SNAII overexpression markedly enhanced cell migra-
tion. Specifically, overexpression of SNAII significantly
increased the migratory capacity of HCT116-SNA/I and
DLD1-SNAII cells (Fig. 3A,B). To further investigate how
SNAII influences the phenotypic transition of tumor cells,
western blot analysis was used to assess the expression
of the cytoskeletal protein vimentin and the cell adhesion
molecule E-cadherin. Vimentin expression in HCT116-
SNAII and DLD1-SNAII cells was significantly upregu-
lated, whereas E-cadherin expression was downregulated
(Fig. 3C,D), suggesting that SNAII overexpression pro-
moted phenotypic transformation of tumor cells and en-
hanced their invasiveness.

Inhibitory effect of SNAIT on miR-145
expression and promoter activity

We investigated the effects of SNAII overexpression
on miR-145 expression in the colon cancer cell lines
HCT116 and DLD1 using RT-PCR. The results showed
asignificant reduction in miR-145 expression in HCT116-
SNAII cells and a modest downregulation of miR-145
expression in DLD1-SNAII cells, indicating that SNAII
overexpression successfully reduced miR-145 expres-
sion (Fig. 4A). Further analysis showed that the core
sequence of the SNAII binding site, CA(C/G)(C/GQ)TG,
in the promoter region of miR-145 was consistent with
the upstream CT-enriched region. Using luciferase re-
porter gene assays, we investigated how SNAII affected
miR-145 promoter activity (Fig. 4B). The findings demon-
strated that luciferase activity was dramatically reduced
in HCT116-SNAII cells, suggesting that SNAII strongly
suppressed miR-145 promoter activity. Luciferase activ-
ity was also significantly reduced in DLD1-SNAII cells,
further confirming that SNAII effectively inhibits miR-
145 transcription.
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Fig. 1. Expression and genetic variation of SNA/T and SNAI2 in patients with colon cancer

A. Relative expression levels of SNAIT and SNAL2 in colorectal cancer (CRC) patient datasets from Kurashina (37 patients), Gaedcke (65 patients), The Cancer
Genome Atlas (TCGA; 60 patients), and TCGA (90 patients), shown as fold changes relative to normal tissues; B. Frequency of SNA/T and SNAI2 upregulation
in CRC patients from the TCGA dataset. Percentages indicate the proportion of samples with elevated expression; C. SNAIT mRNA expression levels

in HCT116 and DLD1 cell lines transfected with empty vector (Vec) or SNAIT overexpression plasmid (SNAIT). Data are presented as mean + standard
deviation (SD); D. Western blot analysis of SNA/T protein expression in HCT116 and DLD1 cell lines transfected with the SNAIT overexpression plasmid

(SNAIT) or empty vector (Vec). B-actin was used as a loading control. Data are presented as dots, with horizontal lines indicating medians. Horizontal lines
above the dots and asterisks (*) indicate statistically significant differences between the 2 connected groups. In Fig. 1A, Kolmogorov-Smirnov tests (for

n >50) and Shapiro-Wilk tests (for n <50) were performed to assess normality, and the Brown-Forsythe test was used to assess homogeneity of variance.
Parametric analyses were performed using one-way analysis of variance (ANOVA) followed by Tukey's post hoc test (Supplementary Tables 1-3). In Fig. 1C,D,
nonparametric analyses were performed using the Mann-Whitney U test (Supplementary Table 3); *p < 0.05 and **p < 0.01 were considered statistically

significant

Analysis of miR-145 expression
in colorectal cancer cell lines and tissues

Using qPCR, we examined miR-145 expression levels
in both healthy colon and CRC tissues. The results showed
that miR-145 was considerably downregulated in cancer
tissues (Fig. 5A). Additionally, we examined miR-145 ex-
pression in several colon cancer cell lines and 1 normal
colon cell line. miR-145 expression was low in the SW620
cell line and moderate in the HCT8 and HT-29 cell lines,
although still lower than in the normal colon cell line
(Fig. 5B). Overall, miR-145 expression was consistently
lower in CRC cell lines compared with normal colon cells,
suggesting that miR-145 downregulation may be a com-
mon feature of colorectal tumorigenesis.

Effects of overexpression of miR-145
on invasion and migration of tumor cells

Through qPCR analysis, we confirmed that miR-145
mimics effectively increased miR-145 expression (Fig. 6A),
indicating successful overexpression. The effect of miR-
145 overexpression on tumor cell invasion and migra-
tion was further evaluated. The findings demonstrated
a significant decrease in the invasion index of miR-145
mimic-transfected cells (Fig. 6B), suggesting that miR-145
overexpression inhibited tumor cell invasion. In addition,
miR-145 overexpression markedly impaired the migratory
capacity of tumor cells (Fig. 6C, Fig. 7A,B). Collectively,
these results demonstrate that miR-145 acts as a negative
regulator of CRC cell aggressiveness and migration.
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Fig. 2. Effects of SNAIT overexpression on cancer stemness and clonogenicity in colorectal cancer (CRC) cell lines

A,B. Sphere formation assay in HCT116 and DLD1 cell lines transfected with empty vector (Vec) or SNA/T overexpression plasmid (SNAIT); C,D. Clonogenic
assay showing colony formation in HCT116 and DLD1 cell lines transfected with Vec or SNA/T. Representative images (left) and quantification of surviving
fractions (right) are shown. Data are presented as dots, with horizontal lines indicating medians. Horizontal lines above the dots and asterisks (*) indicate
statistically significant differences between the 2 connected groups. Nonparametric analyses were performed using the Mann-Whitney U test in Fig. 2B,D
(Supplementary Table 3); *p < 0.05 and **p < 0.01 were considered statistically significant

Effects of SNAIT on colon cancer cell
survival and invasiveness and how
miR-145 regulates the cAMP/PKA
signaling pathway

The effects of miR-145 and SNAII on DLD1 cell sur-

vival were evaluated. Overexpression of miR-145 signifi-
cantly reduced cell viability, suggesting an inhibitory effect

on cell survival. In contrast, overexpression of SNAII re-
sulted in a significant increase in cell viability, indicat-
ing enhanced cell survival. Notably, co-overexpression
of SNAII and miR-145 suggested that miR-145 could effec-
tively counteract the survival-promoting effect of SNA/I
(Fig. 8A,B).

In the invasion assay, overexpression of miR-145 sig-
nificantly reduced the cellular invasion index, indicating



HCT116-Vec | 309
Ay ??‘; 57 A e —=— *»
‘ P 2
g 2004
c
S
Ses, o % ©
s L Y i W - 2 1004
. DLD1-Vec __DLDL-SNAIL = N ad
gz FFary ot 3T B S ST T‘? 3
;.n.. =g :‘_ 'Q.K ",,‘:‘. ._n--_“k __% ch = r' -‘b e ; o D. o
’*‘E\ FEAT i o P % At 3 0 T T T T
B & S S ~~
[k é\ G O\,. <>\.’
& N
N
C D5 . .
w —
o -
5 157
>
Q
£
T 1.0
g g —_—
Vimentin £ s
o
]
- E
B-actin  SE—————— > oo
& & & o
Sy
N ¢ o
& >
F e S
L 8 ¥ 5 1.5
& & 9 9 —, .
T I q 3 < =

E-cadherin W 1.0+ —=—

Bractin e se— i —

|

E-cadherin protein expression

0.0 I 1 I 1

Fig. 3. Effects of SNA/T overexpression on migration and epithelial-mesenchymal transition (EMT)

A,B. Migration assay in HCT116 and DLD1 cell lines transfected with Vec or SNA/I. Representative crystal violet-stained images of migrated cells and
quantification of migrated cell counts are shown; C,D. EMT markers (vimentin and E-cadherin) in HCT116 and DLD1 cell lines transfected with Vec

or SNAIT were examined using western blot analysis. 3-actin was used as a loading control. Protein expression normalized to (3-actin is presented

as mean = standard deviation (SD) in bar graphs. Data are presented as dots, with horizontal lines indicating medians. Horizontal lines above the dots
and asterisks (*) indicate statistically significant differences between the 2 connected groups. Nonparametric analyses were performed using the Mann-
Whitney U test in Fig. 3B,D (Supplementary Table 3); *p < 0.05 and **p < 0.01 were considered statistically significant
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Fig. 4. Impact of SNAIT overexpression on miR-145 expression and target reporter activity in colorectal cancer (CRC) cell lines

A. Relative expression levels of miR-145 in HCT116 and DLD1 cell lines transfected with empty vector (Vec) or SNAIT overexpression plasmid (SNAIT);

B. Luciferase reporter assay showing miR-145 target reporter activity in HCT116 and DLD1 cell lines transfected with Vec or SNA/I. Data are presented
as dots, with horizontal lines indicating medians. Horizontal lines above the dots and asterisks (*) indicate statistically significant differences between
the 2 connected groups. Nonparametric analyses were performed using the Mann-Whitney U test in Fig. 4A,B (Supplementary Table 3); *p < 0.05 and
**p < 0.01 were considered statistically significant
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Fig. 5. Expression of miR-145 in colorectal cancer (CRC) tissues and cell lines

A. MiR-145 expression levels in paracancerous and CRC tissues; B. Relative expression levels of miR-145 in different CRC cell lines (SW620, HCT8, HT-29, and
HCT116) compared with normal colonic epithelial cells (FHC). Data are presented as dots, with horizontal lines indicating medians. Horizontal lines above
the dots and asterisks (¥) indicate statistically significant differences between the 2 connected groups. In Fig. 5A, nonparametric analyses were performed
using the Mann-Whitney U test. In Fig. 5B, nonparametric analyses were performed using the Kruskal-Wallis test followed by Dunn'’s post hoc test with
Bonferroni correction; the number of corrections corresponded to the total number of pairwise group comparisons (Supplementary Table 3); *p < 0.05 and
**p < 0.01 were considered statistically significant

the ability of miR-145 to inhibit cell invasion. In contrast, overexpressed, the results suggested that miR-145 inhib-
overexpression of SNAII enhanced the invasive capacity ited tumor cell invasion even in the presence of SNAII
of the cells. Notably, when both SNAII and miR-145 were overexpression (Fig. 9A,B).
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Fig. 6. Effects of miR-145 mimic on colorectal cancer (CRC) cell invasion

A. Quantitative real-time PCR (gPCR) analysis of miR-145 expression in CRC cells transfected with either miR-145 mimic or negative control (NC mimic);

B,C. Transwell invasion assay of CRC cells transfected with NC mimic or miR-145 mimic. Quantification of invading cells and representative images are
shown. Data are presented as dots, with horizontal lines indicating medians. Horizontal lines above the dots and asterisks (*) indicate statistically significant
differences between the 2 connected groups. Nonparametric analyses were performed using the Mann-Whitney U test in Fig. 6A,B (Supplementary

Table 3); *p < 0.05 and **p < 0.01 were considered statistically significant
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Fig. 7. Effects of miR-145 mimic on colorectal cancer (CRC) cell migration and stemness marker expression

A,B. Migration assay of CRC cells transfected with negative control (NC) mimic or miR-145 mimic. Quantification of migratory cells and representative
images are shown; C,D. Western blot analysis of CRC cells transfected with miR-145 mimic or NC mimic using stemness-associated markers (c-Myc, KLF4,
Oct4, and Nanog). 3-actin was used as a loading control. Data are presented as dots, with horizontal lines indicating medians. Horizontal lines above
the dots and asterisks (*) indicate statistically significant differences between the 2 connected groups. Nonparametric analyses were performed using
the Mann-Whitney U test in Fig. 7A,B (Supplementary Table 3); *p < 0.05 and **p < 0.01 were considered statistically significant
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Fig. 8. Effects of miR-145 and SNAIT expression on clonogenicity in DLD1 cells

Clonogenic assay in DLD1 cells treated with miR-145 mimic or scramble control following transfection with either vector control (Vec) or SNAIT
overexpression plasmid (SNA/T). Representative images of colony formation and quantification of surviving fractions are shown. Data are presented

as dots, with horizontal lines indicating medians. Horizontal lines above the dots and asterisks (¥) indicate statistically significant differences between

the 2 connected groups. In Fig. 8B, nonparametric analyses were performed using the Kruskal-Wallis test followed by Dunn’s post hoc test with Bonferroni
correction (Supplementary Table 3); *p < 0.05 and **p < 0.01 were considered statistically significant
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Fig. 9. Effects of miR-145 and SNAIT expression on invasion in DLD1 cells

Transwell invasion assay in DLD1 cells transfected and treated as described in panel A. Representative images of invading cells and quantitative analysis are

shown. Data are presented as dots, with horizontal lines indicating medians. Horizontal lines above the dots and asterisks (*) indicate statistically significant

differences between the 2 connected groups. In Fig. 9B, nonparametric analyses were performed using the Kruskal-Wallis test followed by Dunn’s post hoc
test with Bonferroni correction (Supplementary Table 3); *p < 0.05 and **p < 0.01 were considered statistically significant
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Fig. 10. Effects of miR-145 and SNAIT expression on cAMP/PKA signaling in DLD1 cells

A. Comparative cCAMP and PKA expression levels in DLD1 cells treated with miR-145 mimic or scramble control, with or without the PKA inhibitor H89-2HC|;
B,C. Western blot analysis of CAMP and PKA protein levels in DLD1 cells. Data are presented as dots, with horizontal lines indicating medians. Horizontal
lines above the dots and asterisks (*) indicate statistically significant differences between the 2 connected groups. Nonparametric analyses were performed
using the Mann-Whitney U test in Fig. 10A,B (Supplementary Table 3); *p < 0.05 and **p < 0.01 were considered statistically significant

Subsequent experiments revealed that miR-145 over-
expression markedly decreased cAMP and PKA activity,
suggesting that miR-145 may exert its effects by block-
ing the cAMP/PKA pathway. Use of the PKA inhibitor
H89 also significantly reduced cAMP and PKA levels,
indicating effective inhibition of PKA activity (Fig. 10A).
In the context of miR-145 overexpression, H89 further
reduced cAMP and PKA levels, suggesting that the 2 may
synergistically inhibit activity of the cAMP/PKA pathway
(Fig. 10B,C).

Discussion

A number of hereditary and environmental factors
are closely associated with the incidence of CRC, one
of the malignant tumors with the highest morbidity and
mortality rates worldwide. According to global cancer
statistics, colon cancer ranked 3'4 in terms of incidence

and 2" in terms of mortality among malignant tumors
in 2020, with approx. 1.88 million new cases and 920,000
deaths.!® The incidence and mortality of CRC continue
to rise in developing countries, particularly China, despite
improvements in early detection and treatment result-
ing from advances in screening technologies, especially
in industrialized nations.!! Therefore, CRC prevention and
treatment remain major global public health challenges.'

The development and progression of CRC involve
a complex, multistep process characterized by interac-
tions among numerous genes and signaling pathways.1314
In recent years, increasing attention has been directed
toward the role of EMT in tumor invasion, metastasis, and
chemoresistance. One of the key steps enabling tumor dis-
semination is the transition of epithelial cells into more ag-
gressive and migratory mesenchymal cells through a series
of molecular alterations, known as EMT.!>1® In CRC, Snail
family transcription factors such as SNAII and SNAI2 are
considered core regulators of the EMT process, promoting
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tumor cell migration and invasion through regulation
of cytoskeletal remodeling, adhesion molecule expression,
and cell—cell interactions.'”18

In this study, we focused on SNAII and SNAI2, 2 key
transcription factors, and their roles in CRC. We compared
the expression patterns of SNAII and SNAI2 among differ-
ent cohorts of colon cancer patients and further analyzed
their genetic alterations. Through comparative analysis
of multiple datasets, we found that SNAII was significantly
overexpressed in certain colon cancer patients, whereas
SNAI2 was suppressed in others.!® Furthermore, using
cell-based experiments, we investigated the role of SNAII
in colon cancer cell migration, proliferation, phenotypic
transformation, and interaction with miR-145.2°

The study found that SNAII not only promoted pro-
liferation and survival of colon cancer cells, but also sig-
nificantly enhanced migratory capacity. In particular,
overexpression of SNAII in HCT116 cells increased pro-
liferative capacity approx. 7-fold, and the survival rate was
also significantly increased. In addition, SNAII overex-
pression promoted phenotypic transformation of the cells,
as demonstrated by increased expression of the cytoskel-
etal protein vimentin and decreased expression of the cell
adhesion molecule E-cadherin, thereby further enhancing
cellular aggressiveness.?!

We investigated the molecular interaction between
SNAII and miR-145. MiR-145, a well-known tumor sup-
pressor, has been shown to inhibit tumor growth and me-
tastasis in a variety of tumor types.??2® In the present study,
SNAII overexpression markedly reduced miR-145 expres-
sion. These findings suggest that SNAII may regulate miR-
145 expression at the transcriptional level by modulating
miR-145 promoter activity. Furthermore, we found that
miR-145 expression was frequently downregulated in colon
cancer cell lines and tissues, and that its overexpression in-
hibited tumor cell invasion and migration, further support-
ing the role of miR-145 as a putative tumor suppressor.?*

Our findings suggest that SNA/I and miR-145 play piv-
otal roles in modulating key biological processes driving
CRC progression. SNAII, a well-known transcription fac-
tor promoting EMT, facilitates tumor cell invasion, me-
tastasis, and therapeutic resistance. In contrast, miR-145
functions as a tumor suppressor by inhibiting pathways
associated with proliferation and migration, partly through
targeting SNAII and regulating the cAMP/PKA signaling
axis. Dysregulation of the SNAI1/miR-145 axis may there-
fore enhance tumor aggressiveness and may be associated
with poor patient prognosis. These findings underscore
the significance of SNAII and miR-145 not only in cel-
lular behavior but also in the broader biological processes
underlying CRC progression. By suppressing miR-145 ex-
pression, SNAII may not only serve as a crucial regulatory
component in the EMT process of CRC cells but may also
contribute to increased tumor aggressiveness and metasta-
sis. Furthermore, upregulation of miR-145 may effectively
reduce tumor cell aggressiveness.
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While our study focused on the regulatory effects
of SNAII and miR-145 on the cAMP/PKA pathway, their
potential interactions with other critical signaling cas-
cades, such as the Wnt/p-catenin, PI3K/AKT, and TGF-p
pathways, remain to be elucidated. Future studies are
needed to explore these associations in order to fully un-
derstand the broader regulatory network and oncogenic
potential of SNAII and miR-145 in CRC.

Potential clinical implications

Given the pivotal role of the SNAI1/miR-145 regulatory
axis in CRC progression, targeting this pathway represents
a promising therapeutic strategy. Potential approaches in-
clude development of miR-145 mimics to restore its tumor-
suppressive function, use of small-molecule inhibitors
to suppress SNAII expression or activity, and development
of gene-therapy approaches to modulate the expression
levels of these key molecules. However, clinical application
of these strategies requires careful consideration of deliv-
ery efficiency, target specificity, and potential off-target
effects. Further preclinical studies and clinical trials are
needed to evaluate the safety and efficacy of these ap-
proaches in patients with CRC.

Limitations of the study

This study has several limitations that should be ac-
knowledged. First, our findings are primarily based
on in vitro experiments using 2 CRC cell lines (DLD1 and
HCT116), which may not fully reflect the complexity and
heterogeneity of CRC. Validation using additional cell lines
with diverse genetic backgrounds is needed to strengthen
the generalizability of our conclusions. Second, the lack
of in vivo studies limits our ability to fully elucidate
the roles of SNAII and miR-145 within the physiologi-
cal tumor microenvironment (TME), where factors such
as blood supply, immune surveillance, and stromal in-
teractions play critical roles. Future investigations using
animal models or patient-derived xenografts (PDXs) are
warranted. Third, although we demonstrated that SNA/I
and miR-145 regulate the cAMP/PKA signaling pathway,
their interactions with other key oncogenic pathways, such
as Wnt/p-catenin, PI3K/AKT, and TGF-f, remain to be
explored. Finally, the clinical relevance of our findings
needs to be verified through analysis of patient samples
to assess the potential of SNAII and miR-145 as diagnostic
biomarkers or therapeutic targets.

Moreover, technical factors such as variations in trans-
fection efficiency, reagent handling, and measurement
precision may introduce bias. Potential off-target effects
and batch-to-batch variability of experimental reagents
could also affect the results. Rigorous experimental con-
trols and repeated validation experiments will be necessary
to confirm the reproducibility of our findings.
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Conclusions

This work demonstrated the critical roles of SNAII and
miR-145 in regulating the cAMP/PKA signaling pathway,
as well as colon cancer cell survival and invasiveness.
The findings further supported the critical role of SNAII
in tumor progression by demonstrating that SNAII over-
expression enhanced tumor cell survival and invasive po-
tential through upregulation of cAMP and PKA levels.
In contrast, overexpression of miR-145 showed promise
as a tumor suppressor by markedly inhibiting the cAMP/
PKA pathway and reducing tumor cell invasiveness and
survival.

When SNAII and miR-145 were simultaneously over-
expressed, miR-145 counteracted the tumor-promoting
effects of SNAII by significantly downregulating cAMP/
PKA activity, suggesting that miR-145 may antagonize
SNAII-mediated tumor promotion. In addition, adminis-
tration of the PKA inhibitor H89 further attenuated SNA/I-
induced tumor progression, confirming the important role
of the cAMP/PKA pathway in SNAII regulation. These
results provide novel insights into the therapeutic potential
of miR-145 and SNAII as targets for cancer treatment.
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doi.org/10.5281/zenodo.15684050. The package contains
the following files:
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Abstract

Background. The prevalence of fetal alcohol spectrum disorders (FASD) in Poland is about 2%, but the preva-
lence of prenatal alcohol exposure (PAE) is much higher than previously reported. In the absence of a single
biomarker orimaging test that can confirm the diagnosis, the identification of FASD relies on clinical diagnostic
criteria; therefore, the first Polish diagnostic standards were developed in 2020.

Objectives. To present the process of updating the national diagnostic quidelines for FASD in Poland and
discuss the key revisions made based on clinical implementation feedback.

Materials and methods. The work was carried out by the members of the Council for FASD Prevention
and Treatment at the National Centre for Addiction Prevention in 4 steps: 1) a pilot implementation study;
2) a structured literature review supporting the update; 3) a formalized expert consensus process; and
4) stakeholder consultation.

Results. The updated quidelines include the following sections: Introduction, Methodology, Diagnostic
categories, Diagnostic scheme, Ethical considerations, Evaluation of PAE, Evaluation of facial dysmorphism,
Evaluation of growth impairment, and Evaluation of the central nervous system (CNS). Appendices containing
practical tools useful in the diagnostic procedure are an important element of the recommendations. Key
amendmentsinclude the introduction of the partial fetal alcohol syndrome (pFAS) diagnostic category; the ad-
dition of biomarker analysis as a tool to confirm PAE; simplification of the assessment of facial dysmorpholo-
gies; clarification of CNS evaluation; and discussion of the ethical concerns associated with FASD diagnosis.

Conclusions. The updated national quidelines may improve the quality and standardization of FASD diagnosis
notonly in Poland, but also worldwide. The practical utility of each recommendation should be continuously
monitored, validated, and updated.

Key words: Poland, diagnostic quidelines, fetal alcohol spectrum disorders (FASD)
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Highlights

+ Updated Polish national guidelines standardize fetal alcohol spectrum disorder (FASD) diagnosis, addressing
the high prevalence of prenatal alcohol exposure and reducing diagnostic variability.

+ The introduction of partial fetal alcohol syndrome (pFAS) and the use of biomarkers enhance assessment of prenatal
alcohol exposure, improving diagnostic accuracy in the absence of a single definitive test.

« Revised criteria simplify the evaluation of facial dysmorphology and clarify central nervous system assessment,
improving clinical feasibility and inter-rater consistency.

+ These evidence-based, consensus-driven FASD guidelines, supported by practical diagnostic tools, may improve
global clinical practice by promoting ethical, reliable, and reproducible diagnosis.

Background

Fetal alcohol spectrum disorders (FASD) constitute
an umbrella term describing a range of conditions resulting
from prenatal alcohol exposure (PAE). The global prevalence
of FASD is estimated at 22.77 per 1,000 individuals (range:
0-176.77 per 1,000)."> The most recent study attempting
to assess the prevalence of FASD among Polish children was
conducted in 2013 and indicated that at least 2% of children
in Poland are affected.® However, more recent findings sug-
gest that alcohol consumption during pregnancy may be
considerably more common than previously reported.*®
Despite increasing awareness, FASD remains a significant
public health concern both in Poland*¢ and globally.”

In the absence of a single biomarker or imaging modal-
ity capable of confirming the diagnosis,®’ the identifica-
tion of FASD — unlike many other medical conditions
— relies primarily on clinical diagnostic criteria rather
than laboratory findings. Consequently, standardized di-
agnostic guidelines remain the gold standard for diagnos-
ing FASD. Since the first description of the dysmorphic
features of fetal alcohol syndrome (FAS) by Jones and
Smith,'” multiple diagnostic systems for FASD have been
developed.

In North America, 4 principal diagnostic systems are
currently used: the Institute of Medicine (IOM)/Hoyme
et al. criteria,!! the 4-Digit Diagnostic Code,'? the Emory
criteria,'® and the Canadian guidelines.!* However, incon-
sistencies among these systems have been documented.!>1¢
Recently, the need for greater standardization of FASD di-
agnostic guidelines has been strongly emphasized.!® Over
the past several years, a number of countries — including
Germany,18 Norway,!? Italy,2° and Australia®! — have de-
veloped their own national diagnostic guidelines. The first
Polish diagnostic standards were developed in 2020.2
In 2023, the National Centre for Prevention of Addictions
conducted a nationwide survey to assess their applicability

in Polish FASD diagnostic centers.?> The results indicated
that the standards were known in detail by about half (58%)
of the study participants, mainly because their dissemina-
tion was limited (according to 90% of respondents). More
detailed results of the survey indicated that the respon-
dents agreed regarding the general value of the document:
100% of them rated the guidelines as practical, useful, and
well structured.

The diagnostic scheme was positively assessed by 95%
of the survey participants. Respondents’ answers differed
regarding diagnostic categories (47% rated them negatively,
52% positively, and 1% left the question unanswered). Com-
mon reasons for negative assessments included the view that
neurodevelopmental disorder associated with prenatal al-
cohol exposure (ND-PAE) constitutes overly broad criteria,
the need for clearer differentiation between FASD diagnostic
categories, and the lack of pFAS as a diagnostic category.

The part of the guidelines concerning PAE assessment
(including the Alcohol Use Disorder Identification Test
— Consumption (AUDIT-C) and Alcohol Use Disorder
Identification Test (AUDIT) as part of it) was rated posi-
tively by 68% of the respondents, while the remaining 32%
rated it negatively. Common reasons for negative assess-
ments included the statement that biological parents often
cannot be reached and that legal guardians rarely have
knowledge about PAE; moreover, the diagnosis of PAE re-
quires the ability to conduct a therapeutic conversation
due to the mother’s feelings of guilt and shame.

Instructions on the physical examination, particularly
in terms of the proposed tools (growth charts), were viewed
positively by 89% of the participants. The proposed neuro-
psychological criteria were approved by 90% of the partici-
pants; however, 26% considered the neuropsychological cri-
teria inadequate for young children. These results confirm
the need to update and disseminate the FASD diagnostic
guidelines among Polish specialists in order to improve
healthcare for individuals affected by PAE.
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Objectives

This paper summarizes the process of updating the na-
tional diagnostic guidelines for FASD in Poland and dis-
cusses key revisions made based on clinical implemen-
tation feedback. The main objective of this work was
to improve the quality of FASD diagnosis and provide
solid background for healthcare of individuals affected
by PAE. The specific objectives concerned the following
stages of work:

1. To evaluate functioning of the first guidelines (from
2020) in clinical practice;

2. To update the knowledge on FASD;

3. To refine and synthesize experts’ opinions and gain
consensus on the guidelines update;

4. Stakeholder consultation.

In this paper, we briefly present these 4 stages of the up-
dating process and an abbreviated version of the recently
updated Polish diagnostic guidelines already published
in the Polish version in its full form.?

Stage 1: Pilot implementation of the 2020
guidelines and their evaluation

The core element of the guidelines updating process was
their pilot implementation and the assessment of their
functioning and utility in a reference center. The gen-
eral aim of this stage was to evaluate, in clinical practice,
the functioning of the new Polish guidelines and their use-
fulness in assessing all key diagnostic dimensions in FASD:
1) PAE; 2) growth impairment; 3) dysmorphologies; 4) neu-
rodevelopmental disorders.

Materials and methods

The study consisted of 2 parts. In the 1 part, the re-
cords of patients who presented for diagnostic purposes
at the St. Louis Children’s Hospital FASD Diagnostic
Center in Krakow, Poland, between October 2020 and
February 2022 were analyzed. The diagnosis was made
by a team of professionals, including a physician (child psy-
chiatrist and/or pediatrician) and a psychologist, according
to the Polish criteria. In addition, a diagnosis was made
according to the IOM criteria!! based on the clinical data
available at the time of analysis. During a 10-month period,
2 diagnostic teams used the guidelines: one with expertise
in the field and another with expertise in childhood neu-
rodevelopmental disorders, with minimal previous experi-
ence in the diagnosis of FASD. Before implementation, all
team members participated in a structured 20-h training
program delivered by the guideline co-authors (a physician
and a psychologist), consisting of seminars and supervised
practical exercises.

In the 2" part of the study, qualitative data (inter-
views and written opinions) were collected from health
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professionals gathering information on PAE. These data
provided insights into the practicality of the Polish guide-
lines and helped explain the differences in diagnosis based
on IOM compared to Polish recommendations.

Sample

The records of 86 patients admitted to the clinic were
analyzed, of whom 71 completed the diagnostic process.
Fifteen patients did not complete the evaluation: some
withdrew from the diagnostic process, some were lost
to follow-up (the child’s status changed and new caregiv-
ers refused to continue the evaluation), and others were
referred to other facilities (genetic, neurometabolic, or au-
tism spectrum disorder evaluation) for differential diagno-
sis, e.g., due to the biological mother’s declaration that she
had not consumed alcohol during pregnancy (confirmed
no PAE, n = 4).

Among the patients, there were 40 boys and 31 girls.
The median age was 96 months (range: 58—210 months).
Ten children (14%) were raised by their biological parents
(9 by their fathers and 1 by their mother), 31 (44%) were
in adoptive families, 20 (28%) were in foster care, and 10
(14%) were living in institutional care (orphanage or child-
care facility).

The 2™ group of study participants consisted of mem-
bers of the FASD diagnostic team (n = 5) and profession-
als responsible for FASD screening (“screening experts”).
The latter group (n = 8) comprised 2 family physicians,
1 neonatologist, 2 obstetrician—gynecologists, 2 school
psychologists, and 1 educational psychologist, who applied
the screening recommendations in their clinical or edu-
cational practice.

Measures

Data on PAE were collected using various methods:
direct interview with the biological mother; interview
with the biological mother’s relatives or a representative
of an institution (adoptive agency, social services, orphan-
age); information passed to the diagnostic team through
other persons; and/or review of the child’s health records.
The evaluation of prenatal and postnatal growth impair-
ment included all available data on birth weight as well
as current and historical parameters (height and weight).
The assessment of facial dysmorphic features was con-
ducted by a clinical geneticist and pediatricians.

The neuropsychological assessment was adjusted to
the child’s age and needs. In the case of children up to
3 years of age, the Children’s Development Scale (Dziecigca
Skala Rozwojowa (DSR)) was used. For children aged
3 to 5 years, the Intelligence and Development Scales for
Preschool Children, the Stanford—Binet Intelligence Scales
(SB-5), and the Intelligence and Development Scales-2 (IDS-
2) or Wechsler Intelligence Scale for Children (WISC-V)
were used to assess emotional and social development.
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For older children, the following tools were used: Intel-
ligence and Development Scales (IDS-2), Stanford—Binet
Intelligence Scales (SB-5), Raven’s Progressive Matrices,
Delis—Kaplan Executive Function System (D-KEEFS),
WISC-V, Benton Visual Retention Test (BVRT), Rey
Auditory Verbal Learning Test (RVLT), and the D2 Test
of Attention. If needed, additional clinical assessments
were performed, and data from interviews and observa-
tions, psychiatric examinations, and results of assessments
conducted by other psychologists (if available) were taken
into account. All participating professionals (n = 13) pro-
vided feedback through written opinion essays and partici-
pated in a focus group interview moderated by a member
of the project team.

Data analysis

All data were analyzed and discussed by the diagnostic
team. In the first step, the team compared each patient’s
results in each diagnostic category with the Polish recom-
mendations and classified the patient into one of the fol-
lowing categories: no FASD, FAS, ND-PAE, or FASD risk.
The patient’s results were then compared with the IOM diag-
nostic recommendations, and the patient was assigned to one
of the following categories: FAS, pFAS, ARND, or no FASD.

Qualitative feedback from professionals was analyzed
thematically to identify recurring facilitators and barri-
ers to guideline implementation. Caregivers of children
diagnosed during the implementation period were sur-
veyed separately to obtain patient and family perspectives
on the diagnostic process.

Results

In 14 (20%) cases, a diagnosis of FAS was made; 19 (27%)
received a diagnosis of ND-PAE; 28 (39%) were considered
“at risk of FASD”; and in 10 (14%) cases, FASD was ex-
cluded. According to the IOM criteria, 14 (20%) of the pa-
tients were diagnosed with FAS, 10 (15%) with pFAS, and
14 (21%) with ARND, while in 33 (42%) cases no FASD
diagnosis was made (Table 1).
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As shown in Table 1, the consistency of diagnoses based
on the Polish?? and IOM criteria!! was 60%. The inconsis-
tencies were due to differences in neurodevelopmental as-
sessment and the inability to confirm PAE. The assessment
of growth parameters and dysmorphic features yielded
consistent diagnoses.

The guidelines were positively evaluated by profession-
als and perceived as clear, concise, and clinically useful.
Participants particularly emphasized the value of stan-
dardized tools supporting both physical and psychologi-
cal assessments. However, the neuropsychological criteria
required to establish an FASD diagnosis were frequently
described as relatively restrictive compared with other
international guidelines, especially regarding the required
number of affected brain domains. Based on the findings
from the Stage 1 study, the need for further refinement
of selected components of the guidelines was identified.

Stage 2: Structured literature review
supporting the update

In December 2023, an evidence-informed literature review
was conducted to support the update of the guidelines and
to evaluate the current state of knowledge relevant to FASD di-
agnosis. The PubMed database was searched using the terms
“FASD”, “fetal alcohol spectrum disorders”, and “prenatal alco-
hol exposure”. A total of 150 results were retrieved. The search
was further refined using targeted queries focused on dysmor-
phology and neuropsychological evaluation.

The identified publications were critically evaluated for
clinical relevance and potential implications for physical
and psychological assessment. Key findings and recent
advances were summarized and presented to the working
group to inform expert discussions and consensus-based
revisions of the updated guidelines.

Stage 3: Formalized expert consensus
process
The development of the updated guidelines was assigned

to a multidisciplinary working group established on the ini-
tiative of the National Centre for Prevention of Addictions.

Table 1. Types of FASD diagnosis made according to the Polish (PL) and IOM'’s (US) recommendations

System/diagnosis

FAS 14 14
ND-PAE 19 -
pFAS - 10
ARND - 14
FASD risk 28 -
no diagnosis 10 33
All 71 71

Consistency

100%

79%

30%
60%

Causes of inconsistency

Behavioral impairment without cognitive deficits
Cognitive impairment only

Impairment in <3 domains

No functional impact in daily life

PAE not confirmed

IOM - Institute of Medicine; FAS - fetal alcohol syndrome; ND-PAE — neurodevelopmental disorders associated with prenatal alcohol exposure;
pFAS - partial fetal alcohol syndrome; ARND - alcohol-related neurodevelopmental disorders; FASD risk — fetal alcohol spectrum disorders risk;

PAE — prenatal alcohol exposure.
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The composition of the working group reflected the in-
terdisciplinary nature of FASD diagnosis and included
6 physicians (a geneticist, pediatric neurologist, pediatric
psychiatrist, pediatrician, pediatric gastroenterologist, and
obstetrician—gynecologist), 4 psychologists, 1 pedagogue/
social therapist, and 2 caregiver representatives.

Due to the limited number of national experts with ex-
tensive clinical experience in FASD diagnosis in Poland,
the consensus process was based on a repeated expert
panel methodology, consistent with an expert opinion
consensus approach. The panel worked in an iterative man-
ner, with successive rounds of discussion and refinement
of the proposed amendments.

Draft amendments to specific sections of the guidelines were
prepared by domain experts according to their areas of clinical
expertise (pediatricians and geneticists — growth assessment
and evaluation of dysmorphic features; child and adolescent
psychiatrist, pediatric neurologist, and neuropsychologist
— central nervous system (CNS) evaluation; obstetrician — PAE
assessment; psychologist — diagnostic scheme; psychologist
— diagnostic categories). These proposals were subsequently
discussed during structured virtual and in-person meetings
of the working group. An additional element of the guideline
development process was a review by a psychologist, the first
author of the previous edition of the guidelines.

Consensus was achieved through discussion, incorpo-
ration of feedback from all panel members, and revision
of recommendations until agreement was reached. In cases
of initial disagreement, alternative formulations were dis-
cussed and refined in subsequent rounds until a shared
position was established.

Stage 4: Stakeholder consultation

A stakeholder meeting was held. The proposed guide-
lines were presented to the representatives of the diagnos-
tic centers in Poland, a broader discussion was initiated,
and the questions were answered.

Table 2. Categories of FASD proposed in the updated 2025 Polish guideline

Category -

Prenatal alcohol exposure yes or unknown

Pre- and/or postnatal growth deficits yes

Sentinel facial features:

Short palpebral fissures

Thin upper lip vermilion border
Smooth (flat) philtrum

30of 3

Neurodevelopmental disorders

functioning).

One key neurological symptom;
Deficits in >3 cognitive domains;
>1 symptom in each domain (cognitive, self-regulation, adaptive
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Results of the process
of the guidelines updating

The updated guidelines include the following sections:
Introduction, Methodology, Diagnostic categories, Diag-
nostic scheme, Ethical considerations, Evaluation of PAE,
Evaluation of facial dysmorphism, Evaluation of growth
impairment, and Evaluation of the central nervous system.

Compared to the 2020 guidelines, a section describ-
ing Ethical considerations was added. The list of annexes
was reviewed, and 7 annexes were included in the final
document.

Annex 1: Feeding problems in infants and toddlers that
require evaluation by a speech therapist.

Annex 2: Screening for CNS impairment suggesting
the need for referral to a pediatric neurologist.

Annex 3: Behavioral and cognitive characteristics sug-
gesting the need for referral for FASD diagnosis.

Annex 4: Differential diagnosis of FASD.

Annex 5: Structured anamnesis with the birth mother.

Annex 6: A list of standardized tools for neuropsycho-
logical evaluation.

Annex 7: Psychiatric evaluation in the diagnosis of FASD.

In all chapters, new information from the literature review
was added to illustrate the current state of the art, present-
ing the crucial amendments made compared to the 2020
guidelines. The full printed guidelines are available.?

Diagnostic categories

In the 2020 guidelines, 3 diagnostic categories were
recommended: FAS, ND-PAE, and a descriptive category
“at risk of FASD.” The aforementioned categories were
maintained in the new guidelines (Table 1). However, a new
category was added: partial fetal alcohol syndrome (pFAS)
(Table 1), which can be diagnosed in cases of both con-
firmed and non-confirmed PAE (Table 2).

FASD
At risk of FASD
pFAS ND-PAE
Confirmed PAE, or unknown
yes or unknown yes if all three sentinel facial
features are present
yes/no yes N/A to be observed
20f3 N/A to be observed

to be observed

FASD - fetal alcohol spectrum disorders; FAS - fetal alcohol syndrome; ND-PAE - neurodevelopmental disorders associated with prenatal alcohol exposure;
pFAS - partial fetal alcohol syndrome; ARND - alcohol related neurodevelopmental disorders; N/A — not applicable.
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Diagnostic scheme

Consequently, the diagnostic scheme (Fig. 1) was reviewed
and updated to include the diagnosis of pFAS. The term
“functional diagnosis” was removed from the scheme,
as it was considered an integral part of the diagnosis itself;
however, it was clarified that functional assessment is not
equivalent to the diagnosis of FASD. The role of standard-
ized tools was emphasized not only during the diagnostic
process but also during screening. The pFAS category was
retained for pragmatic reasons. In the Polish clinical and
legal context, it allows for the classification of children
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with clear dysmorphic features who do not meet the full
criteria for FAS but still require support.

This ensures that such children are not left without
a diagnosis or access to adequate services. The authors
emphasize that this is a transitional solution that can be
revised in the future with broader implementation of ICD-
11 and ND-PAE. However, the “at risk of FASD” category
was maintained because the authors agreed that some
children may be missing components of key diagnostic
criteria at the time of presentation in the diagnostic setting.
For these patients, it was considered beneficial to monitor
them in case they meet the diagnostic criteria in the future.

Key iement

. doctors, nurses,
Prenatal alcohol Growth deficiency . 5 X
P exbosUre Neurodevelopmental (measured and midwives in primary
a XK ) irregularities of e Facial features healthcare,
o (interview with unknown etiology  |p| 2ssessed on growth ical for EAS :
= the mother, analysis |~ (observati chartsof height/ || tYPicalfor gynecology, obstetrics
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® of available (observation length. weight (observation) and neonatal
s=araer s interview with :€ngth, Weight, facilities
dOCU—rﬂentS) Caregivers) . M v
circumference) d . d social
education and socia
e ~a '
A a A el A workers, parents/
Yes | No | Yes No Yes No Yes No caregivers of the child
® Detailed assessment of: Specialist consultations and diagnostic tests Interdisciplinary FASD
.§ o 1. prenatal exposure to alcohol according to a detailed plan developed by the diagnostic team
o = 2. pre- and postnatal growth interdisciplinary FASD diagnostic team,
g. g deficiency including:
3 2 3. key facial dysmorphies e Genetic
b ;i 4. neurodevelopmental disorders e Neuroimaging
2 “« e Neurometabolic
=
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.6._ e Psychiatric center cooperating
3 ¢ Psychological with the
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2
w
At risk No
of FASD FASD

vy v

v

Medical doctor or

themselves (if they are adults) including information
¢ according to what criteria the diagnosis was made

them to the patient and his family.

Presenting the results to the patient's family (if a minor) and to the patients

o findings of the diagnostic team in the scope of the performed tests

e recommendations for further steps, including follow-up visits

e recommendations for further actions adjusted to the actual needs identified
as a result of the functional diagnosis and the real possibilities of providing

psychologist,
representative of the
Interdisciplinary FASD
diagnostic team that

participated in the
diagnostic process
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Additionally, for children at risk of FASD:
e Information to contact at a later date for neurodevelopmental reassessment

Fig. 1. Diagnostic scheme
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Evaluation of prenatal alcohol exposure

According to the 2020 guidelines, there were 3 meth-
ods to evaluate PAE?% direct anamnesis obtained from
the birth mother; indirect anamnesis obtained from
a person who accompanied the birth mother during her
pregnancy; and medical, judicial, or employment records,
as well as broadly understood social welfare documenta-
tion. Due to the difficulty of obtaining reliable answers
to questions about alcohol consumption during pregnancy
through the interview method,® a new section was added
in the 2025 guidelines to the chapter illustrating the role
of biomarkers in the evaluation of PAE.

Ethyl glucuronide (EtG) and phosphatidylethanol (PEth)
were considered the 2 biomarkers with the most estab-
lished role in confirming PAE. However, PEth can be de-
tected in maternal blood only within a limited time frame
of 4—6 weeks after alcohol consumption.? On the other
hand, EtG accumulates in human hair, and its detection
can reflect alcohol consumption throughout pregnancy
across all 3 trimesters.?® The promising role of biomarkers
in the evaluation of PAE was highlighted; however, infor-
mation regarding the requirement for mandatory maternal
consent was also included.

Evaluation of facial dysmorphism

The evaluation of facial dysmorphism in the 2020
guidelines involved palpebral fissure measurement (us-
ing 2 methods: traditional with a ruler and a computer-
ized method) and lip/philtrum assessment with the lip/
philtrum guide.?? The aforementioned procedure was
maintained in the 2025 guidelines. However, in the new
guidelines, the use of only one selected method for as-
sessing the length of the palpebral fissure was approved.
In addition, a table with more subtle dysmorphic features
was added to illustrate the complexity of the physical ex-
amination in the FASD diagnostic process.

Evaluation of growth impairment

The evaluation of prenatal and postnatal growth im-
pairment was included in the 2020 guidelines. It involved
birthweight and current and historical parameters (height
and weight) analysis according to growth charts. The pro-
cedure remained unchanged in the 2025 guidelines. How-
ever, an amendment regarding growth charts was made:
after the age of 3, the use of the 2010 Polish (OLA/OLAF)
growth charts?® was recommended instead of the 1999
growth charts previously recommended.?”

Evaluation of central nervous system
The evaluation of the CNS was the most comprehensive

revision of the chapter. The levels of evaluation (neuro-
logical, neurodevelopmental, and neurobehavioral) were
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specified. Each level was characterized by potential pa-
thologies that may indicate CNS impairment. In the neu-
rological evaluation, microcephaly, CNS malformations
observed in previously performed imaging, or epilepsy
of prenatal origin were considered key neurological symp-
toms. However, it was underlined that the presence of fea-
tures of cerebral palsy, focal symptoms, central deafness,
or other neurological symptoms indicates the need for
consultation with a pediatric neurosurgeon.

Neurodevelopmental evaluation encompasses the assess-
ment of motor, sensory, and perceptual functions, as well
as the assessment of the articulatory mechanism and oral
praxis, primary orofacial functions, respiratory pattern,
and the quality of speech and communicative competen-
cies. Neurobehavioral evaluation consists of the assessment
of the following domains: cognition (intelligence, executive
functions, learning, memory, visuospatial competencies),
self-regulation (emotional regulation, attention, impulse
control), and adaptive functioning (communication, social
cognition, motor functions, everyday coping strategies).

The evaluation of the 3 levels should be accompanied
by a functional analysis, including the assessment of psy-
chopathological symptoms and functioning in home and
school settings. A section on concomitant psychopatholog-
ical diagnoses was added. Significant CNS impairment was
defined as the presence of: a) 1 key neurological symptom
(microcephaly, CNS malformation, or epilepsy of prena-
tal origin); b) deficits in =3 neurocognitive areas; or c) 21
symptom in each domain (neurocognitive, self-regulation,
adaptive functioning).

Discussion

The Polish FASD diagnostic criteria developed in 2020,
although generally positively received, were poorly known
among specialists and criticized mainly for the requirements
for diagnosing PAE, which were difficult to apply in clinical
practice.?* Pilot implementation of these guidelines (stage 1
of the updating procedure) largely confirmed both the ex-
pectations and concerns of Polish experts related to the as-
sessment of PAE. First of all, in retrospective studies, i.e.,
when the diagnostic procedure is conducted in the case
of a child aged several or more than a dozen years, collect-
ing reliable information about the alcohol consumption
of the pregnant mother is very difficult and often impossible.
As a result, if PAE is considered “probable”, patients with
neurodevelopmental disorders but without characteristic
facial features are, according to the 2020 Polish recommen-
dations, classified as “at risk” of FASD, whereas according
to the IOM criteria, FASD is ruled out in these patients.

Another cause of inconsistent diagnoses, depending
on the recommendations used, was the criteria for as-
sessing the CNS. The 2020 Polish criteria were more re-
strictive in this regard than the IOM criteria. As a result,
diagnostic consistency between the recommendations was
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60%, which can be considered high. In studies comparing
diagnoses based on the IOM criteria and the 4-Digit Code,
consistency was 38%.28

In the absence of a single diagnostic or imaging test
to confirm FASD, diagnostic criteria remain the gold
standard. The proposed 2025 Polish guidelines are con-
sistent with international recommendations; however,
they also represent an attempt to adapt existing sci-
entific data to the Polish context (e.g., specific growth
charts, validated psychometric tools for evaluation). From
a content perspective, the Polish recommendations are
in agreement with other widely used FASD diagnostic
guidelines. Regarding diagnostic categories, they largely
reproduce the nomenclature from the guidelines devel-
oped by Hoyme et al.!!

However, alcohol-related neurodevelopmental disorder
(ARND) is instead termed ND-PAE to avoid a definitive
causal interpretation. Nevertheless, this category does not
fully overlap with DSM-5 ND-PAE,?*3? in which a diagno-
sis of ND-PAE can be made with or without the presence
of dysmorphic features. More similarities can be found
between the definition in the 2025 Polish guidelines and
the Canadian guidelines.'* The addition of a new diag-
nostic category, pFAS, may be viewed as controversial.
However, the authors return to a system in which children
presenting with 2 out of 3 dysmorphic features are treated
as a separate group.

The category was added following suggestions from pro-
fessionals who pointed out that patients presenting with
2 dysmorphic features, growth restriction, and neurobe-
havioral problems but with unknown PAE are left without
aformal diagnosis. The “at risk” category was maintained,
as professionals underlined its utility in cases where some
information is lacking. Children assigned to this category
remain in the diagnostic process and can be transferred
to other categories if new information emerges, such
as confirmed PAE (previously unknown) or the develop-
ment of neurobehavioral problems.

The dysmorphological evaluation and its principles do
not differ substantially among the available diagnostic
guidelines, which are based on the lip and philtrum guide
and palpebral fissure measurements.!'>* An important
difference between the 2025 and 2020 Polish guidelines
is that the process was simplified by allowing only 1 evalu-
ation method instead of two. However, no other diagnostic
guidelines!1> provide for double verification of palpebral
fissure length, and, in the opinion of professionals, this
approach hindered the implementation of the guidelines.

Neuropsychological evaluation is a key component
of FASD diagnosis. The undisputed advantage of the Pol-
ish guidelines is that they are accompanied by a list
of validated and available psychometric tools recom-
mended in Poland. In the amended recommendations,
the role of structural brain defects such as microcephaly
is emphasized. This is especially important in diagnosing
young children, among whom subtle neuropsychological
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symptoms may not be evident. Regarding alcohol exposure,
the 2025 Polish guidelines, in light of the latest research,
are the first to suggest the use of biomarkers in the process
of PAE assessment.

Furthermore, the path to population screening is still
distant, and biomarkers need to be evaluated in terms
of cost-effectiveness and technological availability. There-
fore, the use of biomarkers remains a methodologically
justified possibility that may be incorporated into the di-
agnostic process following further expansion of medi-
cal technology. Moreover, the use of biomarkers is only
possible with the informed consent of the mother, which
is consistent with previous international publications
on this matter.®3!

The authors of the 2025 guidelines emphasize that they
should be reviewed and updated within a 5-year period;
however, their applicability will be continuously moni-
tored. The 2020 guidelines were created in the hope that
they would be the first step toward establishing an in-
tegrated system of care for children with FASD in Po-
land. The authors of the 2025 guidelines emphasize that
systemic, government-coordinated actions are urgently
needed, as relatively few steps have been taken in the past
5 years and FASD diagnosis is still not covered by the public
healthcare system. Although data on alcohol consumption
among Polish women are alarming,* and only some preven-
tive efforts seem to be effective,® FASD remains a margin-
alized health issue. The authors of the guidelines believe
that the updated version will be widely distributed not
only to diagnostic centers but also to primary care offices,
regional centers, and obstetric/neonatology departments.
Within the framework of the project funded by the Na-
tional Centre for Prevention of Addictions, printed copies
of the guidelines were distributed nationwide.

In the 2025 guidelines, an effort has been made to sim-
plify the diagnostic pathway — this could potentially reduce
the entry barrier for new diagnostic settings. An additional
advantage of the 2025 guidelines is their potential to im-
prove daily clinical practice. By introducing a simplified
diagnostic process and recommending standardized tools
available in Poland, they can streamline diagnostic work
not only in referral centers but also in smaller facilities.
This, in turn, could reduce regional disparities in access
to FASD diagnosis in Poland (Table 3).

Limitations

Although the update of the 2020 guidelines? is an im-
portant step toward improving the system for addressing
FASD-related problems, the limitations of our work must
be acknowledged. As recommended in the 2020 guide-
lines, evaluation in the clinical setting was the first step
in verifying the guidelines (Stage 1). However, feedback was
collected at only a single specialized facility. Therefore,
it is uncertain to what extent the conclusions from this
study can be generalized.
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Table 3. Changes in the Polish FASD guidelines (2025 update) compared with the 2020 guidelines

Category

2020 guidelines

2025 guidelines

Diagnostic categories

Evaluation of prenatal
alcohol exposure

Evaluation of facial

dysmorphism

Evaluation of growth
impairment

Evaluation of the central
nervous system (CNS)

- FAS
- ND-PAE
« FASD risk

Three methods of PAE determination (direct and indirect
history taking, and documentation review).

- Two measurements with each of 2 methods (manual with
a ruler and with a computer)

- Lip assessment according to the Lip-Philtrum Guide

« Philtrum assessment according to the Lip-Philtrum Guide

Analysis of birthweight, height and weight at the time

of diagnosis according to:

« WHO growth charts for term children aged 0-5 years and
Fenton growth charts for preterm infants

« Palczewska and NiedZzwiedzka growth charts >5%8

CNS impairment is defined as:

Deficits in >3 cognitive domains (=2 if neurological symptoms

are present);

Abnormalities in >3 domains of emotional, social, or adaptive
functioning, or psychopathological symptoms;

Clinically significant impairment in daily functioning and
school performance (or occupational functioning in adults).

FAS, ND-PAE, FASD risk maintained, pFAS added

Three methods of PAE determination maintained;
information on the potential use of PAE biomarkers added.

- Two measurements with 1 selected method (manual with
a ruler and with a computer)

- Lip evaluation according to the Lip-Philtrum Guide
Philtrum assessment according to the Lip-Philtrum Guide

Analysis of birthweight, height, and weight at the moment

of diagnosis according to:

+ WHO growth charts for term children aged 0-3 years and
Fenton growth charts for preterm infants;

- OLA/OLAF growth charts? >3 years.

CNS impairment defined as:

1 key neurological symptom;

Deficits in >3 cognitive domains;

>1 symptom in each domain (cognitive, self-regulation,
adaptive functioning).

FASD - fetal alcohol spectrum disorders; FAS — fetal alcohol syndrome; ND-PAE — neurodevelopmental disorders associated with prenatal alcohol exposure;

PFAS - partial fetal alcohol syndrome.

Second, although a literature search was conducted to up-
date the guidelines with the most recent evidence and meth-
ods (Stage 2), most modifications were made based on feed-
back from professionals in the field (Stage 3). Therefore,
in the summary of the 2025 guidelines, it was suggested that
future updates should be entrusted to scientific societies.

Conclusions

The 2025 guidelines have been positively received
as a unified diagnostic tool, and their implementation
in clinical practice has provided valuable feedback that
prompted the re-evaluation of several recommendations.
Based on this experience, the updated guidelines are
now expected to be widely disseminated and supported
by structured training for health professionals, which may
further reduce the diagnostic gap, improve consistency
between centers, and strengthen interdisciplinary col-
laboration, thereby increasing momentum for systemic
solutions to this complex health issue.

The 2025 Polish guidelines not only standardize diag-
nostic procedures but also set the stage for coordinated
national strategies in the prevention, diagnosis, and care
of individuals affected by FASD.
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Abstract

Gastroesophageal reflux disease (GERD) is a common digestive system disorder encountered in clinical practice.
In recent years, the prevalence of GERD has increased, substantially affecting patients” daily lives. This study
aimed to address this issue by leveraging data from the Global Burden of Disease (GBD) 2021 database to sys-
tematically evaluate the burden and epidemiological characteristics of GERD and to predict trends in GERD
burden from 2022 to 2050. We comprehensively analyzed the burden of GERD from 1990 to 2021, evaluated
years lived with disability (YLDs), prevalence and incidence rates, and conducted stratified analyses accord-
ing to geographical region, Sociodemographic Index (SDI), sex, and age groups ranging from 0 to 95 years.
Globally, in 2021, there were 324 million (95% uncertainty interval (95% Ul): 287.7—358.9 million) incident
cases, 826 million (95% UI: 733—926 million) prevalent cases, and 6.34 million (95% Ul: 3.19—11.24 million)
YLDs attributable to GERD. Among individuals aged 0—95 years, women aged 3539 years had the highest
prevalence, estimated at 45.32 million (95% Ul: 32.92—61.05 million). The burden was highest in middle-SDI
regions and lowestin high-SDI regions. Predictions using autoregressive integrated moving average (ARIMA)
modeling indicated that the global burden of GERD will continue to increase from 2022 to 2050, posing
increasingly severe challenges to global healthcare systems, particularly among women. Itis projected that
by 2050, women will account for 54% of new cases.

Key words: epidemiology, gastroesophageal reflux, Global Burden of Disease


https://www.doi.org/10.17219/acem/210367

1074

K. Li et al. Gastroesophageal reflux disease

Highlights

gies across age, sex, and SDI groups.

+ In 2021, gastroesophageal reflux disease (GERD) affected 826 million people globally, with 324 million new cases
and 6.34 million years lived with disability (YLDs), according to Global Burden of Disease (GBD) 2021 data.

+ Women aged 35-39 years showed the highest prevalence, with 45.32 million cases, and the burden was greatest
in regions with a medium Socio-Demographic Index (SDI).

+ Autoregressive Integrated Moving Average (ARIMA) modeling predicts a continued increase in the burden of GERD
through 2050, especially among women, who are projected to account for 54% of new cases.

+ These findings highlight the growing public health impact of GERD and the need for targeted prevention strate-

Introduction

Gastroesophageal reflux disease (GERD) is a preva-
lent gastrointestinal disorder worldwide, pathologically
defined by the retrograde flow of gastric contents into
the esophagus, oropharynx, or pulmonary system. Clini-
cal manifestations include typical symptoms (heartburn
and acid regurgitation) as well as atypical extraesophageal
presentations, including laryngitis, chronic cough, and
asthma exacerbations. The disease exhibits a bimodal age
distribution, affecting both pediatric and adult popula-
tions. In children aged <8 years, GERD primarily manifests
as feeding refusal, recurrent vomiting, and pulmonary
complications (chronic cough and recurrent pneumonia),
whereas older children (>8 years) and adolescents typically
present with adult-type symptoms such as epigastric pain,
nocturnal cough, and wheezing.2

Endoscopic classification distinguishes 2 phenotypes:
erosive esophagitis (EE; 30% prevalence), character-
ized by mucosal breaks (Los Angeles Grade A-D), and
nonerosive reflux disease (NERD; 60-70% prevalence),
characterized by intact mucosa despite symptomatic re-
flux.® Barrett’s esophagus (BE) is a specific form of GERD
characterized by replacement of the squamous epithelium
in the lower esophagus with metaplastic columnar epithe-
lium. Patients with BE may experience reflux symptoms,
and some may also present with dysphagia and retrosternal
pain, although a significant proportion remains asymp-
tomatic. Barrett’s esophagus is one of the major compli-
cations of GERD and the only recognized precancerous
lesion of esophageal adenocarcinoma (EAC).*®

The epidemiological burden of GERD is greater among
individuals aged =50 years, smokers, users of nonsteroidal
anti-inflammatory drugs (NSAIDs), and patients with obe-
sity.>” Research has shown that the diagnosis, treatment,
and cancer surveillance associated with GERD impose con-
siderable economic and psychological burdens. Currently,
several studies have analyzed the epidemiological burden
of GERD in different regions based on the Global Burden
of Disease (GBD) 2017 and GBD 2019 databases. However,
these studies often rely on relatively outdated data and
still lack analyses stratified by sex and age groups, as well

as projections of disease trends over the next 30 years.®?
Given the dynamic changes in the burden of GERD over
time, it is important to promptly understand the current
epidemiological status of GERD and monitor its changing
trends. This knowledge is crucial for developing effective
intervention strategies and policies at the global, regional,
and national levels.

To provide comparable and up-to-date information
on the burden of GERD, this study used the latest GBD
2021 data to analyze the incidence, prevalence, and years
lived with disability (YLDs) of GERD across different
regions, sexes, and age groups worldwide. In addition,
the incidence of GERD from 2022 to 2050 was projected
to provide a reference for public health interventions and
policy development in different countries and regions and
to support further basic research and clinical practice re-
lated to GERD.

Materials and methods
Data source

The GBD 2021 database expands epidemiological
surveillance of GERD across 811 subnational regions
in 204 countries. All data resources were obtained from
the GBD Results Tool (http:/ghdx.healthdata.org/gbd-re-
sults-tool) of the Global Health Data Exchange (GHDX)
platform, maintained by the Institute for Health Metrics
and Evaluation (IHME; Washington, D.C., USA). The diag-
nosis of GERD was classified according to the 10t revision
of the International Classification of Diseases (ICD-10)
using codes R12.11, K21-K21.9, and K22.7-K22.719.1°
Age-standardized rate estimates and counts per 100,000
population are presented according to the GBD standard
population structure.

Within the GBD framework, 95% uncertainty intervals
(95% Uls) are provided for all estimates. Final estimates
were calculated as the mean of 1,000 estimates obtained
through sampling, with the lower and upper 95% Uls cor-
responding to the 2.5" and 97.5"" percentiles, respectively,
among the 1,000 samples.!! Confidence intervals (Cls)
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were calculated based on standard errors (SEs) under
the assumption of a normal distribution. Confidence inter-
vals are used to quantify uncertainty surrounding the es-
timation of a single model parameter and are commonly
applied to assess the statistical significance of trends. Ac-
cordingly, in GBD studies, Uls are used to characterize
the magnitude of disease burden estimates, whereas Cls
are applied to evaluate changes in disease burden trends
over time.

Additionally, the Sociodemographic Index (SDI), a com-
posite measure of income, education, and fertility reflect-
ing the level of sociodemographic development in a coun-
try or territory, was used. The SDI incorporates 5 levels
based on SDI quintiles: low, low-middle, middle, high-
middle, and high. The GBD data are available for 20 non-
overlapping 5-year age groups, ranging from under 5 years
to over 95 years.

Trend analysis

We explored the temporal trends in the global burden
of GERD from 1990 to 2021 according to age group, sex,
SDI, GBD region, and country, and estimated the esti-
mated annual percentage change (EAPC) using a linear
regression model. Based on the EAPC values, we assessed
disease burden trends in each GBD region and identified
regions with similar patterns of disease burden change.?

Predictive analysis

To better inform public health policy and healthcare
resource allocation, we further projected the global bur-
den of GERD through 2050. Autoregressive Integrated
Moving Average (ARIMA) models are statistical models
commonly used for time-series analysis and forecasting.!?
These models capture the characteristics of time-series
data and predict disease trends over the next 30 years
by combining autoregressive (AR), differencing (I), and
moving average (MA) components.

Results

Trends in the incidence of GERD in 2021

In 2021, the global number of incident cases reached
324 million (95% UI: 288-359 million), reflecting an 80%
increase from 1990. After adjustment for age structure,
the global age-standardized incidence rate (ASIR) in-
creased from 3,740 per 100,000 population (95% UI: 3,314—
4,142) in 1990 to 3,882 per 100,000 (95% UTI: 3,446—4,300)
in 2021, with an EAPC of 0.36 (95% CI: 0.29-0.43).

The SDI-stratified analysis revealed declining trends
in high-SDI (EAPC = -0.13; 95% CI: —0.20 to —0.06), high-
middle SDI (EAPC = -0.23; 95% CI: -0.30 to —0.15), and
low-SDI regions (EAPC = -0.01; 95% CI: -0.01 to -0.01),
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whereas middle-SDI regions exhibited an increasing trend
(EAPC =0.28; 95% CI: 0.26-0.31).

Regionally, ASIRs varied widely, ranging from 6,248 per
100,000 (95% UI: 5,568—-6,875) in Tropical Latin America
to 1,850 per 100,000 (95% UIL: 1,610-2,090) in East Asia,
with the highest incidence rates (>6,000 per 100,000) ob-
served in Latin America (Tropical Latin America, Central
Latin America, and Andean Latin America) and the Carib-
bean. In contrast, the lowest rates (<3,000 per 100,000) were
found in East Asia, the Western Pacific region, Oceania,
Southeast Asia, and High-Income Asia Pacific. Notably,
Asia (EAPC = 0.60; 95% CI: 0.50-0.70) and High-Income
Asia Pacific (EAPC = 0.50; 95% CI: 0.15—-0.86) experienced
pronounced growth, contrasting with the decline observed
in High-Income North America (EAPC = -0.30; 95% CI:
-0.55 to -0.06).

At the national level, the highest burdens were observed
in India (76,322,880; 95% Ul: 67,266,798-84,678,866),
China (32,387,866; 95% UI: 27,851,900-36,711,150), and
the USA (16,021,759; 95% UI: 14,111,407-17,823,288).
The 3 countries with the lowest ASIRs in 2021 were Nor-
way (1,838.34; 95% UI: 1,582.47-2,072.53), China (1,844.31;
95% UL: 1,605.06—2,084.12), and North Korea (1,927.59;
95% UI: 1,683.71-2,178.28), while the highest ASIRs were
observed in Brazil (6,249.93; 95% UI: 5,569.09-6,875.72),
Mexico (6,219.29; 95% UI: 5,559.67—6,822.16), and Para-
guay (6,177.95; 95% UI: 5,528.53—6,806.60). National-level
heterogeneity was evident in EAPC patterns: the Maldives
(0.89; 95% CI: 0.56-1.22), South Korea (0.84; 95% CI: 0.55—
1.13), and Iran (0.71; 95% CI: 0.48—-0.93) exhibited signifi-
cant increases, while the USA showed a marked decline
(-0.35; 95% CI: -0.60 to —0.10) (Supplementary Table 1
and Fig. 1,2).

Trends in the prevalence of GERD in 2021

The total number of prevalent GERD cases worldwide
increased from 450 million in 1990 to 830 million in 2021,
while the age-standardized prevalence rate (ASPR) showed
a more modest increase, from 9,516.49 per 100,000 popu-
lation (95% UL: 8,427.33-10,664.72) in 1990 to 9,838.60
per 100,000 (95% UL: 8,732.46—11,056.05) in 2021. Among
SDI regions, high- and high-middle-SDI regions exhib-
ited a decline in ASPR, whereas only middle-SDI regions
demonstrated an increase, with an EAPC of 0.27 (95% CI:
0.24-0.30).

In 2021, the highest ASPR was observed in Tropi-
cal Latin America (16,681.34 per 100,000 population;
95% UL: 14,832.41-18,433.23), followed by Central Latin
America (16,429.42 per 100,000 population; 95% UI:
14,570.23-18,291.39), the Caribbean (16,408.86 per
100,000 population; 95% UI: 14,498.52-18,308.49), and
Andean Latin America (16,405.98 per 100,000 popula-
tion; 95% UI: 14,495.47-18,306.62). The highest ASPRs
at the national level were observed in Paraguay (16,774.68;
95% UI: 14,835.88-18,709.59) and Brazil (16,678.10;
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Age-standarized incidence rate
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(2000-2500]
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Fig. 1. Age-standardized incidence rate (ASIR) of GERD in 2021

GERD - gastroesophageal reflux disease.

EAPC in ASIR
Y

Fig. 2. Estimated annual percentage change (EAPC) in the ASIR of GERD from 1990 to 2021

ASIR — age-standardized incidence rate; GERD - gastroesophageal reflux disease.
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95% UI: 14,840.12—18,432.84), whereas the lowest ASPRs
were observed in China (4,540.66 per 100,000 popula-
tion; 95% UI: 3,950.76-5,156.56) and Norway (4,330.94
per 100,000 population; 95% UI: 3,783.45-4,956.78). South
Korea exhibited the most significant upward trend in ASPR
(EAPC: 1.00; 95% CI: 0.68—1.33), while the USA showed
a declining trend (EAPC: -0.49; 95% CI: -0.77 to —-0.21)
(Supplementary Table 2 and Fig. 3,4).

Trends in the YLDS of GERD in 2021

During the period from 1990 to 2021, the age-stan-
dardized years lived with disability (ASYLDs) rate ex-
hibited a gradual upward trend, increasing from 73 cases
per 100,000 population (95% UI: 36.75-129.66) in 1990
to 75.56 cases per 100,000 population (95% UI: 38.05—
133.87) in 2021, with an EAPC of 0.37% (95% CI: 0.29—
0.45). Gender-specific analysis revealed that the ASYLDs
rate increased from 70.37 (95% UI: 35.3-125.34) and 75.62
(95% UI: 38.18-133.94) cases per 100,000 population
in 1990 to 72.95 (95% UL: 36.6—129.73) and 78.14 (95% UL:
39.48-137.95) cases per 100,000 population in 2021 for
men and women, respectively, with a more pronounced
upward trend observed in men.

Geospatial analysis demonstrated heterogeneous tem-
poral patterns across different SDI regions and geographi-
cal areas. While low-middle-SDI regions, African regions
(Central, Eastern, Southern, and Western), Australia, East-
ern Europe, and the Oceania region showed nonsignificant
trends, high-SDI regions (-0.19; 95% CI: -0.27 to -0.10),
high-middle-SDI regions (-0.23; 95% CI: —0.31 to -0.16),
and North America (-0.46; 95% CI: —0.74 to —0.19) exhib-
ited significant improvements in ASYLDs (EAPC < 0%).
Conversely, Southeast Asia, South Asia, Central Latin
America, High-Income Asia Pacific, and Andean Latin
America showed significant increases in disease burden.

At the national level, South Korea (0.99; 95% CI: 0.67—
1.31), the Maldives (0.99; 95% CI: 0.63—1.35), Iran (0.78;
95% CI: 0.53-1.03), Saint Lucia (0.74; 95% CI: 0.55-0.92),
Turkey (0.74; 95% CI: 0.61-0.87), and Libya (0.73; 95% CI:
0.47-0.98) demonstrated substantial increases in GERD-
related burden. In contrast, the USA showed a significant
improvement trend (—0.52; 95% CI: —0.79 to —0.24) (Sup-
plementary Table 3 and Fig. 5,6).

The trends of the incidence, prevalence,
and YLDs of GERD in different gender-age
groups

In the global cohort aged 0—95 years in 2021, the 35-39-
year age group exhibited the highest burden of GERD.
Women within this demographic reached peak values
for incident cases (17,272,298 cases), prevalent cases
(45,317,937 cases), and YLDs (351,061 cases). Concurrently,
men in this age group reached the highest values across all
age groups for incident cases (16,463,111 cases), prevalent
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cases (42,955,218 cases), and YLDs (337,582 cases). Nota-
bly, women consistently demonstrated higher prevalence,
incidence, and YLDs than men across all age groups.
Age-specific incidence rates progressively increased,
reaching an initial peak at ages 40—44 years, followed
by a decline. This trend reversed after age 50, reaching
a secondary peak at ages 60—64 years. After age 65, inci-
dence rates demonstrated a sustained decline, although
a resurgence was observed beyond age 89, with men ex-
hibiting higher incidence rates than women during this
geriatric phase. Age-specific prevalence peaked at ages
70-74 years, subsequently declined, and showed a sec-
ondary resurgence at ages 90—94 years. The YLD rates
remained relatively stable from ages 40—84 years, peaking
at ages 70—74 years. A sex-specific crossover phenomenon
was observed: women maintained higher YLD rates until
age 85, beyond which male rates predominated (Fig. 7).

Global prediction model for the burden
of GERD from 2022 to 2050 (based
on ARIMA)

The model predicts a sustained increase in incidence,
prevalence, and YLDs for both sexes during this period.
Specifically, the total number of incident cases is projected
to exceed 200 million by 2032 among women and by 2042
among men. By 2050, the ASIR is expected to rise to 4,363
per 100,000 population for women and 3,996 per 100,000
population for men. Similarly, the number of prevalent
cases among women is projected to surpass 600 million
by 2043, with the ASPR reaching 11,121 per 100,000 for
women and 10,135 per 100,000 for men by 2050. Further-
more, the ASYLD rate is anticipated to increase to 90 per
100,000 for women and 81 per 100,000 for men by 2050,
reflecting a growing burden of disability attributable
to GERD (Fig. 8).

Discussion

Our study provides the most recent estimates of the global
burden of GERD across 204 countries based on the GBD
2021 study. By systematically evaluating incidence, prev-
alence, and YLDs at global, national, and subnational
levels — stratified by SDI quintiles, sex, and age groups
— we found that in 2021 there were 324 million incident
cases, 826 million prevalent cases, and 6.34 million YLDs
attributable to GERD worldwide. The burden exhibited
significant geographical heterogeneity: ASIRs and ASPRs
were highest in Tropical Latin America and lowest in East
Asia, a disparity potentially driven by regional variations
in dietary patterns, obesity prevalence, alcohol and tobacco
consumption, and population aging.>!* Meanwhile, socio-
economic disparities markedly influenced GERD burden,
with low- to middle-SDI regions exhibiting the highest
ASIRs, ASPRs, and ASYLDs compared with other SDI
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Fig. 3. Age-standardized prevalence rate (ASPR) of GERD in 2021

GERD - gastroesophageal reflux disease.

EAPC in ASPR

Fig. 4. Estimated annual percentage change (EAPC) in the ASPR of GERD from 1990 to 2021

ASPR - age-standardized prevalence rate; GERD - gastroesophageal reflux disease.
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Age-standarized YLDs rate
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Fig. 5. Age-standardized years lived with disability (ASYLDs) due to GERD in 2021

GERD - gastroesophageal reflux disease.

EAPC in ASYLDs

Fig. 6. Estimated annual percentage change (EAPC) in ASYLDs due to GERD from 1990 to 2021
ASYLDs - age-standardized years lived with disability; GERD — gastroesophageal reflux disease.
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quintiles, likely reflecting inequities in healthcare access,
diagnostic delays, and suboptimal management of chronic
conditions. Furthermore, common digestive disorders such
as celiac disease may present with symptoms overlapping
those of GERD, including abdominal discomfort and
reflux-like sensations, which can complicate differential
diagnosis and potentially lead to misdiagnosis of GERD
or overestimation of its incidence in certain populations.'®
Additionally, NSAIDs and corticosteroids have been shown
to exacerbate GERD by impairing esophageal sphincter
function, reducing mucosal protection, and increasing gas-
tric acid secretion. The risk of reflux symptoms increases
one-to-twofold among long-term users. These underrec-
ognized factors may contribute to the continuous rise
in GERD incidence, and the projected burden is expected
to increase further by 2050. This highlights the need for
targeted preventive measures. Future research should inte-
grate detailed data on comorbidities and pharmacological
treatments to improve prediction accuracy.

Our analysis yielded the following principal findings.
First, the ASIR, ASPR, and ASYLDs associated with GERD
exhibited a consistent upward trajectory globally from
1990 to 2021, underscoring the escalating disease burden.
These epidemiological patterns align with findings from
previous studies published in 2017 and 2019, confirm-
ing the persistent temporal progression of GERD-related
health impacts. Geospatial analysis revealed distinct re-
gional variations, with the highest ASIR estimates ob-
served in Brazil, Mexico, and Paraguay, while ASPR peaked
in Paraguay, Brazil, and El Salvador.

Notably, divergent temporal patterns emerged between
2019 and 2021, with Asia and High-Income Asia Pacific
regions demonstrating accelerated growth rates in dis-
ease metrics, in contrast to the declining trend observed
in High-Income North America. This epidemiological
divergence suggests that, beyond universal drivers such
as population growth and aging, region-specific deter-
minants — including dietary patterns, obesity prevalence,
and healthcare accessibility — may modulate GERD burden
dynamics. Numerous studies have also shown that obe-
sity and overweight increase intra-abdominal pressure,
weaken the lower esophageal sphincter, and exacerbate
reflux, thereby directly contributing to increased GERD
incidence.!o”

Furthermore, we identified a significant disparity in dis-
ease burden, with disproportionately higher impacts ob-
served in socioeconomically disadvantaged regions char-
acterized by limited healthcare resource allocation and
constrained diagnostic capacity, which is consistent with
previous findings.>!® Finally, projection modeling using
ARIMA algorithms predicts a sustained global increase
in both prevalence rates and incidence counts from 2022
to 2050, signaling an urgent need for targeted public health
interventions.

First, greater emphasis should be placed on promoting
healthy dietary patterns, smoking and alcohol control
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policies, and obesity management strategies in high-
burden regions such as Tropical Latin America. Second,
healthcare capacity at the primary care level in low- and
middle-SDI regions should be strengthened through
the implementation of low-cost diagnostic tools and im-
proved access to treatment. Optimization of healthcare
resource allocation and expansion of telemedicine and
digital health tools may improve diagnostic accessibility
in remote areas, shorten diagnostic delays, and improve
chronic reflux management, thereby reducing progression
to severe complications. Third, regional epidemiological
surveillance and dynamic monitoring systems should be
strengthened to track changes in disease burden. In re-
gions with rapidly increasing rates, such as Asia and
High-Income Asia Pacific, GERD prevention strategies
should be integrated into primary healthcare systems,
with emphasis on early symptom recognition and life-
style counseling. In regions with declining trends, such
as High-Income North America, best practices in health-
care accessibility and standardized management could be
shared to guide interventions in other regions. Finally,
these measures should align with international GERD
guidelines while being adapted to local socioeconomic
conditions to ensure feasibility and equity across popula-
tions with different levels of socioeconomic development,
thereby reducing the burden of GERD and narrowing
regional disparities.

When assessing the severity of GERD, several high-
risk factors related to the occurrence and progression
of the disease, such as age, race, and sex, should be taken
into account. Our research found that the 35-39-year age
group exhibited the highest burden of GERD. Previous
studies have shown that psychological factors play an im-
portant role in the pathogenesis of GERD.? Psychological
stress can increase both the perception of heartburn and
the severity of GERD symptoms.?® Fass et al. indicated
that acute stress can enhance esophageal sensitivity to acid
exposure in patients with reflux esophagitis or GERD.?!
Individuals aged 35-39 often face multiple stressors, in-
cluding career advancement, mortgage obligations, and
raising children. Emotional conditions such as anxiety and
depression may lead to irregular eating habits, overeating,
and increased smoking and alcohol consumption, thereby
increasing the incidence of GERD.

This study found that the prevalence of GERD peaked
at ages 70-74 years and subsequently declined. The de-
cline in prevalence after age 75 may reflect the combined
effects of “selective survival bias” and “physiological or di-
agnostic changes.”?? First, GERD is closely associated
with several risk factors, such as severe obesity, smoking,
and poorly controlled comorbidities, which also increase
mortality related to cardiovascular disease (CVD), can-
cer, and other age-related conditions. Patients with these
high-risk characteristics may die before the age of 75, re-
sulting in a “pseudo-decline” in GERD prevalence among
individuals surviving to older ages. Second, aging-related



Adv Clin Exp Med. 2026;35(6):1073-1084

reductions in esophageal sensory perception and sensitiv-
ity may decrease symptom severity or awareness in el-
derly individuals, leading to underreporting of GERD
diagnoses. Third, individuals older than 75 years often
experience multiple comorbidities, such as CVD and de-
mentia, which may divert healthcare attention and con-
tribute to underdiagnosis of GERD symptoms in epide-
miological data.

To date, research on the incidence and prevalence
of GERD remains limited. For instance, a systematic review
by Singendonk et al. estimated that GERD affects approx.
23-40% of pediatric populations.?? In contrast to earlier
findings, the GBD 2019 database and a study by Nirwan
etal. identified China as having the lowest ASPR for GERD,
whereas the latest GBD 2021 data indicate that Norway
now has the lowest ASPR.242° Notably, our analysis re-
vealed significant improvements in ASIRs, ASPRs, and
ASYLDs in North America. Consistent with previous
research, the burden of GERD is closely associated with
the SDI. Although high-fat and high-sugar diets in regions
such as North America may elevate obesity rates and con-
sequently increase GERD risk, greater health awareness,
adequate healthcare resources, and standardized diagnos-
tic and monitoring protocols appear to effectively mitigate
GERD incidence.?®%”

Limitations of the study

Our study has several limitations, the most significant
of which is the scarcity of data in many regions. Although
the analysis of GERD incorporated prevalence and inci-
dence data from a total of 204 location-years, this is sub-
stantially fewer than the data available for other chronic
conditions such as diabetes and coronary heart disease.
The limited availability of data constrains the precision
of regional burden estimates, particularly in understudied
or data-deficient areas. To address this gap, future itera-
tions of the GBD study should prioritize inclusion of ad-
ditional high-quality data sources, with a specific focus
on underrepresented regions.

Meanwhile, GERD is a heterogeneous disease with
a wide range of symptoms and complications. The inci-
dence estimates in this study reflect “clinically diagnosed
GERD”; however, GERD may be underreported because
of the presence of atypical manifestations. Future research
should therefore consider including atypical symptoms
and complications of GERD, such as erosive esophagitis,
BE, and stenosis, as well as hospitalization rates related
to complications and proton pump inhibitor (PPI) use
or prescription as supplementary indicators. These re-
visions may enhance the transparency, scope, and clini-
cal relevance of the analyzed data. Furthermore, there
is a critical need for more granular data on GERD inci-
dence, prevalence, severity, and frequency across different
age groups, particularly in regions where such data are
currently sparse or absent.
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Conclusions

Our study demonstrates a substantial increase in
the global burden of GERD from 1990 to 2021. Projections
indicate that this burden will continue to increase from
2022 to 2050, imposing substantial strain on healthcare
systems worldwide, especially among female populations.
Middle- and lower-middle-SDI regions consistently exhibit
disproportionately high GERD burdens compared with
high-income regions. To address these challenges, future
efforts must prioritize implementation of precision diag-
nostic protocols and evidence-based interventions tailored
to regional epidemiological profiles. Multifaceted strate-
gies, including enhanced surveillance systems, equitable
access to PPIs, and community-based education regarding
lifestyle modifications, are critical to mitigating GERD-
related complications and reducing the growing impact
of GERD on global health equity.
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Abstract

Metabolic dysfunction-associated steatohepatitis (MASH) represents a progressive form of metabolic
dysfunction-associated steatotic liver disease (MASLD) and contributes significantly to morbidity and mor-
tality in developed countries. Current clinical practice primarily relies on dietary and lifestyle modifications,
while specialized obesity management is used less frequently. However, the long-term efficacy of these
approaches remains unsatisfactory. Among pharmacological options, gliflozins have emerged as a promis-
ing class of agents with potential benefits in reducing histological activity and improving the prognosis
of MASLD/MASH. The beneficial effects of gliflozins in diabetes, cardiology, and nephrology have already
been demonstrated, and their use is becoming increasingly common across various clinical indications.
However, their role in the treatment of MASLD/MASH has not yet been fully clarified. Preliminary studies
suggest that gliflozins may positively influence disease progression in these conditions. This article provides
a comprehensive overview of MASLD/MASH and reviews current evidence regarding the therapeutic effects
of gliflozins on these liver diseases.

Key words: non-alcoholic fatty liver disease (NAFLD), metabolic dysfunction-associated steatohepatitis
(MASH), metabolic dysfunction-associated steatotic liver disease (MASLD), sodium-glucose transporter 2
inhibitors (SGLTZ inhibitors), type 2 diabetes mellitus (T2DM)
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Highlights

be established.

histological verification is still required.

» With the rising use of sodium-glucose cotransporter-2 inhibitors (SGLT21i), their effects on metabolic dysfunction-
associated steatotic liver disease (MASLD) and metabolic dysfunction-associated steatohepatitis (MASH) should

+ Available data suggest a potential beneficial effect of SGLT2i in improving the course of MASLD/MASH.
+ Indirect assessment methods suggest a possible effect of SGLT2i on fibrosis, steatosis, and oxidative stress; however,

Introduction

Metabolic dysfunction-associated steatotic liver disease
(MASLD) is currently the most common liver disease world-
wide. Available estimates suggest that up to 1/3 of the global
population may be affected by this condition. Metabolic
dysfunction-associated steatotic liver disease is considered
the hepatic component of metabolic syndrome and contrib-
utes significantly to morbidity and mortality in developed
countries.! The diagnostic criteria include hepatic steatosis
detected through imaging and/or histology, together with
the presence of at least 1 of 5 cardiometabolic risk factors
(Table 1).2 The change in nomenclature and introduction
of the term MASLD are intended to place greater emphasis
on metabolic dysregulation, such as type 2 diabetes mellitus
(T2DM) or obesity, compared with the former term non-alco-
holic fatty liver disease (NAFLD). At the same time, the new
nomenclature acknowledges the synergistic effect of alcohol
consumption. This change in terminology reflects key find-
ings regarding hepatic and extrahepatic mortality risk, disease
associations, and the identification of high-risk individuals.?

Recent studies suggest that excess body weight and meta-
bolic dysfunction independently affect the development
of MASLD and cardiometabolic outcomes. In clinical prac-
tice, MASLD is commonly associated with overweight/
obesity and T2DM, with more than 70% of patients with
T2DM having some form of MASLD. However, studies sug-
gest that even patients with metabolically healthy obesity,
defined as the absence of metabolic disorders and/or car-
diovascular disease (CVD), remain at high risk of develop-
ing significant hepatic fibrosis. Lean individuals are also not
protected against MASLD development, and no difference
in histological severity has been observed between patients

Table 1. Cardiometabolic risk factors?

with a body mass index (BMI) <23 kg/m? and those with
a BMI > 25 kg/m?. These findings indicate that both meta-
bolic health and metabolic dysfunction, which may vary
throughout a patient’s life, are important factors to con-
sider.3* Metabolic dysfunction-associated steatotic liver
disease is further subdivided into metabolic dysfunction-
associated steatosis (MASL) and metabolic dysfunction-
associated steatohepatitis (MASH). These subgroups differ
substantially in clinical course and prognosis. While MASL
is more commonly observed as a concomitant condition
in patients with metabolic syndrome, MASH represents
a progressive form that may eventually lead to hepatocyte
apoptosis, fibrosis, loss of functional liver tissue, and ulti-
mately liver cirrhosis with its associated complications.!

In current clinical practice, the Fibrosis-4 (FIB-4) score
(age, aspartate transaminase (AST), alanine transaminase
/ lanine aminotransferase (ALT), and platelet count) is used
to screen at-risk patients for liver fibrosis.®

Age(years) x AST level(U /L)
Platelet count(lOg/L> x \/ALT level(U /L)

FIB-} =

If the FIB-4 value is between 1.3 and 2.6, noninvasive
liver stiffness measurement (LSM) is recommended.>®
If the score exceeds 2.6, direct referral to a hepatogastro-
enterology specialist is indicated. The diagnosis of MASH
is based on histological examination of liver tissue.®”

Objectives

With the rising use of SGLT24, their effects on MASLD/
MASH should be established. This short review provides

Cardiometabolic risk factors

antidiabetic treatment

3. Blood pressure >130/85 mm Hg or targeted treatment for hypertension

1. BMI > 25 kg/m? or waist circumference >93 cm in men and >80 cm in women

2. Fasting serum glucose =5.6 mmol/L or post-load serum glucose >=7.8 mmol/L or glycated hemoglobin =39 mmol/mol or diagnosis of T2DM or active

4. Plasma triacylglycerol level >1.7 mmol/L or targeted treatment for dyslipidemia

5. Plasma HDL cholesterol <1 mmol/L in men, 1.3 mmol/L in women or treatment of dyslipidemia

BMI - body mass index; T2DM - type 2 diabetes mellitus; HDL — high-density lipoprotein.
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an overview of the topic and attempts to link original stud-
ies and recommendations from professional societies with
recent studies and meta-analyses, without using a specific
sampling protocol. The aim of this article is to provide
a brief introduction to the issue, promote further research
in this area, and indicate where it is most needed.

Pathogenesis of MASH

The exact pathogenesis of MASH and the mechanisms
underlying its progression have not yet been fully elucidated,
and a multifactorial etiology is assumed. Increased concen-
trations of fatty acids accumulated in hepatic adipose tissue
lead to oxidative stress, mitochondrial damage, hepatocyte
injury, and, consequently, the development of insulin resis-
tance. Furthermore, insulin resistance contributes to mac-
rophage activation and the development of inflammation.
The roles of genetics, epigenetics, and the gut microbiome
remain incompletely understood. Diagnosis is addition-
ally complicated by the difficulty in accurately assessing
the quantity and frequency of alcohol consumption.

There is growing evidence that a high-fat diet, insulin
resistance, obesity, dysregulation of peripheral lipolysis,
and other metabolic risk factors contribute to increased
hepatic deposition of free fatty acids. Progressive accumula-
tion of triacylglycerols within hepatocyte cytoplasm leads
to steatosis that is not attributable to excessive alcohol con-
sumption or drug-induced liver injury. Repeated liver injury,
endoplasmic reticulum oxidative stress, reactive oxygen
species (ROS), and mitochondrial dysfunction subsequently
promote inflammation. Insulin resistance further contrib-
utes to de novo lipogenesis and adipose tissue dysfunction,
resulting in the release of inflammatory adipokines and
cytokines, including tumor necrosis factor alpha (TNF-«).®

The development of hepatic inflammation distinguishes
MASLD from MASH, as illustrated in Fig. 1, which dem-
onstrates simple steatosis on hematoxylin and eosin (H&E)
staining, in contrast to MASH shown in Fig. 2. These and
other factors disrupt hepatic homeostasis and activate im-
mune responses, leading to hepatocyte apoptosis and liver
fibrosis.® Liver cirrhosis is frequently complicated by the de-
velopment of hepatocellular carcinoma (HCC; Fig. 3).° He-
patocellular carcinoma is the 6" most commonly diagnosed
cancer and the 3" leading cause of cancer-related death
worldwide, with a higher incidence in men. It accounts for
75—85% of primary liver cancers. MASH is considered one
of the major risk factors for HCC, alongside hepatitis B virus
infection, hepatitis C virus infection, and excessive alcohol
consumption (>30 g/day in men and >20 g/day in women).!!

The progression of MASLD was evaluated in a study
including 718 patients who underwent more than 2 non-
targeted liver biopsies performed at least 6 months apart.
At the initial biopsy, 497 patients (69.2%) had MASLD,
90 (12.5%) had non-fibrotic MASH, and 131 (18.2%) had
non-cirrhotic fibrosis. Over a median follow-up period

Fig. 1. Simple steatosis. Hematoxylin and eosin (H&E) staining

— predominantly macrovesicular steatosis is seen without lobular
necroinflammatory or ballooning changes, with no evidence

of Mallory-Denk body formation

Fig. 2. Metabolic dysfunction-associated steatohepatitis (MASH).
Hematoxylin and eosin (H&E) stain — predominantly macrovesicular steatosis,
few hepatocytes show ballooning change and there is patchy lobular
lymphocytic inflammation in association with focal hepatocytic injury

of 3.4 years between biopsies, 30.4% (218/718) of patients
experienced disease progression, including 12.5% (62/497)
with incident non-fibrotic MASH, 24.0% (141/587) with
incident fibrosis, and 5.6% (40/718) with cirrhosis.'?

Epidemiology and current therapy
of MASLD

The worldwide prevalence of MASLD is reported to be
approx. 30%, while the global prevalence of MASH is esti-
mated at 5.27%.! According to the Global Burden of Disease
study, MASLD is the disease with the fastest-growing propor-
tion among chronic liver diseases, including liver cirrhosis
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Liver cirrhosis
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(inactivation of tumor suppressor
genes, loss of cell cycle control,
epithelial growth stimulation by
hyperinsulinemia)

Fig. 3. The natural course of metabolic dysfunction-associated steatohepatitis (MASH)'®

and HCC.? Globally, approx. 20% of NAFLD cases were
classified as NASH in 2015, and by 2030, this proportion
is projected to increase to 27% according to the Makarov
model, reflecting both disease progression and population
aging. The incidence of decompensated cirrhosis is projected
to increase by 168% to 105,430 cases by 2030, while the inci-
dence of HCC s projected to increase by 137% to 12,240 cases.
Deaths from liver disease are projected to increase by 178%
to an estimated 78,300 deaths by 2030.1* Given the increasing
morbidity and mortality associated with progressive forms
of MASLD, there is growing urgency to identify effective ther-
apies. In March 2024, the U.S. Food and Drug Administration
(FDA) approved resmetirom for the treatment of MASH/
MASLD, but this drug has not yet been approved in the EU.
In routine practice, treatment still relies on management
of individual components of metabolic syndrome, including
the use of bariatric surgery techniques. However, the long-
term effectiveness of these procedures remains unsatisfactory.

SGLT2 inhibitors (gliflozins)

SGLT2 inhibitors (sodium-glucose co-transporter 2 in-
hibitors (SGLT21i)) are a modern group of drugs originally
used as oral antidiabetic agents, either as monotherapy
for T2DM or in combination with insulin or other oral

antidiabetic agents in the treatment of this disease. Gli-
flozins block sodium-glucose co-transporter 2 (SGLT2)
in the kidney. During blood filtration in the kidney,
SGLT?2 is responsible for the reabsorption of glucose from
urine into the bloodstream. Thus, when SGLT2 activity
is blocked, urinary glucose excretion increases and blood
glucose concentration decreases. The mechanism of action
of gliflozins is independent of insulin.'®

SGLT?2, which is mainly found in the proximal tubule,
is responsible for up to 97% of renal glucose reabsorption and
approx. 5% of total renal sodium reabsorption. The direct
and indirect effects on sodium transport play an important
role in cardioprotection and renoprotection; therefore, in ad-
dition to diabetes, gliflozins have also found applications
in cardiology and nephrology, as shown in Fig. 4.1>16

According to the first large completed clinical trial,
the EMPA-REG OUTCOME trial published in 2015, com-
pared with placebo, the use of SGLT2i resulted in a signifi-
cantly lower risk of cardiovascular death, reduced all-cause
mortality, and fewer hospitalizations for heart failure.!®
In large cardiovascular trials, beneficial effects on renal
function were also observed, which led to studies focusing
primarily on renoprotection. The first breakthrough study
was the CREDENCE trial, which investigated the effect
of canagliflozin on glomerular filtration rate in patients
with T2DM. In this study, canagliflozin reduced the risk
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of renal and cardiovascular events independently of base-
line glomerular filtration rate.!”

The beneficial effects of SGLT2i are likely multifactorial
and include alterations in arterial stiffness, cardiac function,
and cardiac oxygen consumption. In addition to cardiorenal
effects, SGLT2i reduce albuminuria and hyperuricemia and
favorably affect hyperglycemia, body weight, visceral adipos-
ity, and blood pressure.!® Other effects of SGLT2i include re-
duction of oxidative stress and reactive oxygen species (ROS)
generated by TNF-a through inhibition of sodium-hydrogen
exchange and reduction of intracellular sodium levels.!®

SGLT2 inhibitors in the treatment
of MASLD/MASH

Even in the case of MASLD, a growing number of stud-
ies have evaluated the effects of SGLT2i treatment on liver
disease. A multicenter retrospective study by Huynh et al.
compared 5-year mortality, the composite risk of hepatic
decompensation, and the incidence of HCC in patients
with diabetes and liver cirrhosis treated with either metfor-
min monotherapy or dual therapy consisting of metformin
and SGLT2i. Dual therapy was associated with reduced
mortality compared with monotherapy (p = 0.002).81%20

TN

2 + Systolic blood pressure | §
« Arterial stiffness |
Diuresis
L5 | *Volume of blood |
* Body weight |
Natriuresis " Hyperglycemia §
Glucagon t  Ketones |
Glucosuria * Glucose toxicity |
>
Insulin resistance |
\ J

In arecent meta-analysis evaluating the effects of SGLT2i
on liver fibrosis and MASLD, 18 studies published up to De-
cember 2023 involving a total of 1,330 patients were included
after meeting the eligibility criteria. The meta-analysis con-
cluded that SGLT2i use may lead to modest improvement
in hepatic steatosis and/or fibrosis compared with controls
in patients with MASLD and T2DM, based on imaging
and histopathological biomarkers, with low to moderate
certainty of evidence, as shown in Table 2,3.1%21-26

Case-control studies suggest that the use of glucagon-
like peptide-1 receptor agonists (GLP-1 receptor agonists)
or SGLT?2i in patients with T2DM may be associated with
areduced risk of hepatic complications, although the only
available pilot study of semaglutide in patients with cir-
rhosis did not demonstrate histological improvement.
In the study by Newsome et al., 320 patients (230 of whom
had stage F2 or F3 fibrosis) were randomly assigned to re-
ceive semaglutide at doses ranging from 0.1 mg to 0.4 mg
or placebo. The highest percentage of patients achiev-
ing MASH resolution was observed in the 0.4-mg group
(59%) compared with the placebo group (17%) (p < 0.001
for semaglutide 0.4 mg vs placebo). Improvement in fibro-
sis stage occurred in 43% of patients in the 0.4-mg group
and in 33% of patients in the placebo group (p = 0.48). Al-
though this trial demonstrated a significantly higher rate
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Table 2. Forest plot of comparison: summary of mean difference in controlled attenuation parameter (CAP) post-treatment in patients with non-alcoholic
fatty liver disease (NAFLD) randomized to either sodium-glucose co-transporter 2 (SGLT-2) inhibitor or control'

Study or subgroup Srilé-l;r?i SGSLS_Zi SGLI2i Crzre];rr?l S IESIShes feorbies
[d8/m] | (dB/m) | 2 | dp/m] s B

Chehrehgosha et al, 20212' | 287.8 31.14 35 296.73 40.13 37 21.5% -893[-2547,761] | + | + | + | + | + | +
Han et al, 2019% 298.6 452 29 3195 373 24 11.9% | -2090([-43.11,131 | 2 | + |+ 7?2 |+ 7?
Hu et al, 20207 2544 313 30 264.76 32.74 30 223% | -1036[-2657,585] | ? | +  + 4+ 4+ | 7
Shimizu et al,, 2019%* 290.3 72.7 33 3113 373 24 7.0% —-21.00 [-49.95, 7.95] ? T+ + |+ ?
Taheri et al,, 2020% 277.7 31.9 43 281.2 34.7 47 31.0% | -3.50[-17.26,10.26] ? 2+ [+ [+ ?
Takeshita et al,, 2022% 261.8 58.1 20 282.7 38.7 20 6.3% -2090[-5149,969]  ? |+  +  +  + 7
Total (95 % Cl) 190 182 100% | —10.59 [-18.25,-2.92]

Heterogeneity: Tau? = 0.00; x* = 2.82, df = 5 (P = 0.73); I> = 0%; overall effect: Z = 2.71 (p = 0.007); df — degrees of freedom; SD - standard deviation;
95% Cl — 95% confidence interval.

Test for subgroup differences: Not applicable.

Risk of bias legend:

A - Bias arising from randomization process

B - Bias due to deviations from intended interventions

C - Bias due to missing outcome data

D - Bias in measurement of the outcome

E - Bias in the selection of the reported result

F — Overall bias

Table 3. Forest plot of comparison (sensitivity analysis): summary of mean difference in controlled attenuation parameter (CAP) post-treatment in patients
with non-alcoholic fatty liver disease (NAFLD) randomized to either SGLT-2 inhibitor or control™®

Control | Control Control
Study or subgroup mean SD total Weight
[dB/m] | [dB/m]
37

Mean difference Risk of bias
w6 [T o]
+ o+ + |+ o+ o+

Chehrehgosha et al, 20212' | 287.8 31.14 35 296.73 40.13 31.1%  -893[-2547,7.61]

Han et al, 2019% 298.6 452 29 319.5 373 24 17.3% | -2090[-4311,131] 2 + 4+ | 7  + 7
Hu et al, 2020% 2544 313 30 264.76 32.74 30 324% | -1036[-2657,585]  ? | + | +  + | +  ?
Shimizu et al,, 20194 2903 72.7 33 3113 37.3 24 102% | -21.00 [-49.95,7.95] | 7 ? + |+ |+ ?
Taheri et al, 2020 excluded® | 277.7 31.9 43 281.2 34.7 47 31.0% @ -3.50[-17.26,1026]  ? ?  +  +  + 7
Takeshita et al,, 2022% 261.8 58.1 20 282.7 38.7 20 9.1% | -2090[-5149,969] | ? | + | + | + | + 7
Total (95 % Cl) 147 135 100%  -13.77 [-23.00, -4.55]

Heterogeneity: Tau? = 0.00; x* = 1.34, df = 5 (p = 0.85); I> = 0%; overall effect: Z = 2.93 (p = 0.003); df - degrees of freedom; SD - standard deviation;
95% Cl — 95% confidence interval.

Test for subgroup differences: Not applicable.

Risk of bias legend:

A - Bias arising from randomization process

B - Bias due to deviations from intended interventions

C - Bias due to missing outcome data

D - Bias in measurement of the outcome

E - Bias in the selection of the reported result

F — Overall bias

of MASH resolution with semaglutide compared with pla-
cebo, it did not show a significant improvement in fibrosis
stage in patients with MASH.?728

There is currently an ongoing multicenter, randomized,
double-blind, placebo-controlled phase 3 trial involving
patients with MASH and moderate or advanced liver fibro-
sis who once weekly receive semaglutide at a dose of 2.4 mg
or placebo. Interim trial results have demonstrated statisti-
cally significant improvement in liver histological findings.
However, further research and additional data are required
to confirm these results.?’

In a meta-analysis by Zhou et al., a total of 686 patients
from 8 studies were included. Compared with the control

group, SGLT2i significantly reduced controlled attenuation
parameter (CAP) values (mean difference (MD) = -12.80,
95% confidence interval (95% CI): [-20.57, -5.03], p = 0.001;
Fig. 5) and liver stiffness measurement (LSM) values
(MD = -0.82, 95% CI: [-1.38, —0.25], p = 0.005).3°
According to the 2024 European guidelines for MASLD,
there is currently insufficient evidence to recommend
SGLT?2i or metformin as specific treatments for MASH.
However, their use in patients with MASLD is considered
safe within currently approved indications. The guide-
lines indicate that SGLT2i are safe in patients with Child—
Pugh class A and B cirrhosis and may be used accord-
ing to their approved indications.? Sufficient evidence
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Effect %
Name (year) (95% ClI) Weight
Shimizu (2019) -~ : -29.60 (-56.77, -2.43) 5.54
Taheri (2020) —4:—4—— -5.40 (-17.88, 7.08) 11.89
Lee (2022) E -+ -7.80 (-27.46, 11.86) 8.18
Chehrehgosha a (2021) i -~ -1.72 (-19.69, 16.25) 8.95
Chehrehgosha b (2021) 4| -13.16 (-31.25, 4.93) 8.89
Han (2020) —o-—i -19.70 (-26.56, -12.84) 15.13
Hu (2020) —_—— E -32.53 (-43.98, -21.08) 12.50
Tang a (2022) E —i 0.14 (-7.96, 8.24) 14.46
Tang b (2022) + -10.57 (-18.64, -2.50) 14.47
Overall, DL (I* = 73.3%, p = 0.000) @ -12.80 (-20.57, -5.03) 100.00

-5‘0 0
NOTE: weights are from random-effects model

50

Fig. 5. Forest plot for the overall effects on the treatment of controlled attenuation parameter (CAP)*

supporting the effects of SGLT2i on reducing inflamma-
tory activity and fibrosis in patients with histologically
confirmed MASH is still lacking.

Limitations of the study

The main limitation of this review is that it falls within
the category of narrative or scoping reviews and provides
only a brief overview of the topic. It is not a protocol-
driven, in-depth data analysis and may therefore be subject
to limitations such as bias.

Conclusions

The importance of SGLT2i in diabetes, cardiology, and
nephrology has already been demonstrated, and their
use is becoming increasingly common across various
clinical indications; however, their role in the treatment
of MASLD/MASH has not yet been fully clarified. Nev-
ertheless, SGLT2i are likely to be encountered in patients
with MASLD/MASH during treatment of associated dis-
eases related to metabolic syndrome and its complications.
Some evidence suggests that SGLT2i may have beneficial
effects on the course of MASLD/MASH, including po-
tential effects on fibrosis, steatosis, and oxidative stress,
atleast through indirect mechanisms. However, sufficient
evidence evaluating the effects of SGLT2i on reducing
histologically confirmed inflammatory activity and liver
fibrosis in MASH is still lacking. Further research focus-
ing on histological assessment of the effects of SGLT2i
is needed.
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Abstract

Aqueous formaldehyde (FA) solution, known as formalin, is currently the primary agent used for preserving
tissue samples and anatomical specimens. Formaldehyde is widely used in laboratories and the chemical
industry; it also occurs as an air pollutant and endogenous cellular metabolite. The potential carcinogenic ef-
fects of formalin on the respiratory tract are well documented. A less recognized consequence of occupational
exposure to FA is its detrimental effect on the central nervous system (CNS) and brain function. A literature
review was conducted to investigate the effects of FA on the brain. Five databases were searched: PubMed,
Web of Science (WoS), Embase, ScienceDirect, and Google Scholar. To describe the effects of FA exposure
and endogenous FA generation, 35 relevant publications were collected and analyzed. The literature review
demonstrated that inhalation is the most common route of FA exposure. Several studies have shown that FA
may cause hippocampal damage, disrupt melatonin secretion, and induce a wide range of cognitive disorders
with varying characteristics and severity. These disorders include memory impairment, disturbances in bal-
ance and spatial orientation, learning difficulties, sleep disturbances, impaired judgment, and prolonged
reaction times to stimuli. Increased endogenous FA concentration has also been associated with a higher risk
of neurodegenerative diseases, such as Alzheimer’s disease (AD) and amyotrophic lateral sclerosis. The lit-
erature analysis demonstrated the high neurotoxicity of FA, which may lead to numerous neuropsychiatric
disorders. We aim to draw attention to the risks associated with the routine use of formalin, particularly among
anatomists and pathologists, and to encourage consideration of less harmful alternative preservation agents.

Key words: formaldehyde, occupational exposure, cognitive impairment, neurotoxicity, neurodegenerative
diseases
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Highlights

occupational safety and health.

+ Formaldehyde exposure may contribute to deterioration in mental health.

+ Research suggests that formaldehyde exposure may affect mood, cognitive function, and sleep quality.

+ Formaldehyde contributes to oxidative stress and apoptosis in neural cells, potentially leading to cognitive decline.
+ Reducing or eliminating formaldehyde use in research, particularly in medical settings, should be a priority for

Introduction

Formaldehyde (FA) has been known for more than
150 years. It was first synthesized in gaseous form in 1859
by Alexandr Butlerov. Nearly a decade later, in 1868, Ger-
man scientist August Wilhelm von Hofmann described
its chemical structure.! Since then, numerous applica-
tions of this substance have been identified. Formaldehyde
is commonly used in the textile industry and carpentry
as a substrate for the production of resins and glues and,
in the form of an aqueous solution known as formalin,
is widely recognized as the main ingredient of body-
preserving solutions used for anatomical and funeral
purposes. The use of FA in anatomy began at the end
of the 19t century,? and since then it has continued to be
used as a fixative for tissue preservation by pathologists
and histologists.?

Formaldehyde is also present in the air we breathe
as an environmental pollutant,*> and is a compo-
nent of cigarette smoke and vehicle exhaust fumes.®~8
It is widely used in industrial production as a substrate
in the chemical industry® and can also be found in cos-
metic products.!®!! A lesser-known fact is that FA is one
of the products of biochemical pathways in the human
body.!? These examples demonstrate that the human popu-
lation is constantly exposed to FA. The level of exposure
may vary depending on occupation or place of residence,
but exposure is unavoidable.

In 2004, FA was classified as a carcinogen by the In-
ternational Agency for Research on Cancer (IARC).!?
There is sufficient evidence suggesting that it increases
the risk of nasopharyngeal cancer and leukemia.l* Sev-
eral studies have also investigated whether FA exposure
may increase the risk of brain tumor development.'®
Formaldehyde has been identified as a neurotoxic sub-
stance in numerous in vivo and ex vivo studies. Although
the carcinogenic properties of FA are widely recognized,
it continues to be extensively used. Its low cost and ease
of use contribute to its popularity in pathology, histol-
ogy, and education (e.g., gross anatomy courses). In con-
trast to other fixatives, FA penetrates tissue easily, acts
rapidly, and does not require unusual storage conditions.
However, relatively few studies have examined the neu-
rotoxicity of FA and its potential effects on cognition
and behavior.

Objectives

In this study, we examined the relationship between
neuronal damage and death and reduced brain function as-
sociated with exposure to FA and endogenous FA produc-
tion. In particular, we focused on cognitive impairment,
including FA-induced alterations in memory and attention
span. We also investigated whether FA may contribute
to the development of mood disorders.

Furthermore, we investigated the molecular mechanisms
of FA action, its biological and psychological implications,
and its potential contribution to the development of neu-
rodegenerative diseases. Considering the contribution
of FA to carcinogenesis, we hypothesized that FA may also
adversely affect neuronal health and neuropsychological
functioning. Our investigation aimed to provide an objec-
tive and comprehensive evaluation of the available scien-
tific evidence regarding FA and nervous system health.

Materials and methods
Eligibility criteria

To explore the influence of FA on the central nervous
system (CNS), we reviewed the available literature. Only
original full-text articles written in English were included.
Review articles were excluded. No restrictions regard-
ing publication date were applied. We included studies
conducted in humans, animal models, and cell cultures.
We searched for information regarding changes in cogni-
tive function, cognitive decline, and behavioral alterations
following FA exposure. Additional selected articles de-
scribed FA metabolism and biochemical pathways in or-
ganisms, particularly mechanisms underlying neuronal
damage and alterations in neuronal physiology. Finally,
we also included articles addressing the influence of exog-
enous and endogenous FA on neurodegenerative diseases.

Information sources and search strategy

Our search was conducted in 5 databases: PubMed, Web
of Science (WoS), Embase, ScienceDirect, and Google
Scholar. The search began on November 27, 2023, and
ended on December 7, 2023.
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Fig. 1. Flow diagram depicting
the study selection process

Records removed

before screening:
Duplicate records removed
(n =50)

Records excluded (n = 182)

(did not include information about
influence of formaldehyde

on cognition, memory, function
of neurons, or neurodegenerative
diseases)

We defined search phrases that were subsequently used
to identify articles describing FA and the CNS. The search
phrases consisted of the constant term “formaldehyde ex-
posure”, combined with the following additional terms:
“human”, “brain damage”, “cognition”, “cognitive func-
tions”, “dementia”, “intelligence”, “memory”, “memory loss”,

» o«

“neurobehavioral impairment”, “neurological disorders”,

” o«

“neuropsychiatric disorders”, “neurotoxicity”, and “induced
neuron apoptosis”.

» o«

Data collection and outcomes

In the initial search, based on title screening conducted
in the above-mentioned databases, we identified 267 ar-
ticles. After removing duplicates, 217 papers remained.
Subsequently, abstracts of these articles were screened,
which reduced the number of eligible studies to 35. Studies
conducted on animal models comprised 18 of the 35 ar-
ticles included in the final pool of selected studies (Fig. 1).

In the next step, data were extracted from the selected
articles, which were subsequently reviewed and summa-
rized. Using an extraction form created in Microsoft Word
365 (Microsoft Corp., Redmond, USA), we collected all
data related to the above-mentioned terms. We searched
for information regarding the effects of FA on neuronal
function and the CNS. The collected data also addressed
the neurotoxicity of FA. We then examined the impact
of neuronal damage or death on cognitive functions, in-
cluding memory, learning processes, spatial orientation,
reaction time, abstract thinking, and judgment, as well
as prolonged reaction times to stimuli. We were also in-
terested in attention span, behavioral changes, and af-
fective disorders following exposure. Although the focus
was mainly on acute and chronic FA exposure, we also

Identification of studies via databases

c
-§ Records identified
S from databases
= (n =267) ——>
c
[
S

\ 4
g’ Records screened )
c (n=217)
(]
2
(8]
n

\ 4
H
'g Studies included in the review
Té (n =35)

considered endogenous FA formation in the context of cog-
nitive decline and neurodegenerative diseases.

The collected data were subsequently organized into
4 main subject areas: neurotoxicity, the influence of FA
on memory, the influence of FA on other cognitive func-
tions, and the development of FA-related neurodegen-
erative diseases. The summarized data from all stud-
ies included in this review are presented in Table 1,'6-24
Table 2,24-43 and Table 3.4544-52

Results and discussion
Neurotoxicity of formaldehyde

Formaldehyde readily crosses the blood—brain barrier
(BBB).% Once in the brain, it may damage neurons. For
example, the methyl donor S-adenosylmethionine (SAM)
in PC12 cell cultures derived from patients with Parkin-
son’s disease induces a cascade of methanol-derived reac-
tions leading to the formation of endogenous FA. Formal-
dehyde, produced through oxidation of methanol during
SAM-induced reactions, showed marked toxicity toward
neuron-like PC12 model cells, which are catecholaminer-
gic pheochromocytoma cells. Under the same conditions,
methanol and formic acid did not exhibit comparable toxic-
ity. Furthermore, FA induced a considerably weaker toxic
effect in C6 glial cell cultures — mainly excessive protein
carboxymethylation and inhibition of tyrosine hydroxylase
expression — indicating that neurons may be more suscep-
tible to FA toxicity than glial cells. However, prolonged in-
cubation resulted in decreased viability of both PC12 and C6
cells, suggesting that exposure duration plays a crucial role
in the toxic effects of FA on human neuronal and glial cells.!”



Table 1. Formaldehyde-induced mechanisms of neurotoxicity

Size
- experimental
group(s)

Size
- control
group

Mechanism
of neurotoxicity

Model (human/

Type and duration

Results
of exposure

Reference . .
animal/cell line)

Askar and
Halloull
(2018)'®

Ciftciet al.
(2015)"

Gurel et al.
(2005)'8

Lee et al.
(2008)"°

Lietal.
(2020)2°

Lietal.
(2021)

Tang et al.
(2013)%

Tang et al.
(2013)%

Umansky
etal.
(2022)%

Zendehdel
etal.
(2016)

rat

rat

rat

PC12 and C6 cell
lines

rat

mouse HT22 cell
line

PC12 cell line

PC12 cellline

NALM6 and
HCT116 cell line

human

10-group 1

untreated
cells

untreated
cells

untreated
cells

untreated
cells

untreated
cells

32

10 (group 2),
10 (group 3)

10 (group 2),
10 (group 3)

18 - FA,
18 -FA +
vitamin E

cells treated
with FA,
methanol and
formic acid

11 FA-treated
(group 1)

11 FA-NHS-
treated

(group 2)

cells treated
with FA,
concentration
of 0.1,0.5,
or1.0mm

cells treated
with FA

cells treated
with FA

cells treated
with FA

35

Airborne FA exposure;
Group 2: FA exposure for
6 h/day, 5 days/week for

12 weeks,

Group 3: FA exposure for
6 h/day 5 days/week +
omega-3-wheat germ oil
supplement, for 12 weeks

Group 2: 37% FA injection,
9 mg/kg for 15 days;
Group 3:37% FA injection,
9 mg/kg paired with 100 mg/
kg curcumin every day, for
15 days

Intraperitoneal injection
10 mg/kg of FA
for 10 days

Incubation of cells
in increasing concentrations
of FA for
24h

Intracerebroventricular
injection
10 pmol/day FA
for 7 days

Cells cultured with FA
for6 h

FA present in the phosphate-
buffered saline (PBS),
5-15 min incubation

120 and 240 mmol/L FA
concentrations,
incubation for 24 h

Incubation of cell cultures
in FA

Occupational exposure to FA
Vapors,
exposure predates beginning
of the study

Increased production
of ROS; upregulation of BAX

Increased levels of 8-OHDG
in the brain tissue and urine
of rats from group 2

Lipid and protein
peroxidation; formation
of ROS;
Decreased SOD and cat
activity in brain tissue

Excessive protein
carboxymethylation;
Inhibition of tyrosine

hydroxylase expression

Significant increase in MDA
level and decrease in SOS
activity in hippocampal
cells;

Reduction of expression
of BDNF protein;
Significant increase
in number of apoptotic
neurons

Induction of changes
leading to ferroptosis;
Upregulation of Warburg
effect

Decrease in anti-apoptotic
BCL2 protein;
Release of CYT-C leading
10 apoptosis;
Increase in ROS levels;
concentration dependent
inhibition of paroxonase-1
expression and activity

Significantly decreased NO
and H2S production and
CBS expression in cells

FA blocks GSH antioxidant
capability

Higher levels of ache
activity in erythrocytes
of experimental group

Damage to neurons;
Intensified OS,
apoptosis

Oxidative stress
in rats'brains

Increased OS;
Degenerative
changes in neurons

Death of neurons

Promotion of OS
and apoptosis
in hippocampal
neurons

Reduced cell
viability and
increased mortality;
Iron-depended
apoptosis
in neurons;
Increase in oxidative
stress

Induction
of apoptosis
in PC12 cells;
Increase in oxidative
stress

Reduced
cells'viability;
neurotoxicity of FA;
Increased ROS
accumulation
in treated cells

Impairment of anti-
oxidant defense;
Accumulation
of ROS

Possible connection
with cognitive
decline

FA — formaldehyde; ROS - reactive oxygen species; OS — oxidative stress; 8-OHdG — 8-hydroxy-2"-deoxyguanosine; SOD — superoxide dismutase;
CAT - catalase; PC12 — pheochromocytoma cell line; C6 - rat glial tumor cell line; MDA — malondialdehyde; BDNF — brain-derived neurotrophic factor;
HT22 — mouse hippocampal neuronal cell line; Cyt-C — cytochrome C; NO - nitric oxide; H,S — hydrogen sulfide; CBS — cystathionine 3-synthase;
GSH - glutathione; AChE — acetylcholinesterase; NHS — N-hydroxysuccinimide.
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Table 2. Influence of FA on cognitive functions

Reference

Model (human/

Size (control

Size — experimental

Type and duration

Results

Bach et al.
(1990)%

Dou et al.
(2012)%°

Kilburn et al.
(1987)%

Kilburn et al.
(1983)%

Kilburn et al.
(1985)%°

Kilburn et al.
(1985)3°

Letellier et al.
(2022)*

Lietal.
(2020)%?

Lietal.
(2016)3

Luetal.
(2008)%*

Malek et al.
(2003)*

Marceaux
et al. (2008)3°

animal/cell line)

human

mouse

human

human

human

human

human

mouse

mouse

mouse

rat

human

group)

not disclosed

not disclosed

not disclosed

26

56 —only
women

~69,296

not disclosed,
total number
of rats in both
groups was
120

group(s)

61:
32 — workers occupationally
exposed to FA
29 — unexposed
occupationally

12 =1 mg/m? FA
concentration,
12 =3 mg/m? FA
concentration,
12 = 5mg/m? FA
concentration

305

420 — FA concentration
ranging from 0.4 ppm
to 5 ppm

45 — exposed to FA during
fiberglass batt-making,
18 — exposed to FA during
fixation of the tissue
in histology laboratories

76 - only women

~6,026

10-0.5 mg/m? FA
concentration, 10-3.0 mg/m?
FA concentration

15-1 ppm FA concentration,
15-2 ppm FA concentration

5-1 mg/m? FA concentration,
5-3 mg/m? FA concentration

not disclosed, total number
of rats in both groups was
120, animals in experimental
group were divided
to smaller assemblies
with different levels of FA
exposure

of exposure

FA concentrations: 0.0, 0.15,
04, or 1.2 mg/m?
climate chamber for 5.5 h for
16 days

airborne FA exposure

airborne FA exposure,
exposure predated beginning
of the study, total duration
of exposure varying between
individuals

airborne FA exposure,
exposure predates beginning
of the study,
total duration of exposure
varying between individuals

airborne FA exposure,
exposure predates beginning
of the study,
total duration of exposure
varying between individuals

airborne FA exposure,
exposure predated beginning
of the study,
total duration of exposure
varying between individuals

occupational exposure,
exposure predates
the beginning of the study,
total duration of exposure
varying between individuals

airborne FA exposure

airborne FA exposure,
2 haday for 7 days

airborne FA exposure,
6 h a day for 7 days

airborne FA ingestion,
10 h a day for 7 days

airborne FA ingestion through
smoking marihuana cigarettes,

laced with PCP;
exposure predates
the beginning of the study,
total duration of exposure
varying between individuals

jects recognition in mice exposed

possible distractive sensory
irritation due to FA exposure

impaired memory and learning
ability in mice exposed to FA,
increasing with FA concentration

reduced performance on story
memory, visual memory, digit
span, and sharpened-Romberg

impaired short-term memory
impaired ability to concentrate

impaired memory,
loss of concentration,
sleep disturbances,
dizziness,
mood swings

impaired memory, mainly short-
term;
loss of concentration,
sleep disturbances,
mood swings,
dizziness and headaches,
loss of balance

higher risk of global cognitive
impairment in exposed
population;
the severity of cognitive impair-
ment increasing in correlation
with level of exposure to FA

impaired memory and learning
ability in mice exposed to FA

impaired memory and novel ob-

to higher (5 ppm) doses of FA,
depression- and anxiety-like
behavior

impaired memory,
impaired ability to learn

impaired memory,
impaired ability to learn

vocabulary decline,
impairment of abstract thinking
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Table 2. Influence of formaldehyde on cognitive functions — cont.

Model (human/

Size (control

Size — experimental

M. Drazyk et al. Formaldehyde neurotoxicity: A scoping review

Type and duration

Results

el animal/cell line)
Mei et al.
(2016)%7 mouse
Perna et al.
(2001) 3 human
Pitten et al. -
(2000)**
Schenker human
et al. (1982)%
Tang et al.
(2013)" fet
rat,
rat hippocampal
neurons and
Tong et al astrocytes culture,
(20193)42 ’ human brain
samples (healthy
and from those
who suffered
from AD)
rat,
Tong et al human SY5Y cell
(2013)% ’ culture,
rat hippocampal
neuron cell line
Zendehdel, human
etal. (2016)%*

group)

not disclosed

not disclosed

not disclosed

not disclosed
not applicable
not applicable

not disclosed
not applicable
not applicable

32

group(s)

3 groups of n =8
group 2 — gaseous FA
3.0 mg/m?,
group 3 — melatonin
injection,
group 4 - FA + melatonin

13-2.6 ppm FA
concentration,
13-4.6 ppm FA concentration

24

not disclosed:;
FA concentration: 0.1, 1,
or 10 pmol/2.5 pL

not disclosed
not applicable
not applicable

not disclosed
not applicable
not applicable

35

of exposure

airborne FA ingestion,
8 h for 7 days (groups 2 and 4)

acute occupational exposure

airborne FA ingestion,
10 min a day for 90 days

airborne FA ingestion,
exposure predates beginning
of the study,
exposure duration ranging
from 6 months up to 3 years

FA injection,
7 days

rats: intraperitoneally injected
solution 60 mg/kg
acute for 7 days
chronic for 30 days

FA injection

airborne FA ingestion during
preparation of melanin
tableware,
exposure predates
the beginning of the study,
total duration of exposure
varying between individuals

lower spatial learning ability,
impaired memory retrieval ability

impaired general memory,
impaired ability to acquire new
information

increasing with level of FA
exposure: impaired memory
formation,
impaired learning ability

impaired memory,
impaired attention span

impaired ability to learn

suppression of long-term
potentiation;
NMDA receptor inhibition,
resulting in memory loss
or memory formation
disturbance

impaired memory in rats
exposed to FA,
decreased methylation, re-
methylation of the DNA in cells
from cell cultures

concentration of active AChE
particles in the blood increased

FA — formaldehyde; ROS - reactive oxygen species; OS — oxidative stress; 8-OHdG - 8-hydroxy-2"-deoxyguanosine; SOD - superoxide dismutase;

CAT - catalase; PC12 — pheochromocytoma cell line; C6 - rat glial tumor cell line; MDA — malondialdehyde; BDNF — brain-derived neurotrophic factor;
HT22 — mouse hippocampal neuronal cell line; Cyt-C - cytochrome C; NO - nitric oxide; H,S — hydrogen sulfide; CBS — cystathionine 3-synthase;

GSH - glutathione; AChE - acetylcholinesterase; NHS — N-hydroxysuccinimide; NMDA — N-methyl-D-aspartate; SH-SY5Y — human neuroblastoma cell line;

AD - Alzheimer's disease.

Moreover, numerous studies conducted in laboratory ani-
mals have demonstrated visible alterations in brain neuro-
nal tissue following FA exposure. Detected abnormalities
included increased reactive oxygen species (ROS) forma-
tion,'®!® other manifestations of oxidative stress (OS),!” neu-
ronal apoptosis,'®?® and neuronal degeneration (Fig. 2,3).18

Oxidative damage induced by FA
Following FA exposure, numerous biochemical changes

indicative of redox imbalance have been observed across
different studies. Levels of malondialdehyde (MDA)

in the frontal cortex and hippocampus increased after
FA exposure.!®!%2l Malondialdehyde is a product of lipid
peroxidation and is considered one of the most impor-
tant markers of OS.>* Increased MDA levels have also
been observed under controlled conditions simulating
occupational exposure.!® In the frontal cortex and hip-
pocampus, catalase and superoxide dismutase (SOD)
activity decreased following FA exposure.!®!8 Both en-
zymes are involved in defense against OS — catalase
through decomposition of hydrogen peroxide (H,0,)* and
SOD through dismutation of superoxide anion radicals
into H,0,.°® Rats exposed to FA also exhibited elevated
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Table 3. Influence of FA on the development of neurodegenerative diseases

Reference

Model (human/

Size - control

Size — experimental

Type and duration

Symptoms, results of study

Calderon-
Garciduenas
etal. (2015)*

Hanna et al.
(1999)*

He et al.
(2017)%

Leeetal.
(2020)%

Liu et al.
(2018)%

Luetal.
(2013)%8

Nie et al.
(2007)*

Tong et al.
(2011)°

Tong et al.
(2015)°

animal/cell line)

human

human

N2a cell line

human

mouse

mouse,
N2a cell,
rat hippocampal
neuron culture

SH-SY5Y cell line,
rat hippocampal
cells

human

human

group

44 — from
group 2

not included
in the study

cells without
any treatment,
cells with
DMSO pre-
treatment and
FA treatment

40

untreated cells

not applicable
not applicable

38 patients,
autopsy
hippocampus
tissues from
4 healthy
patients,
mice

not disclosed

group(s)

95
67 (group 2)
28 (group 1)

100 with multiple
system atrophy,
100 with Parkinson’s
disease

Cells with FA
treatment,
Cells with resveratrol
treatment,
Cells with FA
and resveratrol
treatment

50 with ALS

30
10 - FA exposure:
0.155 mg/kg/day,
10 - FA exposure:
1.55 mg/kg/day,
10 - FA exposure:
15.5 mg/kg/day

not disclosed

not applicable
not applicable

141 patients with
dementia,

49 hypertension
or diabetes
patients, autopsy
hippocampus
tissues from
4 patients with AD,
age-related
AD-like animal
models — mice

236 — clinical
participants
139 - healthy
volunteers

of exposure

airborne FA ingestion
correlated with air
pollution,
exposure predates
beginning of the study

airborne FA exposure,
contact with FA during
work-related activities,
exposure predates
beginning of the study

incubation in FA

endogenous FA

formalin intranasal
instillation,
daily for 7 days

mice injected with FA
solution,
cells cultured with
0.5 mM FA solution;
hippocampal neuron
cultures treated
with 0.2 mM FA
at the indicated intervals

incubation
with increasing
concentrations of FA
from 0.01% to 0.5%

not disclosed

aging related-
endogenous FA

brain imbalance impacting levels of oxidative
stress,
immune response and inflammation in neural
tissue;
higher prevalence of tight junction antibodies
and neural antibodies;
autoimmune response and higher risk
of neuroinflammation,
development of AD and Parkinson'’s disease

advanced glial changes, cell loss and
depigmentation in substantia nigra,
development of multiple system atrophy;
possible development of Parkinson'’s disease

smaller and atrophied cells treated with FA,
cell borders were irregular and cellular
processes were reduced, FA induced neuronal
cell death and tau hyperphosphorylation

significantly higher levels of FA detected
in plasma of people affected with ALS

impaired spatial memory in mice exposed
to FA concentration 1.55 and 15.5 mg/kg/day,
blood-brain barrier (BBB) damage,
swollen and deformed hippocampal cells, with
loose and disordered cell arrangement,
disappearing apical dendrites, decrease in Niss!
substance.
damaged circular structure of the synaptic
glomerulus in the olfactory bulb,
FA-induced decrease in the number of cells
in cerebral and prefrontal cortex,
markedly increased expression of Tau-P
in cerebral cortex,
increased activation of glia and astrocytes,
increased OS level and inflammation

shrunken cells and atrophied largely processes,
hyperphosphorylation and polymerization
of tau protein in cytoplasm and nuclei
of observed cells and in mice brains,
possible role in AD development and other
tauopathies

induction of aggregation of human tau protein,
possible role in development of tauopathies

in dementia patients and patients with mild
cognitive impairment: higher levels of FA
inurine,
in the hippocampal tissues from patients
with AD and in brains from AD-like mice
models: higher levels of FA detected,
in mice treated with FA for 30 days: impaired
spatial reference memory function

increased FA levels in urine of clinical patients,
formaldehyde levels showed positive
correlation with age and levels of cognitive
decline in individuals
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Table 3. Influence of formaldehyde on the development of neurodegenerative diseases — cont.

Type and duration

e ——— Symptoms, results of study

Reference Model (human/ Size — control | Size — experimental
animal/cell line) group group(s)
human
Tong et al. ) 8 from healthy ' )
(2015)° hlppgcampal patients 9 patients with AD
tissue
8 — recent spatial
Tong et al. - 8 memory training,
(2015)*! 8 — remote spatial
memory training
E&%g al SH-SY5Y cellline | not applicable not applicable
Weisskopf . 1,156 patients
et al. (2009)>? e e Oete passed due to ALS
Yuan et al. human not included not disclosed
(2023)° in the study

increased formaldehyde levels and reduced
global methylation in hippocampus of people
affected with AD,
significant decrease of DNMT1 and DNMT3a
in the samples from older advanced age group;
1000% increase of levels of hippocampal
formaldehyde in AD patients

endogenous FA

deficits in spatial memory of formaldehyde-
injected rats,
decline in DMNT expression,
significant decrease of DNMT1 and DNMT3a
in the samples from 30-month-old rats
compared to 3-month-old rats

reduction in DNMT1 and DNMT3a expression
levels

FA injection,
once a day for 7 days

incubation in FA

doubled mortality rate for ALS for individuals

unspecified with documented duration of formaldehyde
environmental exposure, exposure
including FA strong dose-response relationship with

number of years of exposure

tropospheric FA
exposure,
indoor FA pollution

higher levels of tropospheric and indoor
formaldehyde are linked to a higher occurrence
of AD

FA — formaldehyde; ROS - reactive oxygen species; OS — oxidative stress; 8-OHdG — 8-hydroxy-2"-deoxyguanosine; SOD — superoxide dismutase;

CAT - catalase; PC12 — pheochromocytoma cell line; C6 - rat glial tumor cell line; MDA — malondialdehyde; BDNF — brain-derived neurotrophic factor;

HT22 — mouse hippocampal neuronal cell line; Cyt-C - cytochrome C; NO - nitric oxide; H,S — hydrogen sulfide; CBS — cystathionine 3-synthase;

GSH - glutathione; AChE - acetylcholinesterase; NMDA — N-methyl-D-aspartate; SH-SY5Y — human neuroblastoma cell line; ALS — amyotrophic lateral
sclerosis; Tau-P — hyperphosphorylated tau protein; DNMT1 — DNA (cytosine-5)-methyltransferase 1; DNMT3a — DNA (cytosine-5)-methyltransferase 3 alpha;
DMSO - dimethyl sulfoxide; N2a — mouse neuroblastoma cell line; AD — Alzheimer’s disease.

levels of 8-hydroxy-deoxyguanosine (8-OHdG), another
important marker of OS,*” in both brain tissue and urine."”

Exposure to FA decreases glutathione levels while in-
creasing concentrations of 4-hydroxynonenal.*! Concen-
trations of lipid peroxides and oxidized proteins also in-
creased,'®182! a5 did total ROS levels.??? Increased ROS
levels reduced the viability of PC12 cells.?? This overall
increase in OS marker levels following exposure suggests
substantial intensification of OS induced by FA.

The intensification of OS may result from multiple path-
ways. Incubation of PC12 cells with FA leads to a significant
decrease in the concentration and production of the anti-
oxidant molecule H,S. Exposed cells also displayed a sig-
nificant increase in inducible nitric oxide synthase (iNOS)'
and neuronal nitric oxide synthase (nNOS) levels and over-
produced nitric oxide (NO), which is a major mechanism
inhibiting cystathionine -synthase, the H,S-producing
enzyme in PC12 cells.?? Formaldehyde also interacts with
glutathione (GSH), thereby depleting the organism’s anti-
oxidant defenses.? Intensification of OS may additionally
result from inhibition of paraoxonase-1, an antioxidant
enzyme.5®

It is well established that neurons are highly susceptible
to damage caused by OS, especially those located in the hip-
pocampus and amygdala.”® Given the information presented
above, OS may be considered one of the major mechanisms
of cellular damage associated with FA exposure.

Apoptosis induced by formaldehyde

Cells exposed to FA showed changes typical of apopto-
sis.1¢22 Following exposure, neurons in the frontal cortex
and hippocampus of rats exhibited extensive degenera-
tive changes, dark pyknotic nuclei, and shrunken cyto-
plasm.'®2! Moreover, their axons retracted, and the cells
became separated from one another.?! The cerebellum
is also affected by FA exposure, leading to neuronal dam-
age in all its layers, with Purkinje cells being the most
severely affected.!® Formaldehyde exposure also results
in altered expression of proteins involved in apoptosis and
cellular protection. In capillaries supplying Purkinje cells,
Bax protein levels increased. Bax is a pro-apoptotic protein
and a member of the Bcl/-2 gene family involved in p53-
mediated apoptosis activation.'®

In PC12 cells, FA exposure induced cytotoxic and apop-
totic effects, including decreased levels of Bcl-2 protein
and increased release of cytochrome C.% Bcl-2 is a protein
responsible for inhibiting apoptosis,®® whereas increased
release of cytochrome C into the cytoplasm leads to apop-
tosome formation and activation of caspase-9, thereby
initiating the caspase cascade and inducing apoptosis.®!

Formaldehyde may also induce ferroptosis — an iron-de-
pendent form of programmed cell death — in HT22 cells
(a mouse hippocampal cell line) by increasing expression
of genes involved in the ferroptosis pathway. A possible
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+ human SF-SY5Y
mouse neuroblastoma cells
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/ h decreased methylation
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less viable cells; tau rat hippocampal \ Ay mouse hippocampal  agregation of lau

. Ve N \j/ D\ . protein, reduction in
hyperphosphorylation neurons ‘ \ \ HT22 cell line
. A 7\ 7 DNMT1 and DMNT3a
and polymerization // AN :
( ; expression levels
AN AN
supression of LPT . reduced cell viability,
formation, inhibition of PC12 cell line ferroptosis, apoptosis,
NMDA receptors, increased oxidative
decreased methylation stress
and de-methylation of
DNA excesive carboxymethylation of

proteins, inhibition of tyrosine
hydroxylase expression, apoptosis,
increased oxidative stress

Fig. 2. The range of responses of human and rat/mouse neuronal cell lines to formaldehyde (FA) exposure (created using BioRender.com)

A. : n

@ —»—F

impaired memory impaired novel
and learning abilities object

recognition

signs of oxidative
stress in brain

degeneration of brain tissue .
tissue

induction of neuron
apoptosis

Fig. 3. The effects of formaldehyde (FA) on the function and condition of nervous tissue in mice and rats. Letter labels indicate the studied routes of FA
exposure in animals. A. Intranasal instillation of FA; B. Inhalation of FA vapors; C. Intravenous administration of FA solution (created using BioRender.com)
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development of
Alzheimer's
disease

development of
amylothophic lateral
sclerosis (ALS)

various degrees
of memory loss

various degrees
of cognitive
impairment

impaired ability to
concentrate

Fig. 4. Potential effects of formaldehyde (FA) on human brain function (created using BioRender.com)

mechanism underlying ferroptosis in this cell line may
involve upregulation of the Warburg effect following FA
exposure.?!

Other possible mechanisms
of formaldehyde neurotoxicity

Formaldehyde can cross-link proteins with nucleic ac-
ids®? and form covalent bonds with proteins.!® The pres-
ence of covalent bonds between FA and proteins results
in accumulation of protein methylation changes typically
observed in aging cells.!” Additionally, cross-linking be-
tween proteins and nucleic acids may lead to mutations
in the cellular genome.®? Reduced dopamine activity has
also been observed following FA exposure, possibly as a re-
sult of decreased expression of tyrosine hydroxylase, an en-
zyme involved in dopamine synthesis.?

Workers exposed to FA show a significant correlation
between occupational FA exposure and increased blood
acetylcholinesterase (AChE) activity,?* which is used
as a marker of neurotoxicity.®® Therefore, elevated AChE
activity may indicate neuronal damage induced by FA.

Neuronal death in the hippocampus disrupts learning
processes and memory.®* Damage to cerebellar neurons
is associated with impaired motor coordination, imbal-
ance, and loss of spatial orientation.®® Finally, damage

to the frontal lobes may lead to personality changes, re-
duced attention span, impaired concentration, language
dysfunction, and impaired decision-making.®® These ex-
amples demonstrate how FA-induced neuronal damage
may contribute to cognitive decline.

Formaldehyde exposure leads to cognitive
impairment and behavioral changes

The correlation between FA exposure and the occur-
rence of numerous types of cognitive impairment in hu-
mans suggests that FA may be harmful to human health
(Fig. 4).”1* Even moderate but persistent exposure to FA
may significantly affect the cognitive functions of exposed
individuals.3! People occupationally exposed to FA had
a statistically higher risk of cognitive decline. The risk
of impairment increased with the duration of exposure.
Moreover, FA-induced changes persisted even after ex-
posure had ended.?!

Inhalation of airborne FA in the form of “fry joints”
or cigarettes immersed in FA solution and laced with
phencyclidine (PCP) was associated with decreased lan-
guage abilities and vocabulary decline.® In the case of fry
joints, however, it remains unclear whether the observed
decline resulted solely from FA exposure or whether other
components of “fry” also contributed.?® Studies have also
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reported impaired abstract thinking following FA expo-
sure.?® Additional studies demonstrated similar language
impairments after occupational exposure.?! Another im-
portant consequence of FA exposure is reduced attention
span and, in some cases, impaired concentration.?*° Some
individuals exposed to FA also exhibited reduced affect
and psychomotor slowing.3140

Chemical analyses of workers in melamine tableware
factories showed that individuals exposed to airborne FA
had significantly elevated blood levels of active AChE.
Such alterations are thought to contribute to cognitive
impairment through reduction of cholinergic signaling
in neurons.?* Cases of acute airborne FA exposure leading
to neurobehavioral impairment and cognitive decline have
also been described, including confusion, impaired con-
centration, and deficits in sequential processing. Depres-
sion and emotional distress accompanied these symptoms,
persisting for up to 3 years after exposure.®

Studies in rat models also demonstrated that animals
exposed to FA exhibited depression-like behaviors, such
as reduced locomotor activity, decreased food and water
intake, and anxiety-like behavior.?® Rats exposed to FA
for short periods (3 h/day for 2 days in 3 groups receiving
5 ppm, 10 ppm, and 20 ppm FA®’; or 2 h/day for 10 days
in 3 groups receiving 0.1 ppm, 0.5 ppm, and 5.4 ppm FA35)
exhibited reduced motor activity.3® Prolonged exposure
led to enhanced aggressive behavior. This change was as-
sociated with disruption of dopaminergic and serotonergic
pathways in the frontal cortex. Reduced activity of dopa-
mine and serotonin neurons results in impaired concentra-
tion and attention deficits. Moreover, FA has been shown
to reduce melatonin levels in rats. Rodents examined
in the study conducted by Mei et al. demonstrated memory
impairment and abnormal behaviors, including remaining
motionless in a huddled position and decreased active ex-
ploration.®” Lower melatonin levels may be associated with
sleep disorders reported after FA exposure.>* Studies have
shown that decreased melatonin levels are also associated
with depression, anxiety, Alzheimer’s disease (AD), and
other types of dementia. Melatonin supplementation has
been shown to attenuate the effects of FA-induced OS and
structural hippocampal damage, thereby reducing cogni-
tive decline.?”

Formaldehyde exposure leads
to memory loss

Formaldehyde can have a detrimental impact on mem-
ory. Several studies have investigated this issue, mostly us-
ing animal models, although some also involved humans.
Animal studies investigating memory were conducted
in rats and mice. These experiments employed various
tests specifically designed to assess cognitive function
in animals following exposure to specific factors, in this
case FA in gaseous form or in solutions of various concen-
trations. Animals exposed to FA, either in gaseous form
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or through intracerebroventricular injection, exhibited
memory alterations characterized by impaired learning
ability, as demonstrated in the Morris water maze and
water labyrinth tests,3*3%%! as well as decreased memory
performance observed in the step-down test.2® Studies
have shown that FA exposure can reduce spatial memory
performance, as demonstrated in the Morris water maze
and dry food-reward maze tests.2323942 Impaired novel
object recognition may also indicate memory dysfunc-
tion and has been observed in mice exposed to FA.2%:32

Microscopic and biochemical studies have also been per-
formed to investigate the possible mechanisms through
which FA induces memory impairment. Formaldehyde
may disrupt memory-related processes in the hippocam-
pus by inhibiting alcohol dehydrogenase-3 and aldehyde
dehydrogenase-2, thereby suppressing long-term poten-
tiation (LTP) formation, or by nonspecifically inhibiting
N-methyl-D-aspartate (NMDA) receptors,*® both of which
are believed to be associated with memory formation.®®
Formaldehyde may also directly impair the brain’s ability
to acquire new information by inducing hippocampal neu-
ronal death,'®3” as demonstrated in rats following intraperi-
toneal injections of FA at a dose of 10 mg/kg for 10 days.!®

Studies investigating the influence of FA on memory
in humans included a total of 944 participants. Most fo-
cused on occupational exposure.?>?’-30 One study was
based on full-time residents of houses insulated with
urea-formaldehyde foam.*® Only 1 study was conducted
under experimental conditions, in which participants
were placed in a climate chamber and exposed to gaseous
FA at concentrations that increased throughout the ex-
periment.? Individuals exposed to FA appeared to exhibit
deficits in short-term?® and long-term memory,*®? as well
as visual memory, history memory,?” and episodic verbal
memory.*! Formaldehyde originating from building ma-
terials such as foam insulation may also impair memory
processes.*® Finally, FA exposure may cause memory loss
in affected individuals.?? Acute and severe exposure to FA
may impair both general memory and the ability to acquire
new information.3®

Neurodegenerative diseases occurrence
after formaldehyde exposure

Exposure to FA is not limited to healthcare or labora-
tory workers; individuals living in large urban areas may
also be at risk. In major metropolitan areas, air pollution,
including FA, may adversely affect health.* Elevated levels
of antibodies targeting FA-bound protein adducts have
been detected in children living in urban environments
exposed to air pollution. We would like to highlight a pos-
sible link between this heightened immune response and
an increased risk of neurodegenerative diseases such as AD
or Parkinson’s disease.* Occupational exposure to FA has
also been suggested to influence the development of Par-
kinson’s disease.3®
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Alzheimer’s disease in relation
to formaldehyde

High tropospheric and indoor FA levels may be associ-
ated with an increased risk of AD in humans.® Mice ex-
posed to high concentrations of FA (1.55 mg/kg/day and
15.5 mg/kg/day) through nasal instillation exhibit brain
changes resembling early manifestations of AD. These
mice show disruption of the BBB, inflammation, and in-
creased production of ROS, leading to OS. Additionally,
degenerative structural changes are observed in the hip-
pocampus, olfactory bulb, cerebral cortex, and prefrontal
cortex. Exposed mice also display impaired spatial memory
acquisition and retention, as demonstrated in the Mor-
ris water maze test.*” These findings have been proposed
as potential mechanisms underlying AD.®

Formaldehyde levels in urine and the hippocampus
increase with age and cognitive decline in both rats and
humans with AD. In the hippocampus, elevated FA levels
correlate with reduced expression of DNA methyltrans-
ferase-3 (DNMT?3), resulting in suppression of its activity,
as well as decreased expression of DNA methyltransfer-
ase-1 (DNMT1), as demonstrated in studies of human
hippocampal tissue and rats treated with FA injections.
These enzymes are responsible for DNA methylation;
consequently, DNA methylation was also reduced under
these conditions.>! DNA methylation is crucial for spatial
memory formation and maintenance of long-term mem-
ory.”® Inhibition of DNMT activity and expression by FA
may therefore contribute to the pathophysiology of AD.>!

Elevated FA levels in mouse and rat cells have also been
associated with the presence of hyperphosphorylated tau
protein analogs linked to AD.*”*8 Formaldehyde particu-
larly affects nuclear tau protein, inducing hyperphosphory-
lation mediated by glycogen synthase kinase-3f (GSK-3f3),
as demonstrated in studies of neuroblastoma (N2a) cell
nuclei and mouse brains.*® This hyperphosphorylation
is accompanied by aggregation of reversible hyperphos-
phorylated tau protein polymers within the cytoplasm,*®
as well as morphological changes in these cells, including
shrinkage, disruption of cellular processes,*>*® and ulti-
mately cell death.*

Formaldehyde also influences tau protein misfolding
and aggregation, which may contribute to the development
of tauopathies. Tau protein plays a key role in maintain-
ing cytoskeletal structure through its association with
microtubules.”! Formaldehyde induces formation of am-
yloid-like aggregates in rats and human neuroblastoma
cells,* amyloid plaques in mice and rats,*” and amyloid-f3
accumulation in mice.>°

Alzheimer’s disease is the most common cause of de-
mentia.”? Formaldehyde levels in the hippocampi of in-
dividuals with dementia are significantly elevated. How-
ever, the study sample was small (n = 4); therefore, further
studies are needed to confirm or refute this observation.
Urine samples demonstrated significantly increased FA
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levels in patients with AD and slightly increased levels
in patients with mild cognitive impairment. Studies using
transgenic mice have shown that elevated FA levels accom-
pany amyloid-B deposition.>® Formaldehyde increases both
the number and size of amyloid-f oligomers.>? The poten-
tial use of urinary FA measurement as a biomarker of de-
mentia cannot be excluded.*

Amyotrophic lateral sclerosis
and formaldehyde

Among individuals exposed to FA, the mortality rate
from amyotrophic lateral sclerosis (ALS) is more than twice
as high as that observed in non-exposed individuals, and
the duration of FA exposure appears to have a significant im-
pact.”? Elevated plasma FA levels may increase the risk of ALS
or exacerbate disease progression. Plasma FA levels in pa-
tients with ALS were higher than those observed in healthy
individuals, as demonstrated in the study conducted by Lee
et al.* Increased FA levels induce abnormal folding and ag-
gregation of tau protein in nerve cells, leading to apoptosis,
as shown in the study by Nie et al. conducted on SH-SY5Y hu-
man neuroblastoma cells.* Additionally, the presence of FA
in cells increases mitochondrial membrane permeability and
decreases SOD activity, thereby causing oxidative damage,
as observed by Hanna et al.** These are all mechanisms as-
sociated with ALS.

Air pollution, including the presence of FA, has also been
suggested to influence the development of multiple system
atrophy. This was supported by findings of extensive cell
loss, glial alterations such as glial cytoplasmic inclusions,
and depigmentation in the substantia nigra (SN) and lo-
cus coeruleus (LC), identified post mortem in a previously
exposed patient.38

Limitations of the study

However precise and thorough we aimed to be, our
review is not without limitations. First, the heterogene-
ity of the studies available on FA exposure-related dis-
eases made any type of meta-analysis impossible. We also
acknowledge that our search strategy, although broad,
may have lacked certain details, which could have re-
sulted in omission of some relevant studies. Even though
the data included in this review were collected using
structured tables with predefined variables of inter-
est, some information may still have been overlooked;
e.g., certain important details may not have been fully
captured.

Conclusions

The purpose of this study was to gather and analyze
the available literature describing the influence of FA
on the human brain and cognition. We aimed to highlight
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potential problems that may result from exposure to this
compound. Formaldehyde may negatively affect cognitive
function. Reported symptoms include language and vo-
cabulary difficulties, reduced attention span, depression,
emotional distress, and anxiety. Sleep disturbances have
also been described following FA exposure. Most studies
in this area focus on memory and demonstrate substantial
impairment of memory function. Formaldehyde also pro-
motes pathological changes associated with neurodegenera-
tive diseases such as AD and ALS. At the cellular level, FA
primarily disrupts the function of the frontal cortex, hippo-
campus, and cerebellum. The main mechanisms underlying
neuronal damage and death appear to be OS and apoptosis
induction. Based on the available evidence, FA is not neutral
to CNS health. However, most studies have been conducted
using animal models. Therefore, further research involv-
ing human participants is needed and may be feasible due
to the widespread use of FA in industry and medicine.

This review provides additional arguments support-
ing the need to identify safer alternatives to FA for tissue
preservation, particularly in medicine. We hope that in-
creasing awareness of the effects of FA on brain function
will contribute to the development of improved strategies
for minimizing exposure or, where possible, eliminating
it entirely. This issue is especially important in anatomy,
where FA remains the primary preservative used for ca-
davers. As a result, students and teachers are routinely
exposed to chemical agents that may impair concentration
and learning ability, in addition to potentially increasing
the risk of serious neurological disorders. It is in our best
interest to create an environment in which young people
can study safely and develop into highly qualified special-
ists and physicians.
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Highlights

within correctional facilities.

+ The use of a Python script during the systematic review improved the duplicate removal process.

+ Implementing protective measures, including inmate screening, prophylactic programs, and outbreak-response
protocols, could minimize the risk of infectious disease transmission in prisons.

+ The results suggest the need for improved food safety protocols and stricter oversight of food preparation practices

Introduction

Specific conditions prevalent in penitentiary institu-
tions can significantly increase the risk of infectious dis-
ease transmission among incarcerated populations. Several
factors contribute to this heightened vulnerability in prison
settings, including overcrowding, limited access to safe
drinking water, delayed diagnosis, and poor ventilation.!
Existing literature consistently reports elevated rates of in-
fectious diseases within correctional facilities worldwide,
including tuberculosis (TB), HIV (which can progress
to AIDS), hepatitis C virus (HCV), and COVID-19.2-1° Fur-
thermore, the particular conditions inherent in prison envi-
ronments may facilitate the transmission of foodborne ill-
nesses and infections caused by ectoparasites such as mites.

Tuberculosis, caused by the bacterium Mycobacterium
tuberculosis, is notably more prevalent in prisons than
in the general population and remains one of the leading
causes of death among incarcerated individuals.!~® Stud-
ies show that the prevalence of active TB is closely linked
to the country in which the prison is located. In high-bur-
den TB countries, the incidence of active TB is 2.5 times
higher than in countries with a lower burden.? Tuberculo-
sis typically presents as a pulmonary infection and is trans-
mitted through inhalation of aerosolized droplets from
an infected individual. Its constitutional symptoms are
nonspecific and usually include a persistent cough, fever,
weight loss, night sweats, and general malaise.!!

According to data from the European Centre for Dis-
ease Prevention and Control (ECDC), presented in the An-
nual Epidemiological Reports (AERs), 30 countries within
the European Union/European Economic Area (EU/EEA)
reported a total of 36,179 TB cases in 2022 (8.0 per 100,000
population). Of these, 25.6% occurred in Romania (9,270
cases), while only 1 case was recorded in Liechtenstein.!?
Compared with previous years, a slight increase was
noted. The number of reported drug-resistant TB cases
in the EU/EEA also rose in 2022, which can be attributed
to factors such as the resumption of regular testing after
the COVID-19 pandemic, migration resulting from the war
in Ukraine, and the expansion of targeted TB screening
programs for high-risk populations.

Although the World Health Organization (WHO) has
set a target of 85% for TB treatment success, the actual
success rate reported in 2022 was only 64.0%, highlighting

the need for significant improvement.'? The Status Report
on Prison Health in the WHO European Region 2022, which
includes data from 16—28 member states, reported a TB
prevalence of 0.46% among prison populations.'3

A study published in 2021 found that TB cases among
incarcerated individuals in Central and South America
increased by 269% between 2000 and 2018. The prevalence
of TB is disproportionately concentrated among people
in prison, with 11% of all TB cases occurring within this
population. In the past year, TB outbreaks have been re-
ported in prisons in both Brazil and Venezuela.'*

Scabies is an ectoparasitic infestation caused by Sarcop-
tes scabiei var. hominis, an obligate human parasite that
completes its entire life cycle on the host. Female mites
burrow into the stratum corneum of the skin to lay eggs,
triggering an immune response that causes intense itching
(pruritus) and erythematous rashes. The mites can sur-
vive for up to 24—36 h in environments with temperatures
around 21°C and relative humidity levels between 40% and
80%, thus posing a risk of transmission during this period.
Scabies is primarily spread through prolonged skin-to-skin
contact with an infected individual. Symptoms usually ap-
pear 4—6 weeks after the initial infestation and typically
include generalized itching, which worsens at night, along
with a vesicular or papular rash.'>!¢ In 2017, the WHO
classified scabies as a Neglected Tropical Disease (NTD).
However, epidemiological data on scabies remain limited
in many countries, with most estimates based on a small
number of non-representative surveys. Current estimates
suggest a global point prevalence of 100—200 million sca-
bies cases, with approx. 455 million new cases occurring
each year. Scabies is estimated to cause around 3.8 mil-
lion disability-adjusted life years (DALYs), making it one
of the highest-burden NTDs."”

Salmonella is a genus of bacteria in the Enterobacteria-
ceae family and a major cause of gastroenteritis in humans.
Transmission occurs primarily through ingestion of con-
taminated food or water, with poultry and poultry-derived
products serving as key reservoirs. The severity of illness de-
pends on the specific Salmonella serotype and the immune
status of the host. The infection is classified into 2 main
forms: typhoidal, which is characterized by persistent fever,
headache, abdominal pain, anorexia, bradycardia, and either
diarrhea or constipation; and non-typhoidal, which presents
acutely with diarrhea, abdominal cramps, and fever.!®
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In 2022, 30 EU/EEA countries reported 66,721 cases
of salmonellosis, of which 65,967 were laboratory con-
firmed. The highest numbers were recorded in the Czech
Republic (7,563 cases) and Slovakia (3,669), while the low-
est were reported in Portugal (412), Bulgaria (310), and Lat-
via (90). Although the number of cases increased compared
with 2020, it remained lower than pre-COVID-19 levels.!”

Shigellosis is an infection caused by bacteria of the Shi-
gella genus, a group of facultative anaerobic, Gram-negative
bacilli. Transmission occurs via the fecal-oral route, typi-
cally through direct person-to-person contact, ingestion
of contaminated food or water, or, in some cases, through
sexual contact, particularly among men who have sex with
men. The hallmark clinical manifestation of shigellosis
is dysentery, characterized by bloody, often mucous-laden
diarrhea accompanied by abdominal cramps and vomiting.?°

In 2022, 30 EU/EEA countries confirmed a total of 4,149
shigellosis cases. The highest numbers were reported
in France (1,290 cases), Spain (598), and the Netherlands
(419). Two countries (Iceland and Liechtenstein) reported
no cases. Compared with 2020 and 2021, an increase in in-
cidence was observed.?!

Objectives

The aim of this study was to evaluate the incidence and
epidemiological trends of TB, scabies, Salmonella, and Shi-
gella infections among prisoners in Poland between 2002

m

and 2023, as well as to analyze the available literature ad-
dressing these diseases. The literature was sourced from
publications indexed in Web of Science (WoS) and Scopus
and published between 2015 and 2025. Additionally, this
study sought to identify the most effective infection preven-
tion strategies for implementation in penitentiary settings.

Materials and methods

This research consisted of 2 parts. First, a systematic
review was conducted to analyze the existing literature
on infectious diseases in prison populations, with a par-
ticular focus on TB, Salmonella, Shigella, and scabies. Sec-
ond, findings from the authors’ own empirical research are
presented. Ethical review and approval were waived for this
study because public databases were used.

Systematic review
Strategy of searching and criteria of material selection

The research protocol was prepared based on the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (Fig. 1). The available lit-
erature on TB, Salmonella, Shigella, and scabies infections
among inmates was analyzed. To gather the literature,
2 databases were searched: Scopus and WoS. The inclu-
sion and exclusion criteria were as follows:

814 reports excluded:
(not related to tuberculosis, scabies, Shigella,
or Salmonella and prisoners)

5 Web of Science (n = 193) Scopus (n =913)
2
=
= 4 A
S
o 146 studies excluded (duplicates)
—
A 4
)
960 records screened >
g
's v
g 194 articles assessed R
n for eligibility
A 4
2
S 8 articles included
E in the systematic review

766 articles excluded:

systematic reviews, no full text avaiable,

discussing: impact of COVID, prevention and prophylaxis
of TB, diagnostics, healthcare services for prisoners,

level of oral care, assessing risk factors of tuberculosis

Fig. 1. Study selection process presented using a PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analyses) flowchart
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Inclusion criteria: original articles presenting TB (diag-
nosed using X-ray findings or epidemiological data from
national institutions), Salmonella, Shigella, and scabies
infections in prisoners; articles published in English be-
tween January 1, 2015 and April 9, 2025; full-text arti-
cles available; and studies assessed as satisfactory using
the Newcastle—Ottawa Scale. Exclusion criteria: case re-
ports, reviews, articles without full-text availability, and
articles discussing the impact of COVID-19, prevention
and prophylaxis of TB, diagnostics, healthcare services
for prisoners, or risk factors for TB.

For database searching, the following keywords were se-
lected: “prison” OR “inmates” OR “prisoners”; “infectious
diseases”; “TB” OR “scabies” OR “Shigella” OR “Salmonella’.
Medical Subject Headings (MeSH) were used to identify ap-
propriate search terms. Studies were screened by title and
abstract according to the PICO (population, intervention,
control, and outcome) criteria. The PICO question was as fol-
lows: Are prisoners at an increased risk of infection with TB,
scabies, Salmonella, or Shigella compared with the general
population?

The search was conducted on April 9, 2025. Article selec-
tion was performed independently by 2 calibrated research-
ers (A.T. and R.K.). Agreement between the reviewers was
assessed using Cohen’s kappa coefficient. The results were
interpreted as follows: <0.00 — poor; 0.00-0.20 — slight;
0.21-0.40 — fair; 0.41-0.60 — moderate; 0.61-0.80 — sub-
stantial; and 0.81-1.00 — almost perfect. The agreement
between the reviewers was 0.442.

Duplicates exclusion

To eliminate duplicates, a Python script was used.
The script combined and processed 2 bibliographic datasets
from WoS and Scopus to generate a unified list of medical
publications. It began by reading Microsoft Excel 2013 (Mi-
crosoft Corp., Redmond, USA) and CSV files using the Pan-
das library, extracting relevant columns such as authors, title,
source, and abstract. The script then standardized column
names across both datasets and merged them into a single
DataFrame. To remove duplicate entries, it created a “clean_
key” column by stripping and normalizing article titles. After
duplicate removal, source names were formatted in title case
and the DataFrame index was reset. The final dataset was
used to generate a Word document using the python-docx
library. Each publication entry was formatted with bold labels
and listed as a numbered item. The final document included
the title, authors, source, and abstract for each article. This
approach ensured consistent formatting and removed re-
dundancies across multiple bibliographic sources (Fig. 2).

Substantive analysis
The following information was extracted from the se-

lected manuscripts: year of the study, country in which
it was conducted, characteristics of the study participants,
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and information on the prevalence of selected infectious
diseases among inmates. Data were extracted by 1 re-
searcher (A.T.). The extracted information was checked
by another co-author (M.T.) to minimize the risk of bias.

Quality assessment

The reliability of the studies was assessed using the New-
castle—Ottawa Quality Assessment Scale for cross-sec-
tional studies. The following domains were assessed:
selection (SD), comparability (CD), and outcome (OD).
The maximum score was 10 points: 5 points for the 1°
category, 2 points for the 2"¢ category, and 3 points for
the outcome domain. Interpretation of the Newcastle—Ot-
tawa Quality Assessment Scale was as follows:

- 9-10 points: very good quality;

- 7-8 points: good quality;

- 5-6 points: satisfactory quality;

— 0—4 points: unsatisfactory quality.

This part of the research was conducted independently
by 2 authors (A.T. and R.K.). Any discrepancies were re-
solved by the 3'¢ author (M.R.).

Analysis of epidemiological data

The research methodology was based on the possibil-
ity of obtaining anonymized data concerning inmates
in all prisons across the country diagnosed with TB, sca-
bies, Salmonella, and Shigella infections between 2002
and 2023. Access to these sensitive data was possible due
to the obligation of the Prison Service (PS) to provide
health-related information about inmates to Statistics
Poland, in accordance with the provisions of the Act
of June 29, 1995, on Public Statistics,?? as well as the an-
nually updated Program of Statistical Research of Public
Statistics (PSRPS). According to the Public Statistics Act,
Article 13: “Respondents, including entities in the public
finance sector, are obliged to provide statistical data free
of charge for the purposes of public statistics.” Health
data of prisoners, transmitted by the PS to statistical
offices, are collected and forwarded on the basis of medi-
cal reports and healthcare registry systems within cor-
rectional facilities. These data are gathered through in-
ternal registry systems that maintain detailed medical
documentation of inmates. Subsequently, the PS submits
this information to statistical offices, such as Statistics
Poland, for the purposes of analysis, reporting, and
use in social and health research. For this study, pub-
licly available data from the PS official website (https://
sw.gov.pl/strona/Statystyka) were used. The information
contained there is collected through internal record-
ing systems based on medical reports related to inmate
healthcare.

Due to the retrospective and noninvasive nature
of the study, and because all data were anonymous, ethics
committee approval was not required. Studies exempt
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import pandas as pd
from docx import Document

# Load publication data from Web of Science (Excel format)
publl = pd.read_excel(r"C:\medical bases\web of science medical base.xls")

# Load publication data from Scopus (CSV format)
publ2 = pd.read_csv(r"C:\medical_bases\scopus_medical_base.csv")

# Select relevant columns from each source
publl extract = publl[['Authors', "Article Title", "Source Title", "Abstract"]]
publ2_extract = publ2[['Authors', 'Title', 'Source title', 'Abstract']]

# Standardize column names for consistency
publl_extract.columns = ['Authors', 'Title', 'Source', 'Abstract']
publ2_extract.columns = ['Authors', 'Title', 'Source', 'Abstract']

# Combine both datasets into a single DataFrame
publ all = pd.concat([publl_extract, publ2_extract], axis=0)

# Create a normalized key based on the title to identify duplicates

publ all['clean_key'] = (
publ_all['Title']
.str.strip() # Remove leading/trailing whitespace
.str.lower() # Convert to lowercase
.str.replace(r"[*a-z0-9]", "", regex=True)) # Remove non-alphanumeric characters

# Drop duplicate records based on the cleaned title
publ all clean = publ_all.drop_duplicates(subset='clean_key', keep="first")

# Remove the helper column used for deduplication
publ_all clean = publ_all clean.drop(columns="clean_key")

# Format the source title into title case for consistency
publ all clean['Source'] = publ _all clean['Source'].str.title()

# Reset the index to start from 1 for cleaner document formatting
publ _all clean = publ_all clean.reset_index(drop=True)
publ all clean.index = publ_all clean.index + 1

# Initialize a Word document
doc = Document()

# Write each publication entry as a numbered paragraph with formatted fields
for i, row in enumerate(publ_all clean.itertuples(index=False), start=1):
p = doc.add_paragraph(style='List Number') # Create numbered list item

# Add formatted publication details
p.add_run("Title: ").bold = True
p.add_run(f"{row.Title}\n")

.add_run("Authors: ").bold = True
p.add_run(f"{row.Authors}\n")

©

p.add_run("Source: ").bold = True

p.add_run(f"{row.Source}\n")

p.add_run("Abstract: ").bold = True
p.add_run(f"{row.Abstract}")

# Save the resulting document to disk
doc.save("Identified_articles.docx")

Fig. 2. Python script used for duplicate elimination
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from ethical approval include most educational research,
case reports on 1-3 patients (without hypothesis test-
ing), studies involving no risk to participants, studies
involving information available in the public domain,
analyses of open-source or anonymized datasets ob-
tained from other researchers with appropriate informed
consent collected during primary data collection, and
research evaluating public health programs or govern-
ment schemes.?

Statistical analyses

The Shapiro—Wilk test was conducted to evaluate
whether the distribution of a given variable conformed
to a normal distribution. The test results indicated a sig-
nificant deviation from normality (p < 0.050). Conse-
quently, it was deemed appropriate to utilize Spearman’s
rank correlation coefficient instead of Pearson’s correla-
tion coefficient, as the former does not require the as-
sumption of normality in the data distribution. Using
Spearman’s rho correlation coefficient, the association
between variables that did not follow a normal distribu-
tion was assessed. The p-values were determined using
an asymptotic approximation based on the t-test. The p-
values were additionally adjusted (p,q) using the Holm
method when multiple comparisons were assessed.

The growth rate of the time-series data was quantified
using the compound annual growth rate (CAGR) param-
eter, calculated with the following formula (https://www.
calkoo.com/en/cagr-calculator):

CAGR = (EV/BV)*(1/n) - 1,

where: EV — the value of the studied parameter in the final
year; BV — the initial value in the first year; n — the number
of years under observation. Analyses were conducted using
Rv.4.3.1 (R Foundation for Statistical Computing, Vienna,
Austria) on Windows 10 Pro 64-bit (build 19045; Microsoft
Corp.), using the packages sjPlot v. 2.8.15 (https://strenge-
jacke.github.io/sjPlot), report v. 0.5.7,% ggstatsplot v. 0.12,%
and ggplot2 v. 3.4.4.2° Microsoft Excel 2013 and Statistica
v. 11.0 (StatSoft Inc., Tulsa, USA) were used to carry out
the analyses.

Table 1. Results of the quality assessment using the Newcastle-Ottawa Scale
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Results
Systematic review
Quality assessment

The Newcastle-Ottawa Scale was used to assess
the quality of the 8 articles included in the review. This
part of the research was conducted independently by 2 au-
thors (A.T. and R.K.). Any discrepancies were resolved
by the 3'¢ author (M.R.) (Table 1). Only 1 article was as-
sessed as satisfactory, 2 as good, and 5 as very good.

Study characteristics

Two databases were searched: Scopus and WoS. As are-
sult, 1,106 articles were identified (Fig. 1). After removing
duplicates, 960 articles were obtained for the first screen-
ing. In the next step, the articles were analyzed with regard
to the inclusion criteria, which resulted in the exclusion
of 814 articles that did not address the prevalence of the se-
lected infectious diseases (TB, Salmonella, Shigella, or sca-
bies). Subsequently, 766 articles were excluded for the fol-
lowing reasons: being systematic reviews, unavailability
of the full text, or focus on topics such as the impact of CO-
VID-19, prevention and prophylaxis of TB, diagnostics,
healthcare services for prisoners, level of oral care, or as-
sessment of TB risk factors.

As a result, 8 articles were included in the review
(Table 2). Each article described the situation in a dif-
ferent country (USA, Cote d’Ivoire, North Macedonia,
Iran, Gauteng, Limpopo, Mpumalanga and North West
Provinces in South Africa, China, Poland, and Ghana).
One article was published in 2016, 1 in 2017, 2 in 2018,
2in 2019, 1 in 2020, and 1 in 2024. Six of the articles dis-
cuss TB infections,?”-32 while 2 address scabies infections
in prisons.3334

None of the articles included in the review addressed
the problem of Salmonella or Shigella infections. During
article screening, the authors identified 1 article describing
Salmonella; however, because it was a case report, it was
excluded from the review.

EEE >election Comparability }Tom’%{ Quality
27 1 1 0 1 2 2 0 good
28 1 1 1 1 2 2 1 very good
29 1 1 1 1 2 2 0 good
30 1 1 1 1 1 0 0 satisfactory
31 1 1 1 1 2 2 1 very good
32 1 1 1 1 2 2 1 very good
33 1 1 1 1 2 2 1 very good
34 1 1 1 1 2 2 1 very good
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Table 2. Articles included in the review

Authors, title, and year of publication

Country

115

Participants/material Statistical analysis

Lambert et al., Tuberculosis in jails and prisons: United
States, 2002-2013; 2016%

Séri et al,, Prevalence of pulmonary tuberculosis among
prison inmates: A cross-sectional survey at the Correctional
and Detention Facility of Abidjan, Céte d'lvoire; 20172

llievska-Poposka et al., Tuberculosis in the prisons
in the Republic of Macedonia, 2008-2017; 2018%

Seyedalinaghi et al, Comparing tuberculosis incidence
in a prison with the society, Tehran, Iran; 2018

Jordan et al,, Prevalence and risk factors of tuberculosis

disease in South African correctional facilities in 2015;
20193

Tong et al,, Epidemic situation of tuberculosis in prisons
in the central region of China; 2019

Bartosik et al., Scabies and pediculosis in penitentiary

in confinement conditions; 202033

Amoako et al., Burden of scabies in Ghanaian penitentiary;
2024

USA

Cote d'lvoire

North Macedonia -

Iran

Gauteng, Limpopo,
Mpumalanga, and
North West Provinces
in South Africa

China

institutions in Poland: A study of ectoparasites Poland

Ghana

2002—2013 National
Tuberculosis Surveillance
System case reports

Statistical Analysis System v. 9.3
(SAS Institute Inc, Cary, USA)

) univariate and multivariate
943 inmates screened . )
logistic regression, SAS v. 9.3
data from Central Register
forTB

5865 prisoners
4,503,516 people of the society

bivariate logistic regression,

57,660 inmates o )
multivariate regression model

3,459 prisoners examined

and compared to epidemic X’ test
and comp p SPSS V. 13.0 (SPSS Inc,, Chicago,
situation in the province and USA)

general situation in China

data collected in prisons
provided by the Central Board
of Prison Service

Spearman’s rank correlation
coefficient, Pearson’s correlation
coefficient

frequencies, proportions, median,
interquartile range, ¥’ test
of association, Fisher's exact
test, Mann—Whitney U test

559 prisoners

TB - tuberculosis.

Tuberculosis in prisons

The problem of TB in penitentiaries is widely discussed
in the available literature. In 4 articles, the authors per-
formed X-rays to confirm the TB diagnosis.?®30-32 S¢éri
etal.?® confirmed the diagnosis through medical examina-
tion and interview, followed by chest X-rays and sputum
collection. Similar methodology was used by authors from
Iran, South Africa, and China.3°-32 Researchers from North
Macedonia and the USA decided to analyze data provided
by national institutions. Lambert et al.?” analyzed data
obtained from the National Tuberculosis Surveillance Sys-
tem. Authors from North Macedonia gathered information
from the Central Register for TB within the Institute for
Lung Diseases.?” Table 3 presents the results of the re-
search described in the studies included in the review.

Scabies in penitentiary institutions

Bartosik et al.?® analyzed data provided by the Central
Board of the Prison Service and the District Inspector-
ate of the Prison Service in Lublin. They also described
the problem of pediculosis in prisons. The 2! article in-
cluded in the review and discussing the problem of sca-
bies was authored by researchers from Ghana.?* They
conducted a cross-sectional study, collecting informa-
tion from medical histories and demographic data using
the Research Electronic Data Capture (REDCap) question-
naire. Subsequently, skin examination was performed and

scabies was diagnosed according to the criteria of the In-
ternational Alliance for the Control of Scabies (ICAS).3*
The results of these 2 studies are presented in Table 4.

Epidemiological data analysis

Analysis of X-ray screenings and tuberculosis detection
in Polish prisons (2002-2023)

Over the 22-year period, a discernible trend emerges from
the analysis of X-ray screenings and TB case detection (Fig. 3).
Initially, a slight increase in the number of X-rays performed
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Fig. 3. Annual trends in X-ray screenings and tuberculosis cases in Polish
detention wards and penitentiaries (2002-2023)
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Table 3. Data regarding prevalence of TB in prisoners presented in the articles included in the review

Reference | Inmate characteristics |

—9% were female;

Lambert et al.?’

5,084 male patients diagnosed in federal ones;

inmates

943 inmates (median age
of 31):

871 from the men’s building
(median age of 31)

62 from the women'’s building
(median age of 29)

10 from the infirmary (median

age of 32)

Séri et al.®

58 prisoners with TB:

57 (98.2%) were male
llievska-Poposka 1 (1.72%) case was female;
etal? the youngest prisoner with TB

was 20, the oldest — 59 years
old

and 2016);

cases (54);

9 prisoners (out of 5,865) age
range 23-49 years diagnosed

Seyedalinaghi with TB
etal* 2,263 people from the society
out of 4,503,516 with the same
age diagnosed with TB

the overall inmate population
was 57,660;

31,668 were screened for
TB, 175 reported current TB
treatment;

837 inmates with TB

Jordan et al®'

identified TB

3,459 prisoners (1,133 men,
2,326 women) underwent
chest X-ray examination;
40 with active TB (18 men,
22 women)

Tong etal*

—45% of prisoners diagnosed with TB were U.S.-born;

495 female patients diagnosed = —median estimated annual TB incidence rates were: 29 cases per
with TB 100,000 in local jails, 8 per 100,000 in state prisons, 25 per 100,000

with TB —between 2009 and 2013 TB screenings were leading to 47%
of diagnoses among female inmates and 42% among male

—88 inmates (9.3%) met the TB case definition:

—19(2%) - confirmed TB,

—40 (4.2%) — probable TB,

—29(3.1%) - possible TB;

—there were 19 TB strains isolated: 10 (53%) were drug-resistant,
including 7 (37%) with multiresistance;

—factors associated with confirmed TB were: age =30 years
(OR=3.8;95% Cl: 1.1-13.3), prolonged cough (OR = 3.6; 95% Cl:
1.3-9.5), and fever (OR = 2.7;95% Cl: 1.0-7.5)

—the incidence rate of TB is higher than 100/100,000 population,
or several times higher than in general population (except 2012

—the majority of inmates diagnosed with TB were young men with
risk factors for TB or TB before incarceration;
—the most of the patients diagnosed with TB in prison were new

—82.75% of TB cases were successfully treated, there were no cases
of multidrug-resistant TB

—out of 100,000 individuals, 153.5 patients were diagnosed
in prison and 5.02 in the society;

—the incidence of TB in the prison was significantly higher than
in the society (p < 0.0001) and the ratio of TB incidence in prison
to the society was 30.6 (95% Cl: 16-58)

—the estimated total prevalence rate of TB (2,653/100,000)
and estimated prevalence rate of screening-identified TB
(2,116/10,000) indicated higher TB burden in prisons than
in the global general population (174/100,000) or in South Africa
in 2015 (520/100,000);
—previous TB was associated with increased odds of screening-
identified TB in HIV-positive inmates (OR = 4.3, 95% Cl: 2.5-7.3);
—in HIV-negative inmates, previous TB (adjusted OR = 4.9,
95% Cl: 1.7-14.1) and self-reported symptoms vs none were
independently associated with increased odds of screening-

—the active TB prevalence in prison was significantly higher
than that of the province and in Chinese general population
-1156/100,000 (p < 0.01);

—TB prevalence in men’s prison (1,589/100,000) was higher than
in women'’s (946/100,000);

—the risk of TB infection in women’s prison was much higher
than in men's when compared with the TB prevalence from
the province (woman: OR = 2.37,95% Cl: 1.34, men: OR = 1.53,
95% Cl: 0.90-2.60) and the China's general population (women:
OR =3.30,95% Cl: 2.15-5.09; men: OR = 2.06, 95% Cl: 1.29-3.30)

Results | Conclusions

Systematic screening and
treatment of TB are essential
for TB prevention and control.

—pulmonary TB is 10-44 times
as frequent as in the general
population;

—thereis a need
of implementation
of the annuals in-cell TB
screening campaigns

—TB control in prisons is good;
the treatment outcomes are
satisfactory;

—prisons in North Macedonia
provide conditions for TB
transmission

—the incidence of TB in prisons
is significantly higher when
compared to the general
population;

—there is a need for preventive
measures in prisons, such
as intensifying case findings
in prisons

There is a need for routine
TB screening, including
computer-assisted digital
chest X-ray to identify and refer
prisoners with active TB.

In case of the severe epidemic
situation of TB in prisons,
integrating medical resources
to establish a consummate
and effective management
system is necessary.

TB - tuberculosis; OR — odds ratio; 95% Cl — 95% confidence interval.

was observed, peaking at 173,047 in 2003, followed by a gen-
eral downward trajectory to a low of 99,400 in 2020.
Parallel to the changing frequency of X-ray use
(CAGR = -1.9%; 95% confidence interval (95% CI): -2.9
to —1.9), the number of TB cases detected showed substantial

fluctuation, not strictly following the pattern of X-ray screen-
ings. A significant rise in TB cases was noted from the early
to mid-2010s, peaking in 2012 with 988 cases. Subsequently,
adecrease in TB cases after 2012 was observed, reaching a na-
dir in 2021, followed by a resurgence to 616 cases in 2023.
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Table 4. Data regarding scabies prevalence in inmates presented in the articles included in the review

Reference ‘ Inmate characteristics ‘ Results

—the lowest number of scabies cases was noted in 2007-2008
(1,115 and 1,103), the highest in 2001-2002 (3,072 and 3,071);

—after 2003, number of scabies cases decreased till 2010, then
an increase was observed;

—the median number of scabies cases between 2001-2015 was

Conclusions

— prisoners should be carefully
monitored for the presence

number of scabies cases
(2001-2015): 28,943
(prevalence: 2.3%)

Bartosik et al. >

rho =—0.718; p = 0.003)

559 prisoners (540 male,
19 female)
median age was 36
(33—40) years

Amoako et al 3

impetigo

2029 (standard deviation = 627);

—the highest prevalence of scabies was observed in 2001, 2002
and 2014, the lowest percentage in 2003-2010;

—the number of prisoners does not correlate with the increase
in the scabies cases (the greater the number of prisoners,
the lower the number of infection cases was; Spearman’s

—368 (65.8%) diagnosed with scabies, no female inmate;

—scabies was mild in 63.3% and moderate in 30.7% (lesions found
on the hands, wrists, fingers, and finger webs);

—17% of prisoners with scabies were also diagnosed with

of scabies;

—education of inmates could
be a promising tool in disease
prevention

—very high prevalence of scabies
among inmates;

—mass drug administration with
ivermectin and health education
are needed to reduce the number
of scabies infections in inmates

3071

discovered cases of scabies

2010

2324
2121 2096
1626
II"I1511 iI I

2455 2465

1770

1109

872

II -
476
-

2015
year

Fig. 4. Annual trends in reported scabies cases in Polish detention wards and penitentiaries (2002-2023)

Trends and compound annual growth rate analysis
of scabies cases in Polish prisons (2002-2023)

The data in Fig. 4 represent the number of scabies cases
reported annually from 2002 to 2023. Initially, there was
a consistent decrease in cases from 3,071 in 2002 to 1,103
in 2008. However, from 2009 onwards, there was a notice-
able reversal in this trend, with cases increasing and peak-
ingin 2014 at 2,465 cases. After reaching the peak in 2014,
the number of cases began to decline again. By 2021,
the number of cases had dropped significantly to 553,
reaching a new low in 2022 with 476 cases, before a slight
increase to 539 cases in 2023. This negative CAGR of ap-
prox. —2.4% (95% CI: -3.6 to —1.3) annually over the 21-year
period indicates a general decline in scabies cases despite
the observed fluctuations. This overall decline suggests

that the measures implemented over the years have been
largely effective, albeit with periods of challenge requiring
renewed focus and possible adaptation of strategies.

The analysis of trends in penitentiary capacity and
inmate population in Poland from 2002 to 2023, based
on the data presented in Fig. 5, reveals the dynamics
of the prison system over 2 decades. Overall, the data from
2002 to 2023 reveal a correctional system that has under-
gone significant changes aimed at effectively balancing
capacity with inmate populations.

Initially, both capacity and the number of inmates
showed an upward trend. The capacity of penitentiaries
increased steadily from 69,083 in 2002 to a peak of 87,742
in 2014, reflecting a systematic expansion of facilities,
which coincided with an increase in the inmate popula-
tion, reaching a peak of 89,995 in 2007 (Fig. 5).



1118

|
| CPINP=1.0

90000

CP/NP <1.0 CP/NP >1.0

85000

80000

count

75000

70000

2005 2010 2015 2020
year

=== capacity of penitentiaries (CP) === number of prisoners (NP)

Fig. 5. Dynamics of penitentiary capacity and prisoner numbers in Poland
from 2002 to 2023

Annual trends in diagnostic examinations
for Salmonella/Shigella: volume, positivity rates, and
comparative analysis in Polish prisons (2002-2023)

Analyzing the data on diagnostic tests for Salmonella/
Shigella in Polish inmates from 2002 to 2023 reveals inter-
esting trends in both the number of tests conducted and
the positivity rates for each disease.

For Salmonella/Shigella, the number of tests initially
hovered around 5,000 in the early years, gradually increas-
ing to a peak of 8,876 in 2020. Following this peak, there
was a noticeable decline, with 2023 recording 5,204 tests
(CAGR = -0.77%; 95% CI: -2.50 to 1.10). The positivity
rates for these tests were generally low, often below 1%,
except for certain years such as 2013 and 2014, when they
increased to 2.48% and 1.72%, respectively (Fig. 6).

N

for Salmonella and Shigella

Percentage of Positive Test Results

o I
2008 2012 2016 2020 2023
year

Fig. 6. Annual trends in positive results for Salmonella/Shigella testing
among Polish inmates (2002-2023)

Discussion

The effective implementation of this research project,
which enabled the collection of selected anonymized statis-
tical data from specific study cohorts — particularly inmates

R. Korkosz et al. Selected infectious diseases in Polish prisons

— was made possible by the robust operation of the statu-
tory obligation requiring the PS to transmit health-related
data concerning inmates to Statistics Poland. The PS is le-
gally authorized to process personal and sensitive data, in-
cluding inmates’ health information, without explicit con-
sent when such processing is necessary to fulfill statutory
duties, maintain order and security within penitentiary
institutions, and provide appropriate living and healthcare
conditions. All data processing is conducted in strict com-
pliance with data protection regulations, with full respect
for individual dignity and the right to privacy. Personal
data may be processed and disseminated in a manner that
precludes identification of individuals, particularly for sta-
tistical and research purposes.®

Although prison systems vary globally, common chal-
lenges are observed across countries — overcrowding, poor
inmate health, inactivity, violence and abuse, substance use
disorders, and limited access to healthcare — each repre-
senting major public health concerns.?® In 2023, the global
occupancy rate in penitentiary centers varied significantly:
616.9% in the Republic of the Congo (Congo-Brazzaville),
302% in Haiti, 231.4% in Peru, 176.5% in Kenya, 101.5%
in Hungary, 95.6% in the USA, 77.6% in Germany, 67.0%
in Russia, 56.6% in Japan, 31.0% in Monaco, and 14% in Na-
uru. In Poland, the occupancy rate was reported at 87.2%.3738

Despite an increase in prison capacity, the prisoner-to-
capacity ratio in Poland exceeded 1.0 until 2009, indicat-
ing persistent overcrowding. From 2010 onward, this ratio
dropped below 1.0, suggesting either a reduction in inmate
numbers or effective expansion of prison infrastructure.
Notably, after 2014, both the number of prisoners and avail-
able capacity declined — although the inmate population fell
at a faster rate. By 2016, the ratio had reached its lowest point
(0.82) and remained below 0.9 through 2023. These trends
may reflect successful reforms such as sentencing alter-
natives, non-custodial penalties, and recidivism reduction
programs. Overcrowding is a well-established factor con-
tributing to the spread of infectious and parasitic diseases,
including TB, scabies, Salmonella/Shigella infections, and
HIV. Our findings show that increases in TB and scabies
cases are closely correlated with prison population den-
sity. The highest number of TB cases was recorded in 2012
(988 cases), yet this did not coincide with the peak in X-ray
screenings, indicating that other factors — such as over-
crowding or more virulent TB strains — may have contrib-
uted. A decline followed, reaching a low point in 2021, before
resurgence in 2023. The weak correlation between case rates
and X-ray screening volume (rho = 0.28, p = 0.203, 95% CI:
-0.16 to 0.63) suggests that screening alone is insufficient
to control TB and should be part of a broader health strategy.

The decrease in screening rates and the complex trend
in TB incidence (CAGR = 2.5%, 95% CI: 0.6—4.4) reflect
the dynamic nature of healthcare challenges in pris-
ons. This underscores the need for ongoing adaptation
— through advanced diagnostics, improved control mea-
sures, and better healthcare access for inmates. Notably,
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the significant drop in screenings in 2020 likely resulted
from the COVID-19 pandemic disrupting routine care.
Tuberculosis remains a strong indicator of overall infection
control performance, and its persistence raises broader
concerns about institutional preparedness for managing
infectious disease outbreaks, including SARS-CoV-2.%

Our findings align with those of Placeres et al.,*> whose
meta-analysis confirmed TB in prisons as a global public
health and social issue, advocating rapid assessments and
precision interventions in correctional settings. Several
other studies confirm the elevated TB burden in pris-
ons,?’~32 including work by Séri et al.,?® Ilievska-Poposka
et al.,” Seyedalinaghi et al.,*° Jordan et al.,*! and Tong
etal.,3? all of whom emphasized the urgent need for effec-
tive TB management systems in penitentiaries.

Implementing protective measures, including screening
of inmates, prophylactic programs, and protocols in case
of an outbreak, could minimize the risk of infectious dis-
ease transmission in prisons. Beaudry et al.** conducted
a systematic review on managing outbreaks of highly con-
tagious diseases in prisons. Out of 28 studies included
in the review, 14 agreed that screening was crucial to re-
duce the causes of the outbreak. Kending et al.*! reviewed
the challenges and strategic opportunities for infection
prevention and control (IPC) efforts in U.S. jails and pris-
ons. They recommended several steps that could improve
IPC: training personnel to manage IPC programs, improv-
ing infectious disease surveillance, preparing augmented
evidence-based guidance particularly for correctional fa-
cilities, strengthening external stakeholder engagement
(vaccination programs, screening, outbreak management),
and developing and funding a national research agenda
to evaluate IPC implementation. In the USA, scientific re-
ports have identified a correlation between the rise of AIDS
and the resurgence of TB in prisons, particularly since
the beginning of the HIV/AIDS epidemic in 1981.42

Scabies remains a public health challenge both in Poland
and globally.**-%¢ Koryciriska et al.*3 found that scabies
prevalence was highest in urban and rural communities,
correlating with reduced healthcare access and lower
health literacy. Adolescents (aged 10—19 years) were most
affected, likely because of increased close contact. The in-
fection also correlated with socioeconomic status, includ-
ing residence in areas with high unemployment.

A systematic review by Delie et al.’ linked scabies
in prisons to poor hygiene, overcrowding, shared beds and
clothing, and shorter sentence lengths. Similar results were
presented by Bogino et al.,> who found strong associations
with inadequate hygiene, shared clothing, lack of soap, and
poor ventilation.

In our analysis, scabies incidence declined from 2002
to 2008, rose to a peak in 2014, and then declined again.
These fluctuations may reflect varying levels of disease
control, changes in reporting practices, or other institu-
tional factors. The likely driver of the mid-period increase
was prison population growth. However, Bartosik et al.??
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found no clear correlation between inmate numbers and
scabies cases in Polish prisons (2001-2015), with higher
inmate counts sometimes coinciding with fewer cases.

Only 2 studies in our review discussed scabies preva-
lence in Poland and Ghana.??3% Between 2001 and 2015,
Polish data showed a mean infection rate of 2.3% (min
1.2% in 2007; max 3.9% in 2001), while at Kumasi Central
Prison in Ghana, scabies prevalence reached 65.8%. This
stark contrast highlights the critical importance of control
measures, hygiene, and health education.

The literature also documents outbreaks of Shigella and
Salmonella in correctional facilities.®-® Ranjabar et al.®
described a Shigella flexneri outbreak in Isfahan, Iran,
linked to raw vegetable consumption. Gicquelais et al.’
emphasized strict food safety practices after a Salmonella
outbreak in 2 Arkansas prisons caused by contaminated
eggs. Mardu et al.® advocated food-handler education
as a means of outbreak prevention.

In our study, the highest positive test rates for Shigella and
Salmonella were recorded in 2013 (2.48%) and 2014 (1.72%),
respectively. This could suggest increased awareness and
testing during that period or reflect actual outbreaks miti-
gated by staff training and better food safety practices.

Insfran-Rivarola et al.*” in their systematic review ana-
lyzed the effects of food safety and hygiene training on food
handlers. They included 31 studies in the review and classi-
fied them into 3 categories according to the main outcome.
Sixteen articles reported changes in food safety practices,
with interventions increasing adherence to food safety prac-
tices. The authors agreed that, for the training to be more
successful, it is important to combine theory and practice,
as active participation in training has been shown to be more
effective. Moreover, they noted that such programs should
be implemented regularly to prevent knowledge attrition.

Dadu et al.*8 reported a decline in TB incidence in Euro-
pean prisons (2014-2018), including in Russia. This trend
likely reflects WHO-backed national TB control strategies
launched in 2014. A similar pattern was observed in Po-
land, where TB incidence declined between 2014 and 2017.
In Poland, prison healthcare is governed by the Regula-
tion of the Minister of Justice, published on June 14, 2012
(https://eli.gov.pl/eli/DU/2012/738/ogl), with subsequent
amendments likely contributing to improved TB control.

The use of a Python script was the authors’ own ap-
proach, which enhanced the selection process during
the article-screening stage. This method may be useful
for other authors preparing a systematic review.

Limitations of the study

Several limitations must be acknowledged. First, we ana-
lyzed only secondary data provided by authorities; no direct
patient examination was conducted. We do not have infor-
mation on the basis on which the diagnoses were established
or whether they were validated through laboratory testing.
Second, we lack information on whether data collectors
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were trained and standardized, which limits methodological
comparability. Third, data on scabies were incomplete, and
no data on Salmonella or Shigella infections were available
before 2008, restricting trend analysis to more recent years.

Conclusions

Overcrowding in prisons, observed from 2002 to 2023,
has contributed to the transmission of infectious and para-
sitic diseases, particularly scabies, as well as TB and Salmo-
nella/Shigella infections. A marked increase in TB cases
occurred from the early to mid-2010s, peaking in 2012. This
rise does not correspond to the highest number of chest X-
rays performed. The elevated number of positive test results
for Salmonella/Shigella infections paralleled the growth
of the prison population. This underscores the necessity for
improved food safety protocols and more stringent oversight
of food preparation practices within correctional facilities,
with a particular emphasis on preventing gastrointestinal
diseases and enhancing hygiene standards. To mitigate dis-
ease transmission within the prison environment, it is es-
sential to implement rapid health assessments that enable
targeted and precise interventions. Incarceration restricts
personal liberties; however, this should not occur at the ex-
pense of reducing the minimum standard of healthcare,
which should remain at least equivalent to that available
in the general population. The available literature empha-
sizes the higher occurrence of TB compared with the gen-
eral population and the need for implementation of effective
systems to control TB and scabies in correctional settings.

The use of a Python script during the systematic re-
view process (at the duplicate-removal stage) improved
the process, saved time, and eliminated errors that may
result from human factors. To minimize the risk of infec-
tious disease transmission in prisons, several protective
measures should be implemented. These include system-
atic screening of newly admitted inmates, introduction
of prophylactic programs involving periodic screening,
and development of clear response protocols in the event
of an outbreak. Effective control of infectious diseases
within correctional facilities requires coordinated efforts
and collaboration among all relevant authorities.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenod0.15806506. The package contains
the following files:

The data presented in the supplementary tables and
figures show the number of cases of the studied diseases
among prisoners in Poland in individual years. Supplemen-
tary Table 1 and Supplementary Fig. 1 present the number
of TB cases among inmates in Poland from 2002 to 2023.

A significant rise in TB cases was observed from the early
to mid-2010s, peaking in 2012 with 988 cases. This was
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followed by a decline in TB incidence after 2012, reaching
its lowest point in 2021, and then rising again to 616 cases
in 2023. Supplementary Table 2 and Supplementary Fig. 2
present the number of scabies cases. Initially, a consistent
decline was observed from 3,071 cases in 2002 to a low
of 1,103 cases in 2008. However, from 2009 onwards, this
trend reversed, with a steady increase peaking in 2014
at 2,465 cases.

After reaching this peak in 2014, the number of cases
began to decline again. Supplementary Table 3 and Supple-
mentary Fig. 3 present data on the number of inmates di-
agnosed with Salmonella or Shigella infections. The high-
est number of cases was recorded in 2013, with a total
of 121 cases.

Data Availability Statement

The data that support the findings of this study are avail-
able in Zenodo at https://doi.org/10.5281/zenodo.15852790.
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