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Abstract

The 2025 Nobel Prize in Physiology or Medicine honored the seminal discovery that requlatory T cells (Tregs)
restrain immune responses and prevent autoimmunity through peripheral immune tolerance. However,
to obtain a holistic view of peripheral immune tolerance, it is also necessary to consider the role of mesen-
chymal stem/stromal cells (MSCs) in this process. Therefore, | propose a two-tier model that incorporates
both Tregs and MSCs, with Tregs acting within the immune system as an “internal checkpoint” to temper
effector cell activity, and tissue-resident MSCs — or “master signaling cells” — serving as an “external check-
point.” Injury- or pathogen-induced inflammation activates MSCs, which in turn secrete a broad repertoire
of immunomodulatory molecules, create a local anti-inflammatory milieu, promote tissue repair, and directly
dampen excessive immune activity at the site of damage. The concerted actions of Tregs and MSCs are es-
sential for effective peripheral immune tolerance, shielding the host from pathogens and collateral tissue
injury. This model helps explain the pathophysiology of autoimmunity and tumor immune evasion, as well
as the therapeutic potential of MS(-based interventions.

Key words: inflammation, immune tolerance, autoimmunity, requlatory T cells, mesenchymal stem/stromal cell
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Highlights

« This editorial expands on the 2025 Nobel Prize-recognized role of regulatory T cells by introducing mesenchymal
stem/stromal cells (MSCs) as critical “external checkpoints” in immune regulation.

+ Tissue-resident MSCs respond to inflammation by secreting immunosuppressive mediators, promoting tissue
repair, and locally dampening excessive immune responses, complementing Treg-mediated immune control.

+ The integrated Treg—MSC tolerance model provides new insights into autoimmune disease mechanisms and
tumor immune evasion, and highlights the therapeutic potential of MSC-based immunomodulatory strategies.

Introduction

The 2025 Nobel Prize in Physiology or Medicine was
awarded to Mary E. Brunkow, Fred Ramsdell, and Shimon
Sakaguchi for their groundbreaking discovery of regula-
tory T cells (Tregs) and their role in maintaining immune
homeostasis through peripheral immune tolerance.! Tregs
monitor and suppress effector immune cells, preventing
excessive immune responses and shielding host tissues
from collateral damage.

Recent studies have revealed the widespread presence
of another specialized cell population in most organs: mes-
enchymal stem/stromal cells (MSCs).27 These adult stem
cells possess potent immunomodulatory capacities and
have been shown to directly curb excessive inflammatory
responses within tissue niches.8-!!

Building on these observations, I have developed a two-
tier model of peripheral immune tolerance that integrates
both Tregs and MSCs, with Tregs acting within the im-
mune system as an “internal checkpoint” and tissue-res-
ident MSCs serving as an “external checkpoint.” I argue
that durable peripheral immune tolerance — particularly
in the context of pathogen-induced tissue injury — can be
achieved only through the combined activities of these
complementary regulatory cell types.

Tregs: The peacekeepers
of the immune system

A brief overview of the immune system

The immune system functions as a living shield that pro-
tects the host from both exogenous pathogens and aber-
rant endogenous cells. It is composed of highly specialized
cellular subsets that together form a multilayered defense
mechanism. The first barrier consists of innate effector
cells — macrophages, dendritic cells (DCs), and natural
killer (NK) cells — that are capable of immediately elimi-
nating exogenous threats.'>!* Concomitantly, localized in-
flammation is initiated, facilitating leukocyte recruitment
and the containment and destruction of the pathogen.
The complement system, which enhances phagocytosis

and helps regulate inflammation, is also an integral com-
ponent of the innate immune response. Pathogens that
evade the first line of defense are targeted by the antigen-
specific (adaptive) immune response. Although slower
to develop than innate immunity, the adaptive response
is both potent and exquisitely targeted and confers long-
term immunological memory. Two principal types of lym-
phocytes mediate adaptive immunity: B cells and T cells.
B cells are activated by professional antigen-presenting
cells (APCs), such as DCs and macrophages. Once acti-
vated, B cells secrete large quantities of antibodies that
neutralize pathogens and opsonize them for phagocyto-
sis. Some activated B cells differentiate into long-lived
memory B cells, which enable more rapid responses upon
re-exposure to the same antigen.!? T cells are also activated
by APCs. CD4* T helper (Th) cells orchestrate the adaptive
immune response, whereas CD8* cytotoxic T lympho-
cytes (CTLs) directly lyse infected or transformed cells.
Memory T cells are generated in parallel, ensuring a rapid
response upon re-exposure to the antigen.!? Collectively,
the generation of memory B and T cells enables faster and
more robust protection during subsequent encounters with
the same pathogen.

Regulatory control of immune activity

The immune system must be tightly regulated to pre-
vent collateral damage to host tissues, particularly in cases
of molecular mimicry (i.e., when a pathogen expresses self-
like antigens). A key regulatory mechanism that limits
such “friendly fire” was elucidated by Brunkow, Ramsdell,
and Sakaguchi, who were awarded the 2025 Nobel Prize
in Physiology or Medicine for this work. They identified
Tregs, a cell population that restrains autoreactive immune
effector cells. This discovery helps explain why most indi-
viduals do not develop autoimmunity and how neoplastic
cells can sometimes exploit immune tolerance.

Sakaguchi first postulated the existence of a suppressive
T-cell subset in 1995, challenging the prevailing view that
central immune tolerance in the thymus is sufficient.1*1>
In 2001, Brunkow and Ramsdell identified the genetic
mutation in a mouse strain prone to fulminant autoim-
munity: a loss-of-function mutation in the transcription
factor FOXP3, a defect that was also found in humans.!¢-18
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Sakaguchi subsequently demonstrated that FOXP3
is the master regulator specifying the lineage he had pre-
viously described, now formally termed regulatory T cells
(Tregs).1>20

Tregs monitor and curb aberrant immune activity
through multiple non-redundant mechanisms.?'-23 First,
they modulate immune responses via cytokine-mediated
suppression. Tregs secrete interleukin (IL)-10, which in-
hibits Th cells and macrophages; transforming growth
factor beta (TGF-f), which limits T- and B-cell prolifera-
tion and activation; and IL-35, which restrains effector
T (Teff) cells. Second, Tregs suppress immune effector cells
through direct cell-cell contact. Tregs express CTLA-4
and thus outcompete Teff cells for binding to APCs by en-
gaging the costimulatory ligands CD80/CD86. They also
sequester IL-2 via the high-affinity IL-2 receptor a-chain
(CD25), depriving effector cells of essential growth signals.
Third, in certain contexts, Tregs can directly eliminate
autoreactive T cells or overactivated APCs through gran-
zyme- and perforin-dependent cytolysis. Finally, Tregs can
exert suppressive effects through metabolic modulation.
The ectonucleotidases CD39 and CD73 expressed on Tregs
catalyze the conversion of pro-inflammatory extracellular
ATP into immunosuppressive adenosine, which damp-
ens Teff cell activity by binding to adenosine receptors.
Through these varied mechanisms, Tregs modulate im-
mune responses to ensure they are potent enough to eradi-
cate pathogens, yet sufficiently restrained to preserve host
tissue integrity. Thus, Tregs act as an indispensable “brake”
on immune activation.

MSCs: Internal custodians of tissue
homeostasis and external
mediators of immune activity

Mesenchymal stem cells or master
signaling cells?

Mesenchymal stem/stromal cells have long been ap-
preciated for their capacity for self-renewal and multilin-
eage differentiation. However, their more consequential
properties may be mediated by their secretome — the rich
repertoire of soluble factors and extracellular vesicles they
release. Accordingly, it has recently been proposed that
MSCs be renamed “master signaling cells”.?*

Colony-forming, plastic-adherent stromal cells were first
reported by Friedenstein et al. in the late 1950s and 1960s3;
however, it was not until 1991 that Caplan isolated such
cells from bone marrow and characterized them.* Subse-
quently, MSC-like populations were identified in adipose
tissue,® umbilical cord blood,?> Wharton’s jelly,¢ the pla-
centa,?”” dental pulp,?® the dermis,?” and even hair folli-
cles.?9 To harmonize the nomenclature, the International
Society for Cell and Gene Therapy proposed 3 minimal
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criteria in 2006: 1) plastic adherence and fibroblast-like
morphology; 2) expression of CD105, CD73, and CD90,
with absence of CD14, CD34, CD45, and HLA-DR; and
3) trilineage differentiation in vitro into osteoblasts, chon-
drocytes, and adipocytes.?!

Due to their favorable properties, MSCs are now used
clinically across a broad range of applications. For example,
off-the-shelf products such as Prochymal, Ryoncil, and
Temcell HS are used to treat graft-versus-host disease, >3
whereas Cartistem3> and StemOne®® are utilized to treat
osteoarthritic degeneration. The development of MSC-
based therapies has ushered in a new era of regenerative
medicine.

Intriguingly, the therapeutic efficacy of MSCs appears
to depend less on their stemness (i.e., their capacity to di-
rectly replace lost cells) than on their potent secretome-
mediated anti-inflammatory and immunomodulatory
functions. This realization has prompted a terminological
shift from referring to these cells as mesenchymal stem/
stromal cells to referring to them as medicinal signaling
cells. In a previously published article, this concept was fur-
ther developed, and the term “master signaling cells” was
proposed as a more accurate description of MSCs, given
their role as ubiquitous tissue sentinels that orchestrate
signaling networks to preserve organismal equilibrium.?*

The immunomodulatory activity of MSCs

With regard to the anti-inflammatory and immunoregu-
latory effects of MSCs, they have been shown to promote
immune tolerance.?*73% Accordingly, MSCs function-
ally parallel Tregs by helping to maintain local immune
quiescence.

When exposed to a pro-inflammatory milieu rich
in interferon-gamma (IFN-y), tumor necrosis factor al-
pha (TNF-a), and IL-1, MSCs become activated and up-
regulate inhibitory ligands, such as programmed death
ligand 1 (PD-L1), Fas ligand (FasL), galectin-1, CD73, and
human leukocyte antigen G (HLA-G).%-3° Concurrently,
MSCs secrete a spectrum of soluble mediators, including
indoleamine 2,3-dioxygenase, prostaglandin E2, nitric ox-
ide, TGF-B, and hepatocyte growth factor.?*° Through
these factors, as well as direct cell-cell contact, MSCs
suppress pro-inflammatory effector cells (i.e., Teff cells,
NK cells, B cells, and DCs) while promoting the expan-
sion of Tregs.!%442 The net result is an anti-inflammatory,
tolerogenic microenvironment that promotes tissue repair
and minimizes immune-mediated collateral damage.

Discussion

Given that both Tregs and MSCs play vital roles in main-
taining immune homeostasis, I propose a two-tier model
of peripheral immune tolerance that incorporates these
internal and external checkpoints acting sequentially
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Fig. 1. A two-tier model of peripheral immune tolerance. When a pathogen invades the body, the immune system is activated to eradicate the harmful
intruder. Concomitantly, regulatory T cells (Tregs) are induced in lymphoid organs to prevent excessive immune activation and systemic immunopathology.
In parallel, inflammatory mediators released by immune cells reach the affected tissue and activate resident mesenchymal stem/stromal cells (MSCs).

These MSCs adopt an anti-inflammatory, immunoregulatory phenotype that protects parenchymal cells from immune-mediated collateral damage during

pathogen clearance (created with BioRender.com)

(Fig. 1). First, Tregs in secondary lymphoid organs curb
the activity of adaptive immune effector cells. Then, once
activated immune cells reach the site of infection or in-
flammation, resident or infiltrating MSCs are stimulated
to locally dampen their effector functions.

This model helps explain the encouraging clinical out-
comes observed with MSC infusion in several autoim-
mune settings.*>~% However, a potential downside of MSC
infusion is that the resulting broad immunosuppression
may create a favorable environment for malignant cells,
shielding them from CTL surveillance. The model also
implies that autoimmune pathology may arise when both
checkpoints are concurrently compromised.

The ubiquity of MSCs across virtually all organs likely
reflects the critical importance of the tissue-level safe-
guard provided by these cells. Even in organs in which
MSCs have not been conclusively identified, it is plausible
that cells of analogous ontogeny persist in a dormant state
or have differentiated into tissue-adapted subsets. Under
homeostatic conditions, MSCs remain quiescent and help

maintain local tissue equilibrium. When injury occurs, pro-
inflammatory cytokines released by infiltrating immune
cells activate MSCs, inducing a potent anti-inflammatory
and immunomodulatory phenotype. Thus, MSCs provide
asecondary defense mechanism within tissues. In contrast
to Tregs, which primarily function to suppress inflamma-
tion, MSCs are multifunctional: they simultaneously tem-
per immune activity and orchestrate tissue repair through
arepertoire of paracrine and direct cell-cell mechanisms.
Therefore, we propose that MSCs be regarded as a spe-
cialized, tissue-resident extension of the immune system
— a gatekeeper population that shields host tissues from
collateral damage inflicted by excessive immune activation.

Conclusions

The 2025 Nobel Prize in Physiology or Medicine was
awarded for the identification of Tregs, which play a criti-
cal role in peripheral immune tolerance. Mesenchymal



Adv Clin Exp Med. 2026;35(2):195-200

stem cells also make substantial contributions to this
process, serving as an external checkpoint in peripheral
tissues. Thus, to more accurately describe the mecha-
nisms underlying peripheral immune tolerance, I pro-
pose a two-tier model in which Tregs restrain immune
responses at their source, whereas MSCs serve as tissue-
resident gatekeepers that swiftly extinguish excessive
inflammation and generate a pro-regenerative microen-
vironment. Concurrent failure of these complementary
elements may drive autoimmune pathology, whereas ex-
cessive immunosuppression may allow tumors to evade
immune surveillance. The central role of MSCs in periph-
eral immune tolerance reinforces the earlier suggestion
that they be renamed “master signaling cells”. In addition,
the potent immunomodulatory capacity of MSCs and
their ability to promote tissue repair render MSC-based
interventions promising strategies for treating autoim-
mune diseases and tissue injury. In conclusion, my model
acknowledges the roles of Tregs and MSCs in peripheral
immune tolerance and highlights their contributions
to ensuring that the immune system is powerful enough
to eradicate pathogens, yet sufficiently restrained to safe-
guard the host.

Use of Al and Al-assisted technologies

Not applicable.
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Abstract

Electroencephalography has advanced from spectral analyses to integrate functional-connectivity and oscil-
latory metrics, offering mechanistic insights into network dysfunction across neurological and psychiatric
disorders. Methodological advances, such as source reconstruction and brain modelling, enhance spatial
precision and mitigate volume conduction. Empirical studies show that oscillatory brain activity and functional
connectivity serve human cognition and their disruptions underlie symptoms in a variety of neuropsychiatric
disorders. The study of the relation between brain oscillations and connectivity is pivotal for the advances
in cognitive and clinical neuroscience. Crucially, integrating these biomarkers into machine-learning frame-
works and closed-loop neuromodulation holds promise for personalized diagnostics and interventions.

Key words: neuropsychiatric disorders, electroencephalography, brain connectivity, brain oscillations,
dinical neuroscience
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and psychiatric disorders.
tion via thalamocortical circuits.

ing of brain network dynamics.
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therapies.

» EEG connectivity and oscillatory biomarkers reveal rhythm-specific network dysfunctions across neurological
« Alpha oscillations provide a unifying framework linking local neural activity with large-scale network coordina-
+ Combining cross-frequency coupling, dynamic connectivity and graph-theoretical analyses enhances understand-

Multimodal and longitudinal EEG approaches enable precision diagnostics and personalized neuromodulation

Introduction

Electroencephalography (EEG) remains an irreplace-
able neuroscientific technique for probing the temporal
dynamics of neural activity, combining high temporal
resolution with noninvasive, cost-effective implementa-
tion at the bedside.!~ Over the past 2 decades, EEG has
evolved from simple spectral analyses to sophisticated
functional connectivity metrics that capture interdepen-
dencies among cortical regions in both sensor and source
spaces.?"13 These advances have enabled the detection
of subtle network dysfunctions that correlate with clini-
cal phenotypes in neurological and psychiatric disorders,
including emerging evidence for rhythm-specific network
aberrations.*1#~23 These approaches have promoted new
insights into the neurophysiological substrates of cogni-
tion and the pathophysiology of psychiatric and neuro-
logical disorders, yet they also introduce methodological
complexities that must be carefully managed.?*=?" In this
editorial, we aim to synthesize the converging evidence
on the link between brain oscillatory activity and connec-
tivity into a focused perspective to explore pathophysiology
in neurological and psychiatric disorders.

A primary challenge in EEG-based connectivity analysis
arises from volume conduction and low spatial resolution
at the scalp level: Signals recorded at nearby electrodes
may reflect the same underlying neural source, inflating
estimates of connectivity if uncorrected.>%?-30 Source-
reconstruction techniques (inverse solutions) can mitigate
this issue by estimating activity within cortical nodes, but
they demand accurate head models to solve the inverse
problem reliably,®31-3> and recent reviews further under-
score their broad antidepressant potential.?®3” Conse-
quently, the quality of the forward model and the choice
of regularization parameters critically influence the ac-
curacy of source-level connectivity estimates. Researchers
must balance sensor-level convenience against the spatial
precision afforded by source analyses, selecting methods
that align with their hypotheses and experimental con-
straints. Standardized reporting of montage density, head
model parameters and preprocessing pipelines is vital for
reproducibility and cross-study comparisons.

Bridging connectivity
and oscillatory frameworks

From a computational point of view, functional con-
nectivity metrics and oscillatory dynamics are 2 sides
of the same coin: While connectivity indices quantify
the coordination between regions, oscillatory measures
reflect the underlying rhythmic modes that facilitate or ob-
struct such coordination.?8-%3 Phase-based, amplitude-
based and information-theoretic metrics each interrogate
these interactions from complementary angles: 1) Phase-lag
index (PLI) and its variants assess the consistency of phase
differences between signals, isolating genuine interregional
coupling by minimizing zero-lag artifactst®3!; 2) Coher-
ence metrics capture co-modulation of band-limited ac-
tivities, reflecting how oscillatory fluctuations co-occur
across the cortex**44%5; 3) Mutual information (MI) and
related entropy-based measures provide a nonlinear gauge
of shared signal content, potentially revealing higher-order
dependencies that linear metrics miss.*** Finally, by inte-
grating these classes of metrics, researchers can form a uni-
fied picture in which oscillations at distinct frequencies
(e.g., alpha, theta) serve as communication channels whose
efficacy is quantified by connectivity indices. This per-
spective allows for the computational integration between
local oscillations and distributed functional connectivity,
identifying oscillatory-specific brain functional networks.
In neuroscience, the concept of metastability has been
proposed as a signature that balance between these local
and distributed activities in the brain. Specifically, meta-
stability captures the brain’s ability to balance functional
segregation (specialized processing in localized regions)
and integration (coordinated activity across distributed
networks).#0484% Metastable dynamics are thought to un-
derpin key cognitive functions such as attention, working
memory and consciousness by allowing the brain to flexi-
bly reconfigure its network topology in response to internal
and external demands.*® Theoretical models often describe
metastability using nonlinear dynamical systems and cou-
pled oscillatory activities across brain areas, demonstrating
how functional integration requires segregated brain areas
to influence each other in a way that facilitates integration
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and serve cognition and behavior.>->* Empirical evidence
from electrophysiological (EEG/MEQG) studies has shown
that metastable patterns characterize both resting-state
and task-related brain activity,>* with alterations observed
in neuropsychiatric disorders.>>>

Oscillations and connectivity: from
neurology to psychiatry

Empirically, EEG-derived connectivity measures have
elucidated network alterations across a spectrum of clini-
cal conditions, revealing both shared and disorder-specific
patterns for several health conditions, including neuro-
degenerative diseases.?® In patients with the acute phase
of ischemic and hemorrhagic stroke, a shift in spectral
power characterized by reduced activity in higher fre-
quency bands (alpha/mu: 8-13 Hz and beta: 14-30 Hz)
alongside increased power in lower frequencies (delta:
1-3 Hz and theta: 4-7 Hz) has consistently been associ-
ated with unfavorable clinical outcomes.!*'>%°-% In par-
allel, evidence suggests that stronger connectivity within
the fronto-parietal motor network during the early post-
stroke period correlates with more favorable motor recov-
ery trajectories.*¢° Conversely, increases in connectivity
occurring at later stages have been linked to less optimal
functional outcomes.!81%67-72

In disorders of consciousness (DoC), patients with un-
responsive wakefulness syndrome (UWS) or minimally
conscious state (MCS) show reductions in functional
connectivity and oscillatory brain dynamics within large-
scale default mode and frontoparietal networks correlat-
ing with clinical severity and outcomes.?1720:73-83 Mutual
information and coherence metrics recorded in the acute
post-injury phase can predict functional outcomes with
up to ~83% accuracy, highlighting their prognostic util-
ity.>172° Furthermore, combining multimodal connectiv-
ity metrics with complexity measures (e.g., permutation
entropy) and local oscillatory activity can enhance pre-
dictive models,®-% reflecting the link between recovery
trajectories and complex neural dynamics.

In patients with schizophrenia-spectrum disorders (SSD),
alpha-band synchrony deficits in SSD manifest as both re-
duced posterior alpha power and weakened fronto-parietal
connectivity, correlating with positive symptom severity and
cognitive disorganization.??38% These aberrations align with
a failure of pulsed inhibition mechanisms, leading to exces-
sive cortical noise and impaired signal-to-noise gating.”%-4
Similarly, beta and gamma band connectivity alterations
have been linked to negative symptoms and working-mem-
ory deficits, suggesting frequency-specific network dysfunc-
tion.>~%7 Integrative models propose that alterations in lo-
cal processing and large-scale coordination underlie both
perceptual distortions and executive dysfunction in SSD.*®

In individuals with autism spectrum disorder (ASD),
EEG studies have reported long-range underconnectivity
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in the alpha and beta frequency bands, accompanied
by local hyperconnectivity, often manifesting as elevated
short-range coherence, particularly in occipital, temporal
and parietal regions.”®~1%° Abnormal connectivity pat-
terns, including alpha and theta coherence over frontal
areas, have been implicated in atypical social perception
and sensory integration.*®1%-103 Within the framework
of predictive coding, these aberrant patterns are thought
to reflect a deficiency in top-down predictive signaling
and an overrepresentation of bottom-up error signals,'**
as a consequence of a core deficit in the flexibility.

In patients with attention-deficit/hyperactivity disorder
(ADHD), EEG recordings typically show reduced poste-
rior alpha power desynchronization and abnormal alpha
and beta-based functional connectivity during sustained
attention and cognitive tasks.1>1% These alterations co-
occur with weakened fronto-parietal connectivity, sug-
gesting a functional breakdown in large-scale attentional
and executive function networks.!'%!! Combined inter-
ventions using behavioral training and alpha-frequency
transcranial alternating current stimulation (alpha-tACS)
have shown preliminary success in enhancing oscillatory
activity and improving executive function and attention
performance.!12-115

In major depressive disorder (MDD), elevated fron-
tal alpha power, particularly in the left hemisphere, and
a right-to-left alpha asymmetry are frequently reported
EEG features (i.e., frontal alpha asymmetry, FAA), sug-
gesting altered interhemispheric connectivity within
the prefrontal cortex.1%1% Although limited diagnostic
value of FAA in MDD,"¢-118 neuromodulation approaches
targeting FA A have shown promising results in reducing
depressive symptoms, especially those linked to motiva-
tional deficits.!1%120

Taken together, this evidence supports and demonstrates
the utility of EEG-derived connectivity and spectral met-
rics as robust biomarkers across diverse neuropsychiatric
conditions (Table 1). Future work should focus on longitu-
dinal, multimodal studies to validate these biomarkers and
explore their relationship in cognition and in the diagnosis
of neuropsychiatric disorders.!*

Alpha activity as a unifying lens

Based on empirical evidence and computations needed
to calculate functional connectivity measures, it is plau-
sible to hypothesize a relation between local oscillatory
metrics and oscillatory-based functional connectivity.
Alpha oscillations (8—13 Hz) may represent the unifying
lens to understand this relation. Alpha oscillations are
the dominant rhythm in the human EEG and modulate
perception, attention and memory. Translational evidence
consistently report both disrupted local alpha-band ac-
tivity and connectivity across several neuropsychiatric
disorders.?! For instance, in stroke and severe acquired
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Table 1. Summary of the brain oscillatory pattern in the main neuropsychiatric disorders

Disorder

Spectral/connectivity alterations

Increased frontal alpha power Prefrontal

Vil etepresEinie (left > right); frontal alpha asymmetry

disorder (MDD)

Schizophrenia- Reduced posterior alpha power;
spectrum disorders | | fronto-parietal alpha connectivity;

Long-range underconnectivity
Autism spectrum (alpha, beta); local hyperconnectivity
disorder (ASD)
frontal alpha/theta coherence.

Attention-deficit/ Reduced posterior alpha

Network involvement

interhemispheric
(FAA). connectivity.

Large-scale fronto-parietal

temporal and occipital
(SSD) beta/gamma connectivity disruptions. | oscillatory networks.

Imbalance between local
(occipito-temporo-parietal); abnormal  vs distributed networks.

Fronto-parietal

Default Mode Network
(DMN), fronto-parietal

hyperactivity desynchronization; altered alpha/beta | attentional/executive
disorder (ADHD) connectivity during attention tasks. networks.
Disorders S L
; Global reductions in connectivity and
SEE I oscillatory dynamics
(UWS/MCS) ey ‘ networks.

Clinical/prognostic implications

FAA has limited diagnostic specificity but is a promising
target for neuromodulation, particularly for motivational
symptoms.

Alpha deficits correlate with positive symptoms; beta/gamma
alterations correlate with negative symptoms and working-
memory deficits; overall dysfunction reflects impaired local-
global coordination.

Linked to atypical social perception and sensory integration;
consistent with predictive coding deficits (| top-down,
1 bottom-up error signaling).

Weakened large-scale connectivity underlies attentional/
executive dysfunction; behavioral training + alpha-tACS
enhances oscillatory activity and improves attention/
executive performance.

Reduced connectivity correlates with clinical severity; mutual
information/coherence metrics predict outcomes (~83%
accuracy); multimodal indices enhance prognostic value.

brain injury, pronounced reductions in posterior alpha
power, slowing of the individual alpha frequency (IAF)
and weakened fronto-parietal connectivity correlate with
attentional deficits and poor functional outcomes,?17-20:60
whereas in SSD, abnormal alpha-based connectivity is as-
sociated with psychotic symptoms and perceptual impair-
ments.”>~” The most probable neural substrate underlying
the cross-diagnostic link between alpha oscillations and
functional connectivity measures is the thalamus-cortical
circuitry.!?2-12* This brain network has been considered
the generator of alpha oscillatory activity'?>~128 and its dys-
functions yield disorder-specific connectivity signatures,
ranging from hypoconnectivity in stroke to hypercon-
nectivity in ASD.181998.101-103 The hypothesis of the thala-
mus-cortical role in alpha generation forges the theoreti-
cal bridge between connectivity metrics and oscillatory
measures, suggesting that optimized neuromodulation
should aim to restore both rhythmic power and inter-
regional synchrony. Clinically, integrating spectral and
connectivity biomarkers into unified machine-learning
frameworks can refine differential diagnosis, stratify pa-
tients for targeted interventions and monitor treatment
response.!2*130 Establishing normative databases and open,
multicenter repositories with standardized pipelines will
be critical for validating hypothesis testing and improving
treatment efficacy. Moreover, advances in real-time EEG
processing and closed-loop neuromodulation can lever-
age these biomarkers for personalized treatments, such
as alpha-modulation adapted to individual IAF.

Future directions

To enhance the translational impact of EEG connectiv-
ity and oscillatory research, future studies should pursue
multimodal integration with structural and functional

magnetic resonance imaging (MRI), as well as genomic and
phenotypic data.!® This integrative approach will enable
the identification of neurogenetic factors that modulate
rhythmic connectivity, facilitating the development of tar-
geted interventions.!3>-13* Longitudinal cohorts that track
EEG connectivity trajectories across developmental stages
and aging, alongside biomarkers of metabolites that modu-
late signals, will clarify how network dynamics confer vul-
nerability or resilience in neuropsychiatric conditions.!

Future research should prioritize integrative, mecha-
nism-oriented approaches that leverage cross-frequency
coupling (CFC), dynamic functional connectivity (dFC)
and graph-theoretical metrics to resolve how multiscale
oscillatory interactions map onto clinical phenotypes and
treatment response. Cross-frequency coupling (particularly
phase—amplitude coupling) has emerged as a reproducible
index of mesoscale coordination and is differentially altered
across psychiatric syndromes, suggesting both diagnos-
tic and mechanistic utility.!** Complementing CFC, dFC
methods allow the characterization of transient network
states and state-switching dynamics that are obscured
by static connectivity estimates; these transient states are
likely to index symptom-relevant fluctuations in cognition
and arousal but require harmonized analytic standards
to ensure reproducibility.!” Graph-theoretical measures
computed on EEG/MEG/fMRI networks can then quan-
tify topology (e.g., hubness, modularity, efficiency) of both
static and dynamic networks, providing compact biomark-
ers that are amenable to longitudinal tracking and to inte-
gration within predictive models.!*® We therefore advocate
for: 1) multimodal pipelines that combine source-resolved
electrophysiology with hemodynamic imaging, 2) standard-
ized connectivity analysis workflows (including surrogate
testing and cross-validation), and 3) translational studies
that link topology and cross-frequency interactions to cel-
lular and circuit-level mechanisms and to neuromodulatory
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interventions. Collectively, these convergent approaches will
improve mechanistic specificity and accelerate the transla-
tion of network biomarkers into personalized diagnostics
and closed-loop therapeutics. In conclusion, by recogniz-
ing that oscillations and connectivity are inherently in-
terdependent,?>'* the field can accelerate the translation
of EEG-derived metrics into precision diagnostics and per-
sonalized neuromodulation protocols.!*** This integrative
framework not only deepens our mechanistic understand-
ing of brain network dysfunction but also paves the way for
novel therapeutic avenues that restore healthy rhythmic
coordination across distributed neural circuits.14>143

Use of Al and Al-assisted technologies

Not applicable.

ORCID iDs

Francesco Di Gregorio @ https://orcid.org/0000-0002-3587-3149
Simone Battaglia @ https://orcid.org/0000-0003-4133-654X

References

1. Bareham CA, Roberts N, Allanson J, et al. Bedside EEG predicts
longitudinal behavioural changes in disorders of consciousness.
Neurolmage Clin. 2020;28:102372. doi:10.1016/j.nicl.2020.102372

2. DiGregorioF, La Porta F, Petrone V, et al. Accuracy of EEG biomark-
ersin the detection of clinical outcome in disorders of consciousness
after severe acquired brain injury: Preliminary results of a pilot study
using a machine learning approach. Biomedicines. 2022;10(8):1897.
doi:10.3390/biomedicines10081897

3. DiGregorioF, Battaglia S. Advances in EEG-based functional connec-
tivity approaches to the study of the central nervous systemin health
and disease. Adv Clin Exp Med. 2023;32(6):607-612. d0i:10.17219/acem
/166476

4. Baldassarre A, Ramsey LE, Siegel JS, Shulman GL, Corbetta M. Brain
connectivity and neurological disorders after stroke. Curr Opin Neurol.
2016;29(6):706-713. doi:10.1097/WCO.0000000000000396

5. Bastos AM, Schoffelen JM. A tutorial review of functional connectivity
analysis methods and their interpretational pitfalls. Front Syst Neurosci.
2015;9:175. doi:10.3389/fnsys.2015.00175

6. Cao J, Zhao Y, Shan X, et al. Brain functional and effective con-
nectivity based on electroencephalography recordings: A review.
Hum Brain Mapp. 2022;43(2):860-879. d0i:10.1002/hbm.25683

7. Hallett M, De Haan W, Deco G, et al. Human brain connectivity:
Clinical applications for clinical neurophysiology. Clin Neurophysiol.
2020;131(7):1621-1651. doi:10.1016/j.clinph.2020.03.031

8. Mahjoory K, Nikulin VV, Botrel L, Linkenkaer-Hansen K, Fato MM,
Haufe S. Consistency of EEG source localization and connectivity
estimates. Neurolmage. 2017;152:590-601. doi:10.1016/j.neuroimage.
2017.02.076

9. Marinazzo D, Riera JJ, Marzetti L, AstolfiL, Yao D, Valdés Sosa PA. Con-
troversies in EEG source imaging and connectivity: Modeling, vali-
dation, benchmarking. Brain Topogr. 2019;32(4):527-529. d0i:10.1007/
510548-019-00709-9

10. Stam CJ, Nolte G, Daffertshofer A. Phase lag index: Assessment
of functional connectivity from multichannel EEG and MEG with
diminished bias from common sources. Hum Brain Mapp. 2007;28(11):
1178-1193. d0i:10.1002/hbm.20346

11. Vecchio F, Tomino C, Miraglia F, et al. Cortical connectivity from EEG
data in acute stroke: A study via graph theory as a potential bio-
marker for functional recovery. Int J Psychophysiol. 2019;146:133-138.
doi:10.1016/j.ijpsycho.2019.09.012

12. DiBiase L, Ricci L, Caminiti ML, Pecoraro PM, Carbone SP, Di Lazza-
ro V. Quantitative high density EEG brain connectivity evaluation
in Parkinson’s disease: The phase locking value (PLV). J Clin Med.
2023;12(4):1450. doi:10.3390/jcm12041450

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

205

. Bentes C, Peralta AR, Viana P, et al. Quantitative EEG and functional

outcome following acute ischemic stroke. Clin Neurophysiol. 2018;
129(8):1680-1687. d0i:10.1016/j.clinph.2018.05.021

. Baldassarre A, Ramsey L, Rengachary J, et al. Dissociated functional

connectivity profiles for motor and attention deficits in acute right-
hemisphere stroke. Brain. 2016;139(7):2024-2038. d0i:10.1093/brain/
aww107

. Bolwig TG. EEG and psychiatry: Time for a resurrection. Acta Psychiatr

Scand. 2008;117(4):241-243. d0i:10.1111/j.1600-0447.2008.01172.x

. Cao KX, Ma ML, Wang CZ, et al. TMS-EEG: An emerging tool to

study the neurophysiologic biomarkers of psychiatric disorders.
Neuropharmacology. 2021;197:108574. doi:10.1016/j.neuropharm.
2021.108574

Chennu S, Annen J, Wannez S, et al. Brain networks predict metab-
olism, diagnosis and prognosis at the bedside in disorders of con-
sciousness. Brain. 2017;140(8):2120-2132. doi:10.1093/brain/awx163

. DiGregorioF, Petrone V, CasanovaE, et al. Hierarchical psychophys-

iological pathways subtend perceptual asymmetries in neglect.
Neurolmage. 2023;270:119942. doi:10.1016/j.neuroimage.2023.119942

. Di Gregorio F, Lullini G, Orlandi S, et al. Clinical and neurophysio-

logical predictors of the functional outcome in right-hemisphere
stroke. Neurolmage. 2025;308:121059. doi:10.1016/j.neuroimage.2025.
121059

Engemann DA, Raimondo F, King JR, et al. Robust EEG-based cross-
site and cross-protocol classification of states of consciousness. Brain.
2018;141(11):3179-3192. doi:10.1093/brain/awy251

Ippolito G, Bertaccini R, Tarasi L, et al. The role of alpha oscillations
among the main neuropsychiatric disorders in the adult and devel-
oping human brain: Evidence from the last 10 years of research.
Biomedicines. 2022;10(12):3189. doi:10.3390/biomedicines10123189
Trajkovic J, Ricci G, Pirazzini G, et al. Aberrant functional connectiv-
ity and brain network organization in high-schizotypy individuals:
An electroencephalography study. Schizophr Bull. 2025;51(5):1266-
1281. doi:10.1093/schbul/sbaf004

Young MJ, Koch C, Claassen J, et al. An ethical framework to assess
covert consciousness. Lancet Neurol. 2025;24(3):195-196. doi:10.1016/
S1474-4422(24)00432-0

Battaglia S, Servajean P, Friston KJ. The paradox of the self-studying
brain. Phys Life Rev. 2025;52:197-204. d0i:10.1016/j.plrev.2024.12.009
Battaglia S, Nazzi C, Thayer JF. Genetic differences associated with
dopamine and serotonin release mediate fear-induced bradycar-
dia in the human brain. Transl Psychiatry. 2024;14(1):24. doi:10.1038/
541398-024-02737-x

Battaglia S, Nazzi C, Lonsdorf TB, Thayer JF. Neuropsychobiolo-
gy of fear-induced bradycardia in humans: Progress and pitfalls.
Mol Psychiatry. 2024;29(12):3826-3840. doi:10.1038/541380-024-
02600-x

Di Gregorio F, Battaglia S. The intricate brain-body interaction in psy-
chiatric and neurological diseases. Adv Clin Exp Med. 2024;33(4):
321-326. doi:10.17219/acem/185689

Nolte G, Bai O, Wheaton L, Mari Z, Vorbach S, Hallett M. Identifying true
brain interaction from EEG data using the imaginary part of coher-
ency. Clin Neurophysiol. 2004;115(10):2292-2307. doi:10.1016/j.clinph.
2004.04.029

Nolte G, Ziehe A, Nikulin VV, et al. Robustly estimating the flow direc-
tion of information in complex physical systems. Phys Rev Lett. 2008;
100(23):234101. doi:10.1103/PhysRevLett.100.234101

Vinck M, Oostenveld R, Van Wingerden M, Battaglia F, Pennartz CMA.
Animproved index of phase-synchronization for electrophysiological
datain the presence of volume-conduction, noise and sample-size bias.
Neurolmage. 2011;55(4):1548-1565. doi:10.1016/j.neuroimage.2011.
01.055

Hardmeier M, Hatz F, Bousleiman H, Schindler C, Stam CJ, Fuhr P.
Reproducibility of functional connectivity and graph measures based
on the Phase Lag Index (PLI) and Weighted Phase Lag Index (wPLI)
derived from high resolution EEG. PLoS One. 2014;9(10):e108648.
doi:10.1371/journal.pone.0108648

Lehmann D, Faber PL, Gianotti LRR, Kochi K, Pascual-Marqui RD.
Coherence and phase locking in the scalp EEG and between LORETA
model sources, and microstates as putative mechanisms of brain
temporo-spatial functional organization. J Physiol (Paris). 2006;99(1):
29-36. doi:10.1016/j.jphysparis.2005.06.005


https://www.doi.org/10.1016/j.nicl.2020.102372
https://www.doi.org/10.3390/biomedicines10081897
https://www.doi.org/10.17219/acem/166476
https://www.doi.org/10.17219/acem/166476
https://www.doi.org/10.1097/WCO.0000000000000396
https://www.doi.org/10.3389/fnsys.2015.00175
https://www.doi.org/10.1002/hbm.25683
https://www.doi.org/10.1016/j.clinph.2020.03.031
https://www.doi.org/10.1016/j.neuroimage.2017.02.076
https://www.doi.org/10.1016/j.neuroimage.2017.02.076
https://www.doi.org/10.1007/s10548-019-00709-9
https://www.doi.org/10.1007/s10548-019-00709-9
https://www.doi.org/10.1002/hbm.20346
https://www.doi.org/10.1016/j.ijpsycho.2019.09.012
https://www.doi.org/10.3390/jcm12041450
https://www.doi.org/10.1016/j.clinph.2018.05.021
https://www.doi.org/10.1093/brain/aww107
https://www.doi.org/10.1093/brain/aww107
https://www.doi.org/10.1111/j.1600-0447.2008.01172.x
https://www.doi.org/10.1016/j.neuropharm.2021.108574
https://www.doi.org/10.1016/j.neuropharm.2021.108574
https://www.doi.org/10.1093/brain/awx163
https://www.doi.org/10.1016/j.neuroimage.2023.119942
https://www.doi.org/10.1016/j.neuroimage.2025.121059
https://www.doi.org/10.1016/j.neuroimage.2025.121059
https://www.doi.org/10.1093/brain/awy251
https://www.doi.org/10.3390/biomedicines10123189
https://www.doi.org/10.1093/schbul/sbaf004
https://www.doi.org/10.1016/S1474-4422(24)00432-0
https://www.doi.org/10.1016/S1474-4422(24)00432-0
https://www.doi.org/10.1016/j.plrev.2024.12.009
https://www.doi.org/10.1038/s41398-024-02737-x
https://www.doi.org/10.1038/s41398-024-02737-x
https://www.doi.org/10.1038/s41380-024-02600-x
https://www.doi.org/10.1038/s41380-024-02600-x
https://www.doi.org/10.17219/acem/185689
https://www.doi.org/10.1016/j.clinph.2004.04.029
https://www.doi.org/10.1016/j.clinph.2004.04.029
https://www.doi.org/10.1103/PhysRevLett.100.234101
https://www.doi.org/10.1016/j.neuroimage.2011.01.055
https://www.doi.org/10.1016/j.neuroimage.2011.01.055
https://www.doi.org/10.1371/journal.pone.0108648
https://www.doi.org/10.1016/j.jphysparis.2005.06.005

206

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Makeig S, Bell AJ, Tzyy-Ping J, Sejnowski TJ. Independent component
analysis of electroencephalographic data. In: Touretzky DS, Mozer MC,
Hasselmo ME, eds. Advances in Neural Information Processing Systems 8:
Proceedings of the 1995 Conference. Cambridge, USA: MIT Press; 1996.
https://papers.nips.cc/paper_files/paper/1995/hash/754dda4b1ba
34¢6fa89716b85d68532b-Abstract.html.

Mantini D, Franciotti R, Romani GL, Pizzella V. Improving MEG source
localizations: An automated method for complete artifact removal
based on independent component analysis. Neurolmage. 2008;
40(1):160-173. doi:10.1016/j.neuroimage.2007.11.022

Zhukov L, Weinstein D, Johnson C. Independent component analysis
for EEG source localization. IEEE Eng Med Biol Mag. 2000;19(3):87-96.
doi:10.1109/51.844386

Barbalho SM, Leme Boaro B, Da Silva Camarinha Oliveira J, et al.
Molecular mechanisms underlying neuroinflammation interven-
tion with medicinal plants: A critical and narrative review of the cur-
rent literature. Pharmaceuticals (Basel). 2025;18(1):133. d0i:10.3390/
ph18010133

Figueiredo Godoy AC, Frota FF, Araujo LP, et al. Neuroinflammation
and natural antidepressants: Balancing fire with flora. Biomedicines.
2025;13(5):1129. d0i:10.3390/biomedicines13051129

Cabral J, Hugues E, Sporns O, Deco G. Role of local network oscil-
lations in resting-state functional connectivity. Neurolmage. 2011;
57(1):130-139. d0i:10.1016/j.neuroimage.2011.04.010

Cohen MX. Multivariate cross-frequency coupling via generalized
eigendecomposition. eLife. 2017;6:621792. doi:10.7554/eLife.21792
Deco G, Kringelbach ML. Metastability and coherence: Extending
the communication through coherence hypothesis using a whole-
brain computational perspective. Trends Neurosci. 2016;39(3):125-
135. doi:10.1016/j.tins.2016.01.001

Forrester M, Crofts JJ, Sotiropoulos SN, Coombes S, O'Dea RD.
The role of node dynamics in shaping emergent functional con-
nectivity patterns in the brain. Netw Neurosci. 2020;4(2):467-483.
doi:10.1162/netn_a_00130

Modolo J, Hassan M, Wendling F, Benquet P. Decoding the circuitry
of consciousness: From local microcircuits to brain-scale networks.
Netw Neurosci. 2020;4(2):315-337. doi:10.1162/netn_a_00119
Tewarie P, Hunt BAE, O’'Neill GC, et al. Relationships between neu-
ronal oscillatory amplitude and dynamic functional connectivity.
Cereb Cortex. 2019;29(6):2668-2681. d0i:10.1093/cercor/bhy136
Fries P. Amechanism for cognitive dynamics: Neuronal communica-
tion through neuronal coherence. Trend Cogn Sci. 2005;9(10):474—-480.
doi:10.1016/j.tics.2005.08.011

Fries P. Rhythms for cognition: Communication through coherence.
Neuron. 2015;88(1):220-235. doi:10.1016/j.neuron.2015.09.034

King JR, Sitt JD, Faugeras F, et al. Information sharing in the brain
indexes consciousness in noncommunicative patients. Curr Biol.
2013;23(19):1914-1919. doi:10.1016/j.cub.2013.07.075

Riedl M, Miiller A, Wessel N. Practical considerations of permutation
entropy: A tutorial review. Eur Phys J Spec Top. 2013;222(2):249-262.
doi:10.1140/epjst/e2013-01862-7

Deco G, Jirsa VK, McIntosh AR. Emerging concepts for the dynamical
organization of resting-state activity in the brain. Nat Rev Neurosci.
2011;12(1):43-56. doi:10.1038/nrn2961

HancockF, Rosas FE, Luppi Al, et al. Metastability demystified: The foun-
dational past, the pragmatic present and the promising future.
Nat Rev Neurosci. 2025;26(2):82-100. doi:10.1038/541583-024-00883-1
Tognoli E, Kelso JAS. The metastable brain. Neuron. 2014;81(1):35-48.
doi:10.1016/j.neuron.2013.12.022

Friston KJ. Transients, metastability, and neuronal dynamics. Neurolmage.
1997;5(2):164-171. doi:10.1006/nimg.1997.0259

Friston KJ. Functional and effective connectivity: A review. Brain Con-
nect. 2011;1(1):13-36. doi:10.1089/brain.2011.0008

Tononi G. Consciousness and complexity. Science. 1998;282(5395):
1846-1851. doi:10.1126/science.282.5395.1846

Cabral J, Vidaurre D, Marques P, et al. Cognitive performance in healthy
older adults relates to spontaneous switching between states of func-
tional connectivity during rest. Sci Rep. 2017;7(1):5135. doi:10.1038
/s41598-017-05425-7

Alderson TH, Bokde ALW, Kelso JAS, Maguire L, Coyle D. Metasta-
ble neural dynamics in Alzheimer’s disease are disrupted by lesions
to the structural connectome. Neurolmage. 2018;183:438-455. doi:10.
1016/j.neuroimage.2018.08.033

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

F. Di Gregorio, S. Battaglia. Human brain oscillations and connectivity

Hellyer PJ, Scott G, Shanahan M, Sharp DJ, Leech R. Cognitive flexi-
bility through metastable neural dynamics is disrupted by damage
to the structural connectome. J Neurosci. 2015;35(24):9050-9063.
doi:10.1523/JNEUROSCI.4648-14.2015

Lee WH, Doucet GE, Leibu E, Frangou S. Resting-state network connec-
tivity and metastability predict clinical symptoms in schizophrenia.
Schizophr Res. 2018;201:208-216. doi:10.1016/j.schres.2018.04.029
Tanaka M, Battaglia S, Liloia D. Navigating neurodegeneration: Inte-
grating biomarkers, neuroinflammation, and imaging in Parkin-
son'’s, Alzheimer’s and motor neuron disorders. Biomedicines. 2025;
13(5):1045. doi:10.3390/biomedicines13051045

Cassidy JM, Wodeyar A, Wu J, et al. Low-frequency oscillations are
a biomarker of injury and recovery after stroke. Stroke. 2020;51(5):
1442-1450. doi:10.1161/STROKEAHA.120.028932

Cassidy JM, Wodeyar A, Srinivasan R, Cramer SC. Coherent neural
oscillations inform early stroke motor recovery. Hum Brain Mapp.
2021;42(17):5636-5647. doi:10.1002/hbm.25643

Finnigan SP, Walsh M, Rose SE, Chalk JB. Quantitative EEG indices
of sub-acute ischaemic stroke correlate with clinical outcomes.
Clin Neurophysiol. 2007;118(11):2525-2532. d0i:10.1016/j.clinph.2007.
07.021

Finnigan S, Van Putten MJAM. EEG in ischaemic stroke: Quantitative
EEG can uniquely inform (sub-)acute prognoses and clinical man-
agement. Clin Neurophysiol. 2013;124(1):10-19. doi:10.1016/j.clinph.
2012.07.003

Gallina J, Pietrelli M, Zanon M, Bertini C. Hemispheric differences
in altered reactivity of brain oscillations at rest after posterior lesions.
Brain Struct Funct. 2022;227(2):709-723. d0i:10.1007/s00429-021-
02279-8

Leon-Carrion J, Martin-Rodriguez JF, Damas-Lopez J, Barroso Y Martin JM,
Dominguez-Morales MR. Delta-alpha ratio correlates with level
of recovery after neurorehabilitation in patients with acquired brain
injury. Clin Neurophysiol. 2009;120(6):1039-1045. doi:10.1016/j.clinph.
2009.01.021

PietrelliM, Zanon M, Ladavas E, Grasso PA, Romei V, Bertini C. Poste-
rior brain lesions selectively alter alpha oscillatory activity and pre-
dict visual performance in hemianopic patients. Cortex. 2019;121:
347-361. doi:10.1016/j.cortex.2019.09.008

Sheorajpanday RVA, Nagels G, Weeren AJTM, Van Putten MJAM, De
Deyn PP. Quantitative EEG in ischemic stroke: Correlation with func-
tional status after 6 months. Clin Neurophysiol. 2011;122(5):874-883.
doi:10.1016/j.clinph.2010.07.028

Gale SD, Pearson CM. Neuroimaging predictors of stroke outcome:
Implications for neurorehabilitation. NeuroRehabilitation. 2012;31(3):
331-344. doi:10.3233/NRE-2012-0800

Hoshino T, OguchiK, Inoue K, Hoshino A, Hoshiyama M. Relationship
between lower limb function and functional connectivity assessed
by EEG among motor-related areas after stroke. Top Stroke Rehabil.
2021;28(8):614-623. doi:10.1080/10749357.2020.1864986

Kim B, Winstein C. Can neurological biomarkers of brain impair-
ment be used to predict poststroke motor recovery? A systematic
review. Neurorehabil Neural Repair. 2017;31(1):3-24. doi:10.1177/1545
968316662708

Lim JS, Lee JJ, Woo CW. Post-stroke cognitive impairment: Patho-
physiological insights into brain disconnectome from advanced neu-
roimaging analysis techniques. J Stroke. 2021;23(3):297-311. doi:10.
5853/j0s.2021.02376

MinYS, Park JW, Park E, et al. Interhemispheric functional connectivity
in the primary motor cortex assessed by resting-state functional mag-
netic resonance imaging aids long-term recovery prediction among
subacute stroke patients with severe hand weakness. J Clin Med.
2020;9(4):975. d0i:10.3390/jcm9040975

Nicolo P, Rizk S, Magnin C, Pietro MD, Schnider A, Guggisberg AG. Coher-
ent neural oscillations predict future motor and language improvement
after stroke. Brain. 2015;138(10):3048-3060. doi:10.1093/brain/awv200
Bagnato S, Boccagni C, Prestandrea C, Sant’/Angelo A, Castiglione A,
Galardi G. Prognostic value of standard EEG in traumatic and non-trau-
matic disorders of consciousness following coma. Clin Neurophysiol.
2010;121(3):274-280. doi:10.1016/j.clinph.2009.11.008

Claassen J, Velazquez A, Meyers E, et al. Bedside quantitative electro-
encephalography improves assessment of consciousness in coma-
tose subarachnoid hemorrhage patients. Ann Neurol. 2016;80(4):
541-553. doi:10.1002/ana.24752


https://papers.nips.cc/paper_files/paper/1995/hash/754dda4b1ba34c6fa89716b85d68532b-Abstract.html
https://papers.nips.cc/paper_files/paper/1995/hash/754dda4b1ba34c6fa89716b85d68532b-Abstract.html
https://www.doi.org/10.1016/j.neuroimage.2007.11.022
https://www.doi.org/10.1109/51.844386
https://www.doi.org/10.3390/ph18010133
https://www.doi.org/10.3390/ph18010133
https://www.doi.org/10.3390/biomedicines13051129
https://www.doi.org/10.1016/j.neuroimage.2011.04.010
https://www.doi.org/10.7554/eLife.21792
https://www.doi.org/10.1016/j.tins.2016.01.001
https://www.doi.org/10.1162/netn_a_00130
https://www.doi.org/10.1162/netn_a_00119
https://www.doi.org/10.1093/cercor/bhy136
https://www.doi.org/10.1016/j.tics.2005.08.011
https://www.doi.org/10.1016/j.neuron.2015.09.034
https://www.doi.org/10.1016/j.cub.2013.07.075
https://www.doi.org/10.1140/epjst/e2013-01862-7
https://www.doi.org/10.1038/nrn2961
https://www.doi.org/10.1038/s41583-024-00883-1
https://www.doi.org/10.1016/j.neuron.2013.12.022
https://www.doi.org/10.1006/nimg.1997.0259
https://www.doi.org/10.1089/brain.2011.0008
https://www.doi.org/10.1126/science.282.5395.1846
https://www.doi.org/10.1038/s41598-017-05425-7
https://www.doi.org/10.1038/s41598-017-05425-7
https://www.doi.org/10.1016/j.neuroimage.2018.08.033
https://www.doi.org/10.1016/j.neuroimage.2018.08.033
https://www.doi.org/10.1523/JNEUROSCI.4648-14.2015
https://www.doi.org/10.1016/j.schres.2018.04.029
https://www.doi.org/10.3390/biomedicines13051045
https://www.doi.org/10.1161/STROKEAHA.120.028932
https://www.doi.org/10.1002/hbm.25643
https://www.doi.org/10.1016/j.clinph.2007.07.021
https://www.doi.org/10.1016/j.clinph.2007.07.021
https://www.doi.org/10.1016/j.clinph.2012.07.003
https://www.doi.org/10.1016/j.clinph.2012.07.003
https://www.doi.org/10.1007/s00429-021-02279-8
https://www.doi.org/10.1007/s00429-021-02279-8
https://www.doi.org/10.1016/j.clinph.2009.01.021
https://www.doi.org/10.1016/j.clinph.2009.01.021
https://www.doi.org/10.1016/j.cortex.2019.09.008
https://www.doi.org/10.1016/j.clinph.2010.07.028
https://www.doi.org/10.3233/NRE-2012-0800
https://www.doi.org/10.1080/10749357.2020.1864986
https://www.doi.org/10.1177/1545968316662708
https://www.doi.org/10.1177/1545968316662708
https://www.doi.org/10.5853/jos.2021.02376
https://www.doi.org/10.5853/jos.2021.02376
https://www.doi.org/10.3390/jcm9040975
https://www.doi.org/10.1093/brain/awv200
https://www.doi.org/10.1016/j.clinph.2009.11.008
https://www.doi.org/10.1002/ana.24752

Adv Clin Exp Med. 2026;35(2):201-208

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

Estraneo A, Loreto V, Guarino |, et al. Standard EEG in diagnostic
process of prolonged disorders of consciousness. Clin Neurophysiol.
2016;127(6):2379-2385. d0i:10.1016/j.clinph.2016.03.021

Gosseries O, Schnakers C, Ledoux D, et al. Automated EEG entropy
measurements in coma, vegetative state/unresponsive wakefulness
syndrome and minimally conscious state. Funct Neurol. 2011;26(1):
25-30. PMID:21693085. PMCID:PMC3814509.

O’Donnell A, Pauli R, Banellis L, et al. The prognostic value of resting-
state EEG in acute post-traumatic unresponsive states. Brain Commun.
2021;3(2):fcab017. doi:10.1093/braincomms/fcab017

Rosanova M, Gosseries O, Casarotto S, et al. Recovery of cortical
effective connectivity and recovery of consciousness in vegetative
patients. Brain. 2012;135(4):1308-1320. d0i:10.1093/brain/awr340
Sarasso S, Rosanova M, Casali AG, et al. Quantifying cortical EEG
responses to TMS in (un)consciousness. Clin EEG Neurosci. 2014;45(1):
40-49. doi:10.1177/1550059413513723

Scarpino M, Lolli F, Hakiki B, et al. EEG and Coma Recovery Scale-Revised
prediction of neurological outcome in disorder of consciousness
patients. Acta Neurol Scand. 2020;142(3):221-228.doi:10.1111/ane.13247
Sitt JD, King JR, El Karoui |, et al. Large scale screening of neural sig-
natures of consciousness in patients in a vegetative or minimally con-
scious state. Brain. 2014;137(8):2258-2270. d0i:10.1093/brain/awu141
Stefan S, Schorr B, Lopez-Rolon A, et al. Consciousness indexing and
outcome prediction with resting-state EEG in severe disorders of con-
sciousness. Brain Topogr. 2018;31(5):848-862. d0i:10.1007/s10548-
018-0643-x

Tanaka M, Szabé A, Vécsei L. Redefining roles: A paradigm shiftin tryp-
tophan-kynurenine metabolism for innovative clinical applications.
Int J Mol Sci. 2024;25(23):12767. doi:10.3390/ijms252312767

Amiri M, Fisher PM, Raimondo F, et al. Multimodal prediction of resid-
ual consciousness in the intensive care unit: The CONNECT-ME study.
Brain. 2023;146(1):50-64. doi:10.1093/brain/awac335

Coleman MR, Bekinschtein T, Monti MM, Owen AM, Pickard JD.
A multimodal approach to the assessment of patients with disor-
ders of consciousness. Prog Brain Res. 2009;177:231-248. doi:10.1016/
S0079-6123(09)17716-6

Di Perri C, Bahri MA, Amico E, et al. Neural correlates of conscious-
ness in patients who have emerged from a minimally conscious state:
A cross-sectional multimodal imaging study. Lancet Neurol. 2016;
15(8):830-842. doi:10.1016/51474-4422(16)00111-3

Gallucci A, Varoli E, Del Mauro L, et al. Multimodal approaches sup-
porting the diagnosis, prognosis and investigation of neural corre-
lates of disorders of consciousness: A systematic review. EurJ Neurosci.
2024;59(5):874-933. d0i:10.1111/ejn.16149

Hinkley LBN, Vinogradov S, Guggisberg AG, Fisher M, Findlay AM,
Nagarajan SS. Clinical symptoms and alpha band resting-state func-
tional connectivity imaging in patients with schizophrenia: Implica-
tions for novel approaches to treatment. Biol Psychiatry. 2011;70(12):
1134-1142. doi:10.1016/j.biopsych.2011.06.029

Trajkovic J, Di Gregorio F, Ferri F, Marzi C, Diciotti S, Romei V. Resting
state alpha oscillatory activity is a valid and reliable marker of schizo-
typy. Sci Rep. 2021;11(1):10379. doi:10.1038/s41598-021-89690-7
Braff DL. Prepulse inhibition of the startle reflex: A window on
the brain in schizophrenia. Curr Top Behav Neurosci. 2010;4:349-371.
doi:10.1007/7854_2010_61

KumariV, Sharma T. Effects of typical and atypical antipsychotics on
prepulse inhibition in schizophrenia: A critical evaluation of current
evidence and directions for future research. Psychopharmacology.
2002;162(2):97-101. doi:10.1007/500213-002-1099-x

Mena A, Ruiz-Salas JC, Puentes A, Dorado |, Ruiz-VeguillaM, De La Casa LG.
Reduced prepulse inhibition as a biomarker of schizophrenia. Front
Behav Neurosci. 2016;10:202. doi:10.3389/fnbeh.2016.00202

Radhu N, Garcia Dominguez L, Farzan F, et al. Evidence for inhibi-
tory deficits in the prefrontal cortex in schizophrenia. Brain. 2015;
138(2):483-497. d0i:10.1093/brain/awu360

Swerdlow NR, Weber M, Qu Y, Light GA, Braff DL. Realistic expecta-
tions of prepulse inhibition in translational models for schizophre-
nia research. Psychopharmacology. 2008;199(3):331-388. doi:10.1007/
500213-008-1072-4

Lynn PA, Sponheim SR. Disturbed theta and gamma coupling as
a potential mechanism for visuospatial working memory dysfunction
in people with schizophrenia. Neuropsychiatr Electrophysiol. 2016;
2(1):7. doi:10.1186/540810-016-0022-3

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111,

112.

113.

114.

207

Pittman-Polletta BR, Kocsis B, Vijayan S, Whittington MA, Kopell NJ.
Brain rhythms connect impaired inhibition to altered cognition in
schizophrenia. Biol Psychiatry. 2015;77(12):1020-1030. doi:10.1016/j.
biopsych.2015.02.005

Senkowski D, Gallinat J. Dysfunctional prefrontal gamma-band oscil-
lations reflect working memory and other cognitive deficits in schizo-
phrenia. Biol Psychiatry. 2015;77(12):1010-1019. doi:10.1016/j.biopsych.
2015.02.034

Ghuman AS, Van Den Honert RN, Huppert TJ, Wallace GL, Martin A.
Aberrant oscillatory synchrony is biased toward specific frequen-
cies and processing domains in the autistic brain. Biol Psychiatry
Cogn Neurosci Neuroimaging. 2017;2(3):245-252. doi:10.1016/j.bpsc.
2016.07.006

Kessler K, Seymour RA, Rippon G. Brain oscillations and connectivity
inautism spectrum disorders (ASD): New approaches to methodol-
ogy, measurement and modelling. Neurosci Biobehav Rev. 2016;71:
601-620. doi:10.1016/j.neubiorev.2016.10.002

O'Reilly C, Lewis JD, Elsabbagh M. Is functional brain connectivi-
ty atypical in autism? A systematic review of EEG and MEG studies.
PLoS One. 2017;12(5):e0175870. doi:10.1371/journal.pone.0175870
Barnes SJK, Thomas M, McClintock PVE, Stefanovska A. Theta and
alpha connectivity in children with autism spectrum disorder.
Brain Commun. 2025;7(2):fcaf084. doi:10.1093/braincomms/fcaf084
Belmonte MK, Allen G, Beckel-Mitchener A, Boulanger LM, Carper RA,
Webb SJ. Autism and abnormal development of brain connectivity.
JNeurosci.2004;24(42):9228-9231.d0i:10.1523/JNEUROSCI.3340-04.2004
Uhlhaas PJ, Singer W. Neural synchrony in brain disorders: Rele-
vance for cognitive dysfunctions and pathophysiology. Neuron.
2006;52(1):155-168. d0i:10.1016/j.neuron.2006.09.020

Van De Cruys S, Evers K, Van Der Hallen R, et al. Precise minds in
uncertain worlds: Predictive coding in autism. Psychol Rev. 2014;
121(4):649-675. doi:10.1037/a0037665

Alba G, Pereda E, Manas S, et al. The variability of EEG functional
connectivity of young ADHD subjects in different resting states.
Clin Neurophysiol. 2016;127(2):1321-1330. doi:10.1016/j.clinph.2015.
09.134

Debnath R, Miller NV, Morales S, Seddio KR, Fox NA. Investigat-
ing brain electrical activity and functional connectivity in adoles-
cents with clinically elevated levels of ADHD symptoms in alpha
frequency band. Brain Res. 2021;1750:147142. doi:10.1016/j.brainres.
2020.147142

Lenartowicz A, Lu S, Rodriguez C, et al. Alpha desynchronization
and frontoparietal connectivity during spatial working memo-
ry encoding deficits in ADHD: A simultaneous EEGfMRI study.
Neuroimage Clin. 2016;11:210-223. doi:10.1016/j.nicl.2016.01.023
Lenartowicz A, Mazaheri A, Jensen O, Loo SK. Aberrant modulation
of brain oscillatory activity and attentional impairment in atten-
tion-deficit/hyperactivity disorder. Biol Psychiatry Cogn Neurosci
Neuroimaging. 2018;3(1):19-29. doi:10.1016/j.bpsc.2017.09.009
Murias M, Swanson JM, Srinivasan R. Functional connectivity of fron-
tal cortexin healthy and ADHD children reflected in EEG coherence.
Cereb Cortex. 2007;17(8):1788-1799. d0i:10.1093/cercor/bhl089
Dipnall LM, Hourani D, Darling S, Anderson V, Sciberras E, Silk TJ.
Fronto-parietal white matter microstructure associated with work-
ing memory performance in children with ADHD. Cortex. 2023;166:
243-257.doi:10.1016/j.cortex.2023.03.015

Parlatini V, Radua J, Robertsson N, et al. Asymmetry of attentive
networks contributes to adult attention-deficit/hyperactivity
disorder (ADHD) pathophysiology [published online as ahead of
print on November 2, 2024]. Eur Arch Psychiatry Clin Neurosci. 2024.
doi:10.1007/s00406-024-01927-4

Kannen K, Rasbach J, Fantazi A, et al. Alpha modulation via transcra-
nial alternating current stimulation in adults with attention-deficit
hyperactivity disorder. Front Psychol. 2024;14:1280397. d0i:10.3389/
fpsyg.2023.1280397

YinY, Wang X, Feng T. Noninvasive brain stimulation for improving
cognitive deficits and clinical symptoms in attention-deficit/hyper-
activity disorder: A systematic review and meta-analysis. Brain Sci.
2024;14(12):1237. doi:10.3390/brainsci14121237

Trajkovic J, Di Gregorio F, Marcantoni E, Thut G, Romei V. ATMS/EEG
protocol for the causal assessment of the functions of the oscillato-
ry brain rhythms in perceptual and cognitive processes. STAR Protoc.
2022;3(2):101435. d0i:10.1016/j.xpro.2022.101435


https://www.doi.org/10.1016/j.clinph.2016.03.021
https://pubmed.ncbi.nlm.nih.gov/21693085
https://www.ncbi.nlm.nih.gov/pmc/articles/3814509
https://www.doi.org/10.1093/braincomms/fcab017
https://www.doi.org/10.1093/brain/awr340
https://www.doi.org/10.1177/1550059413513723
https://www.doi.org/10.1111/ane.13247
https://www.doi.org/10.1093/brain/awu141
https://www.doi.org/10.1007/s10548-018-0643-x
https://www.doi.org/10.1007/s10548-018-0643-x
https://www.doi.org/10.3390/ijms252312767
https://www.doi.org/10.1093/brain/awac335
https://www.doi.org/10.1016/S0079-6123(09)17716-6
https://www.doi.org/10.1016/S0079-6123(09)17716-6
https://www.doi.org/10.1016/S1474-4422(16)00111-3
https://www.doi.org/10.1111/ejn.16149
https://www.doi.org/10.1016/j.biopsych.2011.06.029
https://www.doi.org/10.1038/s41598-021-89690-7
https://www.doi.org/10.1007/7854_2010_61
https://www.doi.org/10.1007/s00213-002-1099-x
https://www.doi.org/10.3389/fnbeh.2016.00202
https://www.doi.org/10.1093/brain/awu360
https://www.doi.org/10.1007/s00213-008-1072-4
https://www.doi.org/10.1007/s00213-008-1072-4
https://www.doi.org/10.1186/s40810-016-0022-3
https://www.doi.org/10.1016/j.biopsych.2015.02.005
https://www.doi.org/10.1016/j.biopsych.2015.02.005
https://www.doi.org/10.1016/j.biopsych.2015.02.034
https://www.doi.org/10.1016/j.biopsych.2015.02.034
https://www.doi.org/10.1016/j.bpsc.2016.07.006
https://www.doi.org/10.1016/j.bpsc.2016.07.006
https://www.doi.org/10.1016/j.neubiorev.2016.10.002
https://www.doi.org/10.1371/journal.pone.0175870
https://www.doi.org/10.1093/braincomms/fcaf084
https://www.doi.org/10.1016/j.neuron.2006.09.020
https://www.doi.org/10.1037/a0037665
https://www.doi.org/10.1016/j.clinph.2015.09.134
https://www.doi.org/10.1016/j.clinph.2015.09.134
https://www.doi.org/10.1016/j.brainres.2020.147142
https://www.doi.org/10.1016/j.brainres.2020.147142
https://www.doi.org/10.1016/j.nicl.2016.01.023
https://www.doi.org/10.1016/j.bpsc.2017.09.009
https://www.doi.org/10.1093/cercor/bhl089
https://www.doi.org/10.1016/j.cortex.2023.03.015
https://www.doi.org/10.1007/s00406-024-01927-4
https://www.doi.org/10.3389/fpsyg.2023.1280397
https://www.doi.org/10.3389/fpsyg.2023.1280397
https://www.doi.org/10.3390/brainsci14121237
https://www.doi.org/10.1016/j.xpro.2022.101435

208

115.

116.

7.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Trajkovic J, Di Gregorio F, Thut G, Romei V. Transcranial magnetic
stimulation effects support an oscillatory model of ERP genesis.
Curr Biol. 2024;34(5):1048-1058.e4. doi:10.1016/j.cub.2024.01.069
Debener S, Beauducel A, Nessler D, Brocke B, Heilemann H, Kayser J.
Is resting anterior EEG alpha asymmetry a trait marker for depression?
Neuropsychobiology. 2000;41(1):31-37. d0i:10.1159/000026630
Goldstein BL, Shankman SA, Kujawa A, Torpey-Newman DC, Olino TM,
Klein DN. Developmental changes in electroencephalograph-
ic frontal asymmetry in young children at risk for depression.
Child Psychol Psychiatry. 2016;57(9):1075-1082. doi:10.1111/jcpp.12567
Van Der Vinne N, Vollebregt MA, Van Putten MJAM, Arns M. Frontal
alpha asymmetry as a diagnostic marker in depression: Fact or fic-
tion? A meta-analysis. Neuroimage Clin. 2017;16:79-87.d0i:10.1016/j.
nicl.2017.07.006

SunL, Perdkyld J, Hartikainen KM. Frontal alpha asymmetry, a poten-
tial biomarker for the effect of neuromodulation on brain’s affective
circuitry: Preliminary evidence from a deep brain stimulation study.
Front Hum Neurosci. 2017;11:584. doi:10.3389/fnhum.2017.00584
JuhaszL, Spisék K, Szolnoki BZ, et al. The power struggle: Kynurenine
pathway enzyme knockouts and brain mitochondrial respiration.
J Neurochem. 2025;169(5):e70075. d0i:10.1111/jnc.70075

Szabo A, Galla Z, Spekker E, et al. Oxidative and excitatory neu-
rotoxic stresses in CRISPR/Cas9-induced kynurenine aminotrans-
ferase knockout mice: A novel model for despair-based depres-
sion and post-traumatic stress disorder. Front Biosci (Landmark Ed).
2025;30(1):25706. d0i:10.31083/FBL25706

Redinbaugh MJ, Phillips JM, Kambi NA, et al. Thalamus modulates
consciousness via layer-specific control of cortex. Neuron. 2020;
106(1):66-75.€12. doi:10.1016/j.neuron.2020.01.005

Saalmann YB, Pinsk MA, Wang L, Li X, Kastner S. The pulvinar reg-
ulates information transmission between cortical areas based on
attention demands. Science. 2012;337(6095):753-756. doi:10.1126/
science.1223082

Saalmann YB, Kastner S. Cognitive and perceptual functions of
the visual thalamus. Neuron. 2011;71(2):209-223. d0i:10.1016/j.neu-
ron.2011.06.027

Halgren M, Ulbert |, Bastuji H, et al. The generation and propa-
gation of the human alpha rhythm. Proc Natl Acad Sci U S A. 2019;
116(47):23772-23782. doi:10.1073/pnas.1913092116
Schreckenberger M, Lange-Asschenfeldt C, Lochmann M, et al.
The thalamus as the generator and modulator of EEG alpha rhythm: A
combined PET/EEG study with lorazepam challenge in humans [pub-
lished correction appers in: Neuroimage. 2006;32(1):485 doi:10.1016/j.
neuroimage.2006.03.007]. Neuroimage. 2004;22(2):637-644. doi:10.
1016/j.neuroimage.2004.01.047

Vijayan S, Kopell NJ. Thalamic model of awake alpha oscillations
and implications for stimulus processing. Proc Natl Acad Sci U S A.
2012;109(45):18553-18558. doi:10.1073/pnas.1215385109

Tortora F, Hadipour AL, Battaglia S, Falzone A, Avenanti A, Vicario CM.
The role of serotonin in fear learning and memory: A systematic
review of human studies. Brain Sci. 2023;13(8):1197. doi:10.3390/
brainsci13081197

Battaglia S, Fazio CD, Borgomaneri S, Avenanti A. Cortisol imbal-
ance and fearlearning in PTSD: Therapeutic approaches to control
abnormal fear responses. Curr Neuropharmacol. 2025;23(7):835-846.
doi:10.2174/1570159X23666250123142526

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

F. Di Gregorio, S. Battaglia. Human brain oscillations and connectivity

Battaglia S, Di Fazio C, Mazza M, Tamietto M, Avenanti A. Target-
ing human glucocorticoid receptors in fear learning: A multiscale
integrated approach to study functional connectivity. Int J Mol Sci.
2024;25(2):864. d0i:10.3390/ijms25020864

Tanaka M, Szab6 A, Vécsei L, Giménez-Llort L. Emerging translation-
al research in neurological and psychiatric diseases: From in vitro
to in vivo models. Int J Mol Sci. 2023;24(21):15739. doi:10.3390/ijms
242115739

Hernandez-Pavon JC, Schneider-Garces N, Begnoche JP, Miller LE,
Raij T. Targeted modulation of human brain interregional effective con-
nectivity with spike-timing dependent plasticity. Neuromodulation.
2023;26(4):745-754. d0oi:10.1016/j.neurom.2022.10.045

Di Gregorio F, La Porta F, Casanova E, et al. Efficacy of repetitive
transcranial magnetic stimulation combined with visual scanning
treatment on cognitive and behavioral symptoms of left hemis-
patial neglect in right hemispheric stroke patients: Study protocol
for a randomized controlled trial. Trials. 2021;22(1):24. doi:10.1186/
$13063-020-04943-6

DiGregorioF, La PortaF, Lullini G, et al. Efficacy of repetitive transcra-
nial magnetic stimulation combined with visual scanning treatment
on cognitive-behavioral symptoms of unilateral spatial neglect
in patients with traumatic brain injury: Study protocol for a ran-
domized controlled trial. Front Neurol. 2021;12:702649. doi:10.3389
/fneur.2021.702649

Tanaka M, Szatmari |, Vécsei L. Quinoline quest: Kynurenic acid strat-
egies for next-generation therapeutics via rational drug design.
Pharmaceuticals (Basel). 2025;18(5):607. doi:10.3390/ph18050607
Yakubov B, Das S, Zomorrodi R, et al. Cross-frequency coupling
in psychiatric disorders: A systematic review. Neurosci Biobehav Rev.
2022;138:104690. doi:10.1016/j.neubiorev.2022.104690

Hutchison RM, Womelsdorf T, Allen EA, et al. Dynamic function-
al connectivity: Promise, issues, and interpretations. Neurolmage.
2013;80:360-378. doi:10.1016/j.neuroimage.2013.05.079

Hallquist MN, Hillary FG. Graph theory approaches to functional net-
work organization in brain disorders: A critique for a brave new small-
world. Netw Neurosci. 2019;3(1):1-26. doi:10.1162/netn_a_00054
Jaeger C, Nuttall R, Zimmermann J, et al. Targeted rhythmic visu-
al stimulation at individual participants’ intrinsic alpha frequency
causes selective increase of occipitoparietal BOLD-fMRI and EEG
functional connectivity. Neurolmage. 2023;270:119981. d0i:10.1016/j.
neuroimage.2023.119981

Battaglia S, Nazzi C, Fullana MA, Di Pellegrino G, Borgomaneri S.
‘Nip it in the bud”: Low-frequency rTMS of the prefrontal cortex
disrupts threat memory consolidation in humans. Behav Res Ther.
2024;178:104548. doi:10.1016/j.brat.2024.104548

Battaglia S, Nazzi C, Di Fazio C, BorgomaneriS. The role of pre-sup-
plementary motor cortex in action control with emotional stimuli:
A repetitive transcranial magnetic stimulation study.Ann N Y Acad Sci.
2024;1536(1):151-166. doi:10.1111/nyas.15145

Tanaka M. Beyond the boundaries: Transitioning from categori-
cal to dimensional paradigms in mental health diagnostics.
Adv Clin Exp Med. 2024;33(12):1295-1301. d0i:10.17219/acem/197425
Tanaka M. From serendipity to precision: Integrating Al, multi-omics,
and human-specific models for personalized neuropsychiatric care.
Biomedicines. 2025;13(1):167. doi:10.3390/biomedicines13010167


https://www.doi.org/10.1016/j.cub.2024.01.069
https://www.doi.org/10.1159/000026630
https://www.doi.org/10.1111/jcpp.12567
https://www.doi.org/10.1016/j.nicl.2017.07.006
https://www.doi.org/10.1016/j.nicl.2017.07.006
https://www.doi.org/10.3389/fnhum.2017.00584
https://www.doi.org/10.1111/jnc.70075
https://www.doi.org/10.31083/FBL25706
https://www.doi.org/10.1016/j.neuron.2020.01.005
https://www.doi.org/10.1126/science.1223082
https://www.doi.org/10.1126/science.1223082
https://www.doi.org/10.1016/j.neuron.2011.06.027
https://www.doi.org/10.1016/j.neuron.2011.06.027
https://www.doi.org/10.1073/pnas.1913092116
https://www.doi.org/10.1016/j.neuroimage.2004.01.047
https://www.doi.org/10.1016/j.neuroimage.2004.01.047
https://www.doi.org/10.1073/pnas.1215385109
https://www.doi.org/10.3390/brainsci13081197
https://www.doi.org/10.3390/brainsci13081197
https://www.doi.org/10.2174/1570159X23666250123142526
https://www.doi.org/10.3390/ijms25020864
https://www.doi.org/10.3390/ijms242115739
https://www.doi.org/10.3390/ijms242115739
https://www.doi.org/10.1016/j.neurom.2022.10.045
https://www.doi.org/10.1186/s13063-020-04943-6
https://www.doi.org/10.1186/s13063-020-04943-6
https://www.doi.org/10.3389/fneur.2021.702649
https://www.doi.org/10.3389/fneur.2021.702649
https://www.doi.org/10.3390/ph18050607
https://www.doi.org/10.1016/j.neubiorev.2022.104690
https://www.doi.org/10.1016/j.neuroimage.2013.05.079
https://www.doi.org/10.1162/netn_a_00054
https://www.doi.org/10.1016/j.neuroimage.2023.119981
https://www.doi.org/10.1016/j.neuroimage.2023.119981
https://www.doi.org/10.1016/j.brat.2024.104548
https://www.doi.org/10.1111/nyas.15145
https://www.doi.org/10.17219/acem/197425
https://www.doi.org/10.3390/biomedicines13010167

Original papers

Surgery

Long-term safety and efficacy of loose combined cutting seton therapy
for high anal fistula: Evidence from a prospective cohort study

Zhi Congcong?, Cheng Yicheng®, Li Xin®, Shi YuyingC, Liu Ningyuan, Zheng Lihua®f, Hou Wenxia®f

2" Department of Anorectal Surgery, China-Japan Friendship Hospital, Beijing, China

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

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

Address for correspondence
Zheng Lihua
E-mail: btv126@outlook.com

Funding sources
This study was supported by the Central High-Level Clinical
Research Fund (grant No. 2022-NHLHCRF-LX-02-0121).

Conflict of interest
None declared

Received on December 21, 2024
Reviewed on March 27, 2025
Accepted on April 24,2025

Published online on January 12, 2026

(iteas

Congcong Z, Yicheng C, Xin L, et al. Long-term safety and
efficacy of loose combined cutting seton therapy for high
anal fistula: Evidence from a prospective cohort study.
Adv Clin Exp Med. 2026;35(2):209-217.
doi:10.17219/acem/204335

DOI
10.17219/acem/204335

Copyright

Copyright by Author(s)

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

Adv Clin Exp Med. 2026;35(2):209-217

Abstract

Background. The healing rate after treatment in patients with high anal fistula (HAF) remains low. In in-
dividuals with HAF, the loose combined cutting seton (LCCS) technigue has shown promising effectiveness,
demonstrating a high cure rate, low incidence of incontinence and reduced pain levels.

Objectives. To assess the long-term efficacy and safety of LCCS technique in patients with HAF.

Materials and methods. The LCCS procedure was conducted in patients with HAF between December
2020 and February 2022. All participants were followed up for 12 months. The primary outcome was fistula
healing, while secondary outcomes included fistula recurrence, visual analogue scale (VAS) pain score, severity
of fecal incontinence, and quality of life.

Results. Atotal of 132 patients with HAF were included in the final analysis, with a mean follow-up duration
of 170 +3.8 months. At the 12-month follow-up, 130 patients (98.5%) achieved fistula healing. Among
them, 103 patients who received primary HAF treatment at our center fully recovered, while 27 of 29 patients
previously treated unsuccessfully at other hospitals achieved healing within 12 months, corresponding
t0 2 93.1% success rate. Ninety patients (68.2%) reported no fecal incontinence at follow-up (Wexner
Continence Grading Scale (WCGS) score = 0), and 42 patients had a WCGS score of 1. The LCCS procedure
was associated with a persistently low risk of postoperative perianal discomfort, with 127 patients (96.2%)
scoring 0 and only 5 (3.8%) scoring 1 on the VAS.

Conclusions. The LCCS technique is a safe and effective treatment for patients with HAF.

Key words: safety, efficacy, high anal fistula, loose combined cutting seton
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Highlights

in a high recurrence rate.

(LCCS) in individuals with HAF.

« High anal fistula (HAF) is an anorectal fistula with many external openings and channels, with the internal open-
ing flowing through the deep layer of the external sphincter and impacting the upper two-thirds.
+ The particular anatomical features of the human body present obstacles in treating this kind of AF, resulting

+ The primary purpose of this study was to assess the long-term efficacy and safety of loose combined cutting seton

+ The evidence suggests that LCCS surgery for HAFs improves postoperative wound healing while reducing healing
time, pain and complications, making it a valuable clinical practice for wider use.

Background

Anal fistula (AF) is a prevalent anorectal disorder, par-
ticularly affecting younger males. Epidemiological data
estimate that AF affects approx. 8% of the population
in Western countries and 3.6% in China.!~® High anal fis-
tula (HAF) is characterized by multiple external openings
and tracts, with the internal opening traversing the deep
portion of the external sphincter, specifically involving
the upper two-thirds of the muscle. The intricate ana-
tomical features of the anorectal region present substan-
tial challenges in the management of HAF, contributing
to a significant recurrence rate.*°

Inadequate treatment of HAF can disrupt the physiol-
ogy of adjacent tissues and significantly affect patients’
health and quality of life. Therapeutic objectives for HAF
primarily focus on fistula healing, recurrence preven-
tion and bowel function improvement.>® Current clinical
practice employs diverse therapeutic modalities to ad-
dress HAF, including fibrin sealant, fistula plug, ligation
of the inter-sphincteric fistula tract (LIFT), endorectal
or dermal advancement flap, video-assisted AF treatment,
and traditional Chinese medicine (TCM).”"!! Despite these
advances, reported healing rates remain suboptimal.®!

Seton-based techniques have demonstrated efficacy
in the management of HAF, offering high cure rate with
a low risk of incontinence. Recent advancements in se-
ton materials and application methods improved out-
comes,'®!* though reported recurrence rates still range
from 8% to 22%. Clinical implementation remains heav-
ily dependent on surgical expertise.l>""” The loose seton
technique facilitates effective drainage and accelerates
the healing process while minimizing the risk of sphinc-
ter injury.!®* However, in some cases, excessive fibrosis may
lead to treatment failure. Conversely, the cutting seton
achieves definitive fistula resolution through progressive
sphincter division; however, it is frequently associated with
complications such as pain and fecal incontinence.'8

To effectively manage HAF and improve patients’ quality
of life, it is essential to develop treatment approaches that
achieve high healing rate while minimizing recurrence,
incontinence and pain. Our prior retrospective study

demonstrated that a combined virtual and solid wiring
offers superior clinical outcomes compared to traditional
solid seton techniques, particularly in reducing healing
time and alleviating pain.” In this approach, the virtual
seton facilitates drainage, whereas the solid seton progres-
sively transects the fistulous tract. Nonetheless, the long-
term postoperative recurrence, anal incontinence and re-
covery of anal function represent paramount determinants
of surgical efficacy and quality of life following HAF repair.
However, longitudinal data quantifying these critical long-
term outcomes remain scarce.

Objectives

This prospective cohort study aims to evaluate the long-
term efficacy and safety of loose combined cutting seton
(LCCS) in patients with HAF.

Materials and methods
This was a prospective cohort study.
Study population

The study was conducted at the Anal and Intestinal
Department of China-Japan Friendship Hospital (Beijing,
China), a national referral center specializing in the treat-
ment of over 1,000 patients annually with various types
of AFs, serving individuals from across the country and
abroad. This study included consecutive patients diagnosed
with HAF who underwent surgical treatment at the Second
Department of Anorectal Surgery of China-Japan Friend-
ship Hospital between December 2020 and February 2022.
The inclusion criteria were as follows: 1) individuals aged
18 years or older, and 2) a definitive diagnosis of HAF, in-
cluding primary HAF and failed cases from other medi-
cal centers. The exclusion criteria included: 1) individuals
with colorectal cancer, 2) inflammatory bowel disease (IBD)
or intestinal tuberculosis, 3) autoimmune diseases, 4) coagu-
lation dysfunction, 5) systemic infections related to acquired
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immunodeficiency disease, 6) severe cardiopulmonary
dysfunction, 7) life expectancy of less than 12 months,
8) pregnancy or lactation, and 9) inability to comply with
long-term follow-up. Patients with missing primary indica-
tors were also excluded from the final analysis. The study
was approved by the Clinical Research Ethics Committee
of China-Japan Friendship Hospital (approval No. 2022-KY-
121-2), and written informed consent was obtained from all
patients. This investigation adhered to the principles out-
lined in the Helsinki Declaration (2013 edition).

Surgery

All procedures were performed by the same surgical team
(ZLH,CYC,ZCC,and L.N.Y.) using the LCCS technique
as previously described (Fig. 1).1° Patients received general
or epidural anesthesia and were positioned laterally to facili-
tate access to the fistula. Following standard perineal disin-
fection with 0.5% iodophor, the anal canal was adequately
relaxed. A digital rectal examination was performed in con-
junction with anorectal B-ultrasound findings to evaluate
the internal opening of the fistula, its extent, the presence
of branched tracts or necrotic tissue, and any indurated
masses around the anorectal ring. A fistula probe was in-
troduced through the external opening. If the fistula lacked

an external opening, the distal end was excised to create
an access point. The probe was introduced into the internal
orifice along the fistula tract, and the fistula wall was meticu-
lously dissected layer by layer to facilitate complete exposure.
Tissue surrounding the internal orifice was excised to a mar-
gin of 0.5-1.0 cm. The probe was carefully advanced from
the internal orifice upward through the fistula tract, assisted
by curved hemostatic forceps, while a finger was inserted into
the rectal cavity to locate the fistula apex. The forceps’ tip was
employed to access the stoma of the intestinal wall, which
served as the focal point of the crisscrossed lumps. Subse-
quently, the examining finger was withdrawn, and 4 No. 10
silk threads were affixed to the fingertips at one end before
being introduced into the enteric cavity. The threads were
subsequently secured using hemostatic forceps, extracted
from the stoma of the intestinal cavity along the fistula, tight-
ened at both ends, and tied off for stabilization.
Postoperative wound management involved daily dress-
ing changes adhering to standard disinfection protocols.
Oil gauze was utilized to facilitate drainage, while standard
gauze was used to secure external applications. All pa-
tients received intravenous analgesics (flurbiprofen axetil
injection, 100 mg, each day) and antibiotics (etamycin sul-
fate and sodium chloride injection, 300 mL, each day) for
2 days post-surgery. The ligature was observed to loosen

Fig. 1. Steps of the loose combined cutting seton (LCCS) procedure for high anal fistula (HAF). A. Using the right half of the horseshoe-shaped anal fistula
(AF) as an example, 2 external openings are visible at 6 and 11 o'clock positions in the lithotomy position, and the right hemianal rectal ring was rigid;

B. Stereoscopic representation in the sagittal plane: The fistula at 11 o'clock position in the lithotomy position passed through the depth of the external
sphincter and intersected with the AF at 6 o'clock position in the lithotomy position on the rectal anal ring, forming an AF cavity; C. The skin and
subcutaneous connective tissue were incised from the external opening at the 6 o'clock position in the lithotomy position to the dentate line at the same
position; D. The AF cavity was explored at 6 o'clock position in the lithotomy position, an enterostomy was performed at the apex of the AF cavity at this
position, and the line was connected to the top of the AF cavity at 6 o'clock position of the dentate line. At the same time, the skin and subcutaneous
connective tissue were incised along the external opening at 11 o'clock position in the lithotomy position to the corresponding dentate line; E. The AF
cavity was probed at the 11 o'clock position in the lithotomy position, and enterostomy was performed at the apex of the AF cavity at this position. The line
was connected to the apex of the AF cavity at the 11 o'clock position of the dentate line; F. The incision was explored at the 6 and 11 o'clock position

of the lithotomy, and the drainage lines were hung to ensure smooth drainage; G. Schematic diagram of the postoperative anatomy
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on postoperative day 7 but was left in situ to maintain
drainage. Based on the characteristics of the granulation
tissue developing within the fistula tract, the silk thread
was removed on postoperative day 20. Dressings were
changed regularly thereafter until complete wound heal-
ing was achieved.

Data collection

Data were collected on patient demographics, medical
history, comorbidities, fistula characteristics, surgical pro-
cedure, and clinical outcomes. Prior to the surgical proce-
dure, all patients underwent a comprehensive baseline as-
sessment, including routine blood tests, assessments of liver
and renal function, and evaluation of blood glucose and
lipid profiles. Furthermore, a subset of patients underwent
endoanal ultrasonography and anorectal pressure manom-
etry to determine the position of the internal orifice and
the configuration of the fistula. Follow-up assessments were
conducted at the outpatient clinic 12 months post-surgery.
These evaluations included a physical examination (com-
prising anal inspection and digital rectal examination), en-
doanal ultrasonography and anorectal manometry. Patients
experiencing severe symptoms or concerns regarding re-
currence were advised to undergo additional clinical review.

Fistula healing was defined by the complete closure
of the surgical incision, absence of secretions, and the lack
of any detectable fistula as confirmed using endoanal ul-
trasonography. Recurrence was diagnosed if a patient met
atleast 1 of the following criteria: 1) non-healing of the surgi-
cal wound beyond 3 months, 2) persistent discharge beyond
3 months, 3) endoanal ultrasonography indicated the pres-
ence of the fistula, or 4) clinical necessity for reoperation.

A visual analogue scale (VAS) was employed to assess
postoperative pain, with scores ranging from 0 (indicat-
ing no pain) to 10 (representing extremely severe pain).
The severity of fecal incontinence was evaluated through
the Wexner Continence Grading Scale (WCGS), encom-
passing 5 domains: solid, liquid, gas, pad wearing, and
lifestyle alterations. Each domain was assigned a score
ranging from 0 (indicating no incontinence) to 4 (indicat-
ing severe incontinence). The quality of life was evaluated
using the 36-Item Short Form Survey (SF-36).

Outcomes

The primary outcome variable of this investigation was
fistula healing rate. Secondary outcomes included the fis-
tula recurrence rate, postoperative pain (VAS), fecal in-
continence severity (WCGS), and quality of life (SF-36).

Statistical analyses
Continuous variables were reported as mean + standard de-

viation (SD) for normal distributions tested by Kolmogorov—
Smirnov test. Numerical and percentage representations
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were used for categorical variables. All statistical analyses
were conducted using the SPSS v. 18.0 for Windows (SPSS
Inc., Chicago, USA). A 2-sided p-value of less than 0.05 was
deemed statistically significant. Missing data for certain
variables were excluded from the analysis.

Results
Baseline characteristics

Following the application of the inclusion and exclusion
criteria, 132 patients with HAF were included in the fi-
nal analysis, comprising 114 men (86.4%) and 18 women
(13.6%). Of these, 29 patients had previously undergone
unsuccessful LIFT surgery at other medical centers. De-
tailed baseline characteristics prior to LCCS treatment are
presented in Table 1 and Table 2.

Table 1. Baseline characteristics of 132 patients with HAF treated with
loose combined cutting seton

Characteristics | Outcome
Age [years]* 36.4 +8.7
Male, n (%) 114 (86.4)
BMI [kg/m?]* 252 +2.1
Hypertension, n (%) 5(3.8)
Diabetes, n (%) 3(23)
Current smoking, n (%) 29(22.0)

Clinical presentation, n (%)

Perianal mass 97 (73.5)
Perianal pain 116 (87.9)
Anal secretion 83 (62.9)
Fever 21(15.9)
Anal pendant expansion 35(26.5)
Duration of HAF [months]* 126 +4.3

Number of external fistula orifices

0 21(15.9)

1 78 (59.1)

2 33 (25.0)
Number of fistula tracts

1 94 (71.2)

2 38(28.8)
Shape of fistula, n (%)

Homotopic line 18 (13.6)

Full horseshoe 43 (32.6)

Semi-horseshoe 71(53.8)

Position of internal orifice, n (%)

1 and 6 o'clock 9(6.8)
6 oclock 111 (84.1)
7 o’clock 12 (9.1)

*mean = standard deviation (SD); HAF — high anal fistula; BMI - body mass

index.
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Table 2. Continuous variables normality test results using Seconda ry outcome
the Kolmogorov-Smirnov test
Variables | D value | df | p-value The WCGS assessment revealed that 90 patients (68.2%)
Age 0.572 131 0.568 exhibited no fecal incontinence during follow-up, corre-
BMI 0328 131 0743 sponding to a WCGS score of 0. The remaining 42 patients
Duration of HAF 0614 131 0.540 reported a WCGS score of 1. The median total WCGS
Anal resting pressure 0493 31 0623 score was 0 (Fange: 0-12). The medlar'1 total WCGS score
‘ ‘ was 0 for patient groups without previous surgery (range:
Maximum systolic pressure 0.507 131 0613 . . . .
_ 0-3) and 29 patients with failed surgeries before (range:
Rectal anal pressure difference 0825 131 0411 0-12). A total of 27 patients reported “occasional” liquid
High pressure zone 0716 131 0475 stool incontinence. Additionally, 5 patients experienced
HAF — high anal fistula; BMI — body mass index; df - degrees of freedom. “occasional” flatus incontinence, and 9 patients reported

Table 3. Postoperative Wexner Continence Grading Scale scores of 132 patients with HAF

Variables Occasionally Sometimes Usually
Solid, n (%) 0 9(6.8) 0 0 0
Liquid, n (%) 0 27 (20.5) 0 0 0
Flatus, n (%) 0 5(3.8) 0 0 0
Wears pad, n (%) 0 0 0 0 0
Lifestyle alteration, n (%) 0 1(0.8) 0 0 0
HAF — high anal fistula.

The median duration of HAF was 12 months (inter- “occasional” solid stool incontinence. Furthermore, 1 pa-
quartile range (IQR): 2—-36 months). The most common tient reported changes in their lifestyle. No patients ex-
presenting symptoms were perianal pain (n = 116, 87.9%), hibited anal itching (Table 4). At the 1-month postopera-
perianal mass (n = 97, 73.5%), anal secretion (n = 83, 62.9%), tive follow-up, 127 patients (96.2%) reported a VAS pain
anal pendent expansion (n = 35, 26.5%), and fever (n = 21, score of 0, while 5 patients (3.8%) reported a score of 1.
15.9%). The majority of patients had a single fistula tract, Notably, 3 of these patients no longer report any pain
characterized by 1 external orifice. The internal orifice at the 3-month follow-up, suggesting that LCCS is asso-
was located at the 6 o’clock position in 111 (84.1%) patients ciated with a long-term low risk of postoperative perianal
and at 7 o’clock position in 12 (9.1%) patients, while an ad- pain. All patients achieved a final score of 100 in each
ditional 9 patients (6.8%) exhibited internal orifices at both SF-36 domain, indicating that the adverse effects of HAF
1 and 6 o'clock, respectively. A semi-horseshoe shape fis- on patients’ general health, physical activities, physical
tula was identified in 71 patients (53.8%), a full horseshoe health, emotional health, social activities, and pain were
in 43 patients (32.6%) and homotopic line in 18 patients nearly eliminated during the long-term follow-up after
(13.6%). The preoperative laboratory findings of the pa- LCCS surgery.
tients are presented in Table 3. All patients exhibited nor- Anal inspection revealed scar-related clots formation
mal liver function and renal function, with no significant in 6 patients (4.5%), while no malformations were observed
abnormalities noted. in any of the patients. Digital rectal examination confirmed

the absence of palpable masses, induration or tenderness
Primary outcome in all patients. Endoanal ultrasonography was performed

The mean follow-up duration was 17.0 +3.8 months.
At the 12-month postoperative follow-up, 130 of 132 pa- Table 4. Results of anorectal manometry in 132 patients at the end
tients achieved fistula healing, yielding an overall healing of 12-month follow-up
rate of 98.5%. Among the 103 patients undergoing HAF
treatment for the first time, the 12-month healing rate
was 100%. Of 29 patients with prior treatment failures
from external center, 27 achieved healing at 12-month

Variables

Anal resting pressure [mm Hg], mean £5D 772 +5.7

Maximum systolic pressure [mm Hg], mean +SD 1405 +11.4

follow-up, resulting in healing rate of 93.1%. Recurrence Reaa'igg' pressure difference [mm Hg], 638136
. . mean
was observed in 2 patients at 10 and 11 months post-
High pressure zone [cm], mean +SD 41+03

surgery, corresponding to an overall recurrence rate
of 1.5%. SD - standard deviation.
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Fig. 2. A patient with high
anal fistula (HAF) operated

for the first time. Man;

27 years old; 2-day disease
duration; an external

opening at 3 o'clock position
in the truncal position;
internal opening at points

6,3 and 9 o'clock positions

in the truncal position;

most of the rectal anal ring

in a rigid state. On the left,
multiple incisions were made
to thoroughly explore the anal
fistula cavity and place
drainage lines. On the right,
the incision healed after

1 month, and the patient
exhibited normal anal function
without pain or exudation

Fig. 3. A patient with high anal fistula (HAF) was cured after treatment failed in an outside hospital. Man; 38 years old; disease course of 2 years; external
mouth at 8 o'clock lithotomy position; internal mouth at 6 and 9 o'clock lithotomy position; most of the rectal anal ring in a rigid state. On the left, there

is still a ruptured purulent discharge at 8 o'clock position. In the middle image, multiple incisions were used to thoroughly probe the anal fistula (AF) cavity
and place drainage lines. On the right, the incisions healed after 1 month, and the patient’s anal function was normal, without pain or exudation

in 132 patients postoperatively. The results indicated that
all patients exhibited normal endoanal hypoechogenicity,
with no evidence of gas or liquid shadow detected. Endo-
scopic ultrasonography identified a soft scar in 96 patients,
accounting for 72.7% of the total cases.

Table 3 presents the results of postoperative anorectal
manometry in 66 patients. The mean anal resting pressure,
maximum systolic pressure and rectoanal pressure differ-
ence were 77.2 mm Hg, 140.5 mm Hg and 63.8 mm Hg, re-
spectively. The mean high-pressure zone length was 4.1 cm.
A recto-anal inhibitory reflex was observed in 57 patients
(43.2%). Representative cases are illustrated in Fig. 2,3.

Safety

Throughout the postoperative hospitalization and fol-
low-up period, no patients experienced fever, local swelling
or pus in the surgical area. Additionally, there were no
recorded cases of postoperative hemorrhage or subcutane-
ous hematoma.

Discussion

High anal fistula represents a complex subtype of AF
characterized by intricate branching patterns, posing sig-
nificant challenges in diagnosis and treatment. These com-
plexities often lead to relapse or delayed healing following
surgical intervention, resulting in substantial physical and
psychological burdens that markedly impair patients’ qual-
ity of life. As a national specialized center, our department
has devoted the past decade to the clinical management
and research of AF, particularly HAF. This work integrates
the traditional principles of “deficiency and excess” with
thread hanging technique. In this prospective cohort study,
we observed a 3-month healing rate of 99.2% following
treatment of HAF using a combination of deficiency and
excess suturing, with the 12-month healing rate reach-
ing 98.5%. Notably, primary intervention using this ap-
proach yielded 100% healing. Furthermore, over 2/3 of pa-
tients reported no postoperative fecal incontinence, while
the remaining patients exhibited only minimal symptoms
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(WCGS score of 1). Additionally, 96.2% of patients expe-
rienced complete resolution of anal or perianal pain after
surgery with the combined deficiency and excess thread-
hanging method.

Our clinical observations suggest that the anatomical
morphology of HAF is not solely characterized by inter-
woven tubular infectious foci, as traditionally described,
but rather by multiple lacuna-like infectious foci. Tradi-
tional tubular excision techniques carry the risk of leav-
ing fissured extensions within these anatomical recesses,
which may lead to incomplete resection and subsequent
recurrence. Moreover, excessive excision of necrotic tissue
may enlarge the size and depth of the AF cavity. The ab-
sence of oxygen in this space is attributed to the compres-
sion exerted by adjacent tissues, particularly the muscles,
leading to a closed and hypoxic condition. This oxygen-
deficient space fosters persistent or recurrent infection.
This concept forms the basis of what we term the “la-
cuna theory” of HAF. Accordingly, we are actively refin-
ing our surgical protocol by incorporating virtual reality
(VR)-assisted visualization into the thread-hanging tech-
nique. This approach underscores the meticulous excision
of AF during the operation to thoroughly reveal the focus
of the AF. It emphasizes meticulous excision of super-
ficial necrotic tissue, coupled with manual exploration
to delineate the pus cavity, thereby enhancing drainage.
Solid thread suspension is employed for precise tissue
incision, while virtual thread suspension facilitates effec-
tive drainage. Compared to conventional techniques, our
treatment approach may involve a larger perianal incision;
however, this allows for a more comprehensive exposure
of the AF cavity.

The integration of VR and thread hanging facilitates ef-
fective drainage while minimizing harm to the anorectal
ring, thus achieving radical fistula eradication and pre-
serving anal sphincter function. Our findings indicate
that the integration of deficiency and excess with thread-
hanging therapy yields a significant healing rate. Patients
who have not responded to previous treatments achieved
a remarkable 12-month healing rate of 98.5%. During
the 12-month postoperative follow-up, the majority of pa-
tients did not report any further incidents of fecal inconti-
nence. In contrast, approx. 1/3 of the patients experienced
occasional mild fecal incontinence, primarily attributed
to unrelated intestinal inflammation. These outcomes sug-
gest that our approach effectively preserves anal sphincter
function. Additionally, the absence of pain in and around
the anus indicates that this method may result in reduced
local tissue damage, offering a more comprehensive and
less invasive treatment option. The resolution of anal fis-
tula, restoration of anal function and reduction of pain
collectively contributed to an improved quality of life for
patients.

Current international HAF management strategies in-
clude LIFT, fibrin glue sealant, AF plug, video-assisted AF
treatment (VAAFT), photodynamic therapy (PDT), and
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fistula-tract laser closure (FiLaC™?). Nonetheless, the heal-
ing rate associated with these treatments remains subop-
timal. The LIFT procedure, first described by Rojanasakul
et al., has been extensively evaluated.?’ A meta-analysis
by Emile et al., encompassing 26 studies and 1,378 patients,
reported a pooled success rate of 76% and a complication
rate of 14%. Furthermore, this procedure is not appropri-
ate for individuals with high-level trans-sphincter fistulas,
anal fissures located above the sphincter, or cases with
prior surgical scarring that complicates intersphincteric
separation.’” Lindsey et al. demonstrated that the healing
rates for simple and complex AFs treated with fibrin glue
were 50% and 69%, respectively.?!

The findings from Adamina et al. indicated that AF
suppositories may provide superior protection for anal
function in complex AF; however, the cure rate remains
approx. 50%.%2 Garg et al. conducted a systematic evalu-
ation and meta-analysis involving 786 patients to assess
the efficacy of VAAFT in treating AF. The findings in-
dicated an overall success rate of 76.01% and a compli-
cation rate of 16.2%, with no reported cases of anal in-
continence.?® Arroyo et al. conducted a study involving
PDT on 49 patients with complex AF, achieving an overall
healing rate of 65.3%. One patient experienced phototox-
icity, while 2 patients developed fever within 48 h post-
surgery.?* FiLaC, as studied by Marref et al. in 69 patients
with a median follow-up of 6.3 months, achieved a healing
rate of 45.6%, with no new cases of anal incontinence and
stable outcomes in patients with pre-existing inconti-
nence. Notably, a 60% healing rate was observed in high
sphincter AF cases.?® These findings highlight that, while
alternative treatments offer benefits, their success rates
remain suboptimal, and certain modalities carry a notable
risk of complications.

In contrast to the aforementioned treatment meth-
ods, our approach integrating VR with thread hanging
relies exclusively on conventional surgical instruments,
eliminating the need for specialized equipment. This
streamlined methodology significantly reduces opera-
tive duration, thereby lowering procedural costs and po-
tentially decreasing anesthetic-related risks for patients.
Furthermore, our strategy ensures comprehensive lesion
exposure, facilitates effective drainage and necessitates
prophylaxis with oral antibiotics for just 3—5 days during
the perioperative period. By minimizing excessive debride-
ment, this approach mitigates unnecessary tissue trauma.
Our findings demonstrated no instances of postoperative
systemic infections, with only 1 patient experiencing de-
layed incision healing within 1 month post-surgery, likely
due to postoperative constipation, but without associated
fever. Consequently, the approach we implemented offers
significant security and ease of use. In clinical practice,
it has been observed that certain patients may be able
to forgo antibiotics following comprehensive debridement.
This approach can minimize the likelihood of adverse
reactions associated with antibiotic treatment, as well
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as decrease the chances of bacterial resistance. Beyond
the LCCS technique, emerging therapies such as platelet-
rich plasma (PRP) warrant consideration, as prior studies
have demonstrated its efficacy in various conditions, in-
cluding HAF.26?7 Future research should explore the in-
tegration of such adjunctive therapies to further optimize
outcomes for HAF.

Limitations

Our investigation acknowledged certain limitations.
Initially, it is important to note that this was a prospec-
tive cohort study rather than a randomized controlled
trial (RCT). The primary rationale for employing this study
design stems from our earlier clinical observations indi-
cating a cure rate exceeding 95% for HAF treated with
LCCS and thread-hanging therapy. In the context of a RCT,
it is possible that certain patients within the control group
could face preventable nonunion or recurrence. Second,
this investigation was conducted at a single center, and
our treatment methodologies and operational practices
may vary from those of other medical institutions, po-
tentially impacting the generalizability of our findings.
Third, the inclusion of patients with prior unsuccessful
treatments from other facilities may introduce heteroge-
neity in our cohort. Additionally, as a specialized center,
our department manages a disproportionately high vol-
ume of HAF cases, which may contribute to selection bias.
Fourth, the follow-up period was limited to 12 months, ne-
cessitating further investigation to ascertain the long-term
efficacy of deficiency and excess combined with thread-
hanging. Finally, this study did not include HAF resulting
from tumors, IBD, intestinal tuberculosis, or other causes,
which may restrict the applicability of our findings to these
subgroups. Nonetheless, the effectiveness and safety of ad-
dressing deficiency and excess in conjunction with thread
hanging for these patients require clarification through
additional investigation.

Conclusions

The evidence from this study indicates that loose com-
bined cutting seton surgery for HAFs significantly en-
hances postoperative wound healing, reduces healing time,
alleviates pain, and lowers the rate of postoperative compli-
cations. These findings support its adoption as a valuable
and effective approach in clinical practice, with potential
for broader implementation.
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Abstract

Background. Septic shock in pediatric intensive care units (PICUs) requires accurate prognostic tools.
The Sequential Organ Failure Assessment (SOFA) and the Phoenix Sepsis Score (PSS) are both widely used,
yet their comparative effectiveness has not been fully established.

Objectives. To evaluate the prognostic sensitivity of the SOFA and PSS scores in predicting mortality among
pediatric patients with septic shock, and to compare their performance across different patient subgroups.

Materials and methods. This retrospective study included 110 pediatric patients with septic shock
admitted to the PICU of Shanxi Children’s Hospital between 2020 and 2024. SOFA and PSS scores were
recorded at admission, along with demographic, clinical, and outcome data. Patients with congenital organ
abnormalities or severe inherited metabolic disorders were excluded. Predictive accuracy was assessed using
correlation analyses and receiver operating characteristic (ROC) curve analysis.

Results. Both SOFA and PSS scores showed moderate correlations with mortality (SOFA: r = 0.57; PSS:
r=0.56), with SOFA demonstrating slightly higher overall predictive accuracy. PSS exhibited greater sensitivity
in severe cases. Neurological and respiratory dysfunctions were the strongest predictors of mortality, whereas
coaqulation parameters had minimal prognostic value. Age-specific analysis revealed that SOFA was more
accurate in patients aged 1-3 years and >7 years, while PSS outperformed SOFA n children aged 3—6 years.

Conclusions. Both SOFA and PSS scores are effective tools for predicting mortality in pediatric septic shock.
SOFA demonstrated superior overall performance, whereas PSS showed advantages in specific age ranges
and disease categories. Using the two scoring systems in combination may support more informed clinical
decision-making.

Key words: SOFA score, pediatric septic shock, PSS score, prognostic evaluation, scoring system comparison
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Highlights

a slightly stronger overall correlation.
diatric patients.

nostic importance.

gastrointestinal disease contexts.

in pediatric septic shock.

» SOFA and Phoenix Sepsis Score (PSS) predict pediatric septic shock mortality effectively, with SOFA showing
« PSS offers higher sensitivity in infants and younger children, while SOFA provides greater accuracy in older pe-
+ Neurological and respiratory dysfunction drive mortality risk in both scoring systems, underscoring their prog-
+ SOFA outperforms PSS in respiratory and postoperative cases, whereas PSS is more accurate in neurological and

» Combining SOFA and PSS may optimize clinical decision-making, improving risk stratification and management

Background

Septic shock is one of the most critical and life-threatening
conditions commonly encountered in pediatric intensive care
units (PICUs), with a high incidence and mortality rate.!
Accurate assessment of disease severity and prediction of mor-
tality risk are essential for formulating appropriate treatment
strategies and improving patient outcomes. However, predict-
ing outcomes in pediatric septic shock remains a major clinical
challenge due to heterogeneous presentations, rapidly evolving
physiology, and varied responses to treatment.

Currently, various scoring systems are used in clinical prac-
tice to evaluate the severity of septic shock.3>~> Among them,
the Sequential Organ Failure Assessment (SOFA) score and
the Phoenix Sepsis Score (PSS) are key tools for diagnosing pe-
diatric sepsis.®” The SOFA score quantifies organ dysfunction
by evaluating multiple organ systems, including respiratory,
circulatory, hepatic, coagulation, neurological, and renal func-
tions, making it a general-purpose tool originally developed
for adults.® In contrast, the PSS score is specifically designed
for pediatric patients, focusing on indicators relevant to pe-
diatric physiology to predict mortality risk.” It is a recently
developed, pediatric-specific scoring system that incorporates
age-adjusted physiological and clinical parameters tailored
to pediatric patients’ unique pathophysiology.’

Despite their widespread use, few studies have directly
compared SOFA and PSS in pediatric septic shock, especially
in terms of predictive accuracy across different age groups and
disease categories.!” Existing literature either focuses on adult
populations or evaluates these tools independently, without
highlighting how their structures and clinical applications
differ. While SOFA provides a broad overview of organ fail-
ure, PSS integrates pediatric-specific variables, potentially
offering better sensitivity in younger age groups.! This gap
in comparative evidence limits clinicians’ ability to choose
the most effective prognostic tool in pediatric settings.

With the implementation of the 2024 International
Consensus Criteria for Pediatric Sepsis and Septic Shock,
the PSS has superseded the prior diagnostic criteria based
on systemic inflammatory response syndrome (SIRS).”

This new scoring system was created by a group of 35 pe-
diatric experts from 6 continents, using data from inter-
national surveys, systematic reviews, meta-analyses, and
a comprehensive dataset of over 3 million electronic health
records from 10 sites on 4 continents.! Since the PSS has
only recently been adopted, its comparative utility relative
to established scoring systems such as SOFA remains in-
sufficiently studied, especially in real-world PICU settings.
This study examines previously collected data from pedi-
atric patients with septic shock who were treated in the PICU
at Shanxi Children’s Hospital, China between January 1,
2020, and December 31, 2024. It attempts to assess how
well the SOFA and PSS scores predict the risk of mortality
and which score is better at identifying individuals at higher
risk. The study also looks at how different aspects of each
grading system influence patient outcomes and analyzes
their accuracy across disease categories. To our knowledge,
this is one of the first studies to directly compare SOFA
and the newly implemented PSS in a pediatric septic shock
cohort, filling a critical evidence gap and providing practi-
cal insights to enhance risk stratification in clinical care.

Objectives

This study compared the ability of SOFA and PSS scores
to predict death in pediatric septic shock and discovered
which is more sensitive in identifying high-risk individu-
als. It also investigated how individual components of each
score contribute to death prediction and compared their
effectiveness across disease categories.

Materials and methods
Study population
This study comprised pediatric patients diagnosed with

septic shock who were admitted to Shanxi Children’s Hospi-
tal’s Pediatric Intensive Care Unit between January 1, 2020,
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and December 31, 2024. Patient selection was conducted ret-
rospectively by reviewing electronic medical records.

Inclusion criteria were as follows: 1) patients meeting
internationally recognized diagnostic criteria for pediatric
septic shock;'? 2) patients who underwent SOFA and PSS
scoring immediately upon PICU admission, with all rel-
evant subcomponent data recorded; and 3) patients with
complete clinical records, including all required physi-
ological and laboratory parameters to calculate both SOFA
and PSS scores, as well as outcome data.

Exclusion criteria were as follows: 1) Patients with severe
congenital organ malformations or uncontrolled severe
inherited metabolic disorders; 2) Patients who had under-
gone major surgery or prolonged intensive care treatment
prior to admission; 3) Patients with missing, incomplete,
or inconsistent medical records that would prevent ac-
curate SOFA or PSS scoring.

Patients with partially missing data were excluded only
if the missing elements affected score computation. Other-
wise, such cases were retained, and missing values were man-
aged via cross-validation with laboratory and clinical notes.

This study was approved by the Institutional Re-
view Board of Shanxi Bethune Hospital (approval No.
IRB-WZ-2025-009).

Data collection

The following data were collected for each patient: gen-
eral demographic information (age, sex, and disease cat-
egory), disease-related information (diagnosis), and SOFA
and PSS scores upon admission. The SOFA score included
subcomponents for respiratory, coagulation, hepatic, cir-
culatory, neurological, and renal function, whereas the PSS
score included respiratory, circulatory (cardiovascular
and mean arterial pressure), coagulation, and neurologi-
cal function. Additionally, the final outcome (survival
or death) within 72 h of PICU admission was recorded.

All SOFA and PSS scores were calculated retrospectively
by 2 trained pediatric intensive care physicians working in-
dependently. To assess inter-observer variability, a random
subset of 20 patient records was scored by both physicians.
The inter-rater reliability was evaluated using the intraclass
correlation coefficient (ICC), and discrepancies were resolved
by consensus.

Scoring methods

The SOFA scoring system assesses 6 organ systems: re-
spiratory, coagulation, hepatic, circulatory, neurological,
and renal function. Each system is scored based on specific
physiological indicators and laboratory test results, with
a total score ranging from 0 to 24. Higher scores indicate
greater severity of organ dysfunction.

The PSS scoring system is based on the 2024 Interna-
tional Consensus Criteria for Pediatric Sepsis and Septic
Shock. It evaluates respiratory, circulatory, coagulation,
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and neurological functions to estimate the risk of death
in pediatric patients.

Statistical analyses
Sample size justification

A total of 110 patients were included, based on the avail-
ability of complete and valid clinical data collected between
2020 and 2024. This sample size was considered adequate
for exploratory analysis and subgroup comparisons, given
the rarity and high-risk nature of pediatric septic shock.

Comparison of SOFA and PSS scores in predicting
72-hour mortality

Python software (https://www.python.org/) was used
to analyze how well SOFA and PSS scores predict mortal-
ity. The point-biserial correlation coefficient was applied
because the outcome variable (survival vs death) was bi-
nary. The predictive performance of both scoring systems
was compared by examining the absolute values of their
correlation coefficients, where higher values indicated
stronger predictive accuracy.

We used Python to calculate Pearson’s correlation coef-
ficients to assess how each SOFA subcomponent relates
to mortality. A coefficient with an absolute value closer
to 1 signified a stronger association with patient outcomes.
The significance of the correlation was evaluated using
the p-value, with p < 0.05 considered statistically signifi-
cant. Pearson’s correlation coefficients and p-values were
calculated for each PSS subcomponent to assess their as-
sociation with mortality outcomes.

Patients were categorized into 4 age groups: <1 year,
1-3 years (including 3 years), 3—7 years (including 7 years),
and >7 years. The distribution of patients in each group
is shown in Supplementary Table 1. Python was used
to calculate the impact of SOFA and PSS scores on mor-
tality outcomes within each age group.

Using Python, we analyzed total SOFA and PSS scores
by disease category, excluding the miscellaneous and Ka-
wasaki disease groups, to evaluate their predictive per-
formance for mortality. Sensitivity was calculated, and
hypothesis testing was conducted to determine whether
there was a significant difference between the 2 scoring
systems in mortality prediction.

Receiver operating characteristic curves were gener-
ated using Python to determine the optimal thresholds for
the 2 scoring systems (Fig. 1). Exceeding these thresholds
is linked to a substantially higher risk of mortality.

Results

The prognostic accuracy of the SOFA and PSS scores
in predicting mortality among pediatric patients with


https://www.python.org

222 C. Du, X. Li. SOFA vs PSS scores in pediatric septic shock
ROC curve
1.0 e -
-
”’
-
-
I”f
J’.’
0.8 1 ’f’
-
-
-
-
-
d"”
d"’
§ 0.6- L
L df
)
o -
g -~
'= 04 A 'd’,
-
-
-
-
-
-
-
-
-
-'”
0.2 4 Joad
f”
-
-
_'4” ~ ROC curve of SOFA total score (AUC = 0.83)
’,” ~ ROC curve of PSS total score (AUC = 0.83)
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rates

Fig. 1. Receiver operating characteristic (ROC) curve

septic shock in the PICU was assessed. We used correla-
tion analysis, true positive rate (TPR) calculations, and
subgroup analyses to evaluate their performance.

Overall correlation with mortality

As shown in Table 1, the SOFA score had a correlation co-
efficient of 0.57 with mortality, which falls into the category
of a moderate positive correlation (defined as 0.4 < r < 0.7).
This suggests that higher SOFA scores were linked
to an increased risk of death. The correlation was statisti-
cally significant, with a p-value of 7.04 x 10711, well below
the standard 0.05 threshold. Similarly, the PSS score showed
a moderate positive correlation with mortality (r = 0.56,
p = 2.26 x 10719), also confirming a significant association.
A direct comparison of these values revealed that the SOFA
score had a slightly stronger correlation with mortality than
the PSS score, though the difference was minimal in pre-
dicting outcomes within 72 h of PICU admission.

Table 1. Comparison of predictive performance between SOFA and PSS
scores

Correlation coefficient

Scoring system

SOFA score 0.571

7.040 X 107"

PSS score 0.559 2.260%x 10710

p < 0.05 is considered statistically significant; SOFA - Sequential Organ
Failure Assessment; PSS — Phoenix Sepsis Score.

True positive rate performance

Table 2 provides further insights into the predictive
performance of both scoring systems. The TPR analy-
sis showed that higher SOFA scores were associated with
an increased likelihood of correctly identifying non-
survivors. This trend suggests that higher SOFA scores
were associated with more accurate mortality predictions.
In particular, in the highest score range (13.667, 15.333),
the TPR reached 0.875, suggesting strong predictive ac-
curacy. The PSS score exhibited a similar trend in Table 3,
with higher score intervals corresponding to increased
TPR. Notably, the highest TPR for the PSS score was 0.923

Table 2. True positive rate of SOFA score

SOFA score interval |
(2.0,3.667)
3.667,5.333)
5.333,7.0)
7.0, 8.667)
8.667,10.333)
10.333,12.0)
12.0,13.667)
13667, 15.333)

(
(
(
(
(
(
(
(15.333,17.0)

True positive rate
0.000
0.143
0.125
0.200
0.652
0.793
0.667
0.875
0.800

SOFA - Sequential Organ Failure Assessment.
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Table 3. True positive rate of PSS score

PSS score interval | True positive rate

(0.0, 1.111) -

(1.111,2.222) 0.000
(2.222,3.333) 0.063
(3.333,4.444) 0.333
(4.444, 5.556) 0.500
(5.556, 6.667) 0.667
(6.667,7.778) 0.688
(7.778,8.889) 0923
(8.889,10.0) 0.923

PSS — Phoenix Sepsis Score.

in the (7.778, 8.889) and (8.889, 10.0) range, surpassing
the TPR of the SOFA score in most intervals. This indicates
that while both scoring systems were effective in identify-
ing high-risk patients, the PSS score demonstrated slightly
higher sensitivity in predicting mortality, particularly
in the highest score ranges.

Subcomponent analysis

In Table 4, subcomponent analysis revealed that among
the SOFA score components, the nervous system and
respiratory sub-scores had the highest correlation with
mortality, with correlation coefficients of 0.447 and 0.447,
respectively. These findings indicate that neurological
and respiratory dysfunctions were the most critical fac-
tors influencing patient outcomes in septic shock cases.
The circulatory sub-score had a weaker but still significant
correlation with mortality (0.317, p < 0.05), while the renal
sub-score (0.203, p = 0.033) showed a marginally signifi-
cant relationship. The hepatic and coagulation sub-scores,
however, had lower correlation coefficients and p-values
above 0.05, suggesting that their impact on mortality was
not statistically significant.

For the PSS score subcomponents in Table 5, the respi-
ratory sub-score demonstrated the strongest association
with mortality, with a correlation coefficient of 0.460and
a highly significant p-value (4.359 x 1077). The nervous

Table 4. Pearson'’s correlation coefficients and p-values for SOFA
subcomponents

SOFA subcomponent ‘ ig;:‘i:iit;?\?
SOFA Score_Nervous System 0.447 9543 x 1077
SOFA Score_Respiratory 0447 9.682 x 1077
SOFA Score_Circulatory 0317 7.261 x 10
SOFA Score_Renal 0.203 3333x1077
SOFA Score_Hepatic 0.156 1.032 x 107"
SOFA Score_Coagulation 0.077 4250% 107!

p < 0.05 is considered statistically significant; SOFA - Sequential Organ
Failure Assessment.
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Table 5. Pearson correlation coefficients and p-values for PSS
subcomponents

PSS subcomponent gggf?‘:g:::; p-value
PSS Score_Respiratory 0.460 4359 x 1077
PSS Score_Nervous System 0.407 1.009 X 107
PSS Score_Circulatory_Cardiovascular 0.391 2390 x 10
PSS Score_Circulatory_MAP 0.320 6.382x 10
PSS Score_Coagulation 0.029 7652 % 107!

p < 0.05 is considered statistically significant; MAP — mean arterial
pressure.

system and cardiovascular sub-scores also had signifi-
cant positive correlations with mortality (0.407229 and
0.391132, respectively, p < 0.05), reinforcing the impor-
tance of these physiological systems in predicting patient
outcomes. The circulatory mean arterial pressure (MAP)
sub-score (0.321, p < 0.05) exhibited a weaker but still sig-
nificant relationship with mortality. In contrast, the co-
agulation sub-score showed no significant correlation with
mortality, with a coefficient of only 0.029 and a p-value
of 0.765, indicating its minimal contribution to prognosis.

Age-stratified performance

Age-stratified analysis of predictive sensitivity in Table 6
revealed that the performance of the SOFA and PSS scores
varied across different pediatric age groups. In patients
aged 1-3 years, the SOFA score demonstrated higher sensi-
tivity (0.688) compared to the PSS score (0.625), indicating
better predictive ability for mortality in this subgroup.
Conversely, in patients younger than 1 year, the PSS score
exhibited greater sensitivity (0.733) than the SOFA score
(0.600), suggesting that the PSS score was more effective
in predicting mortality for this age group. In pediatric pa-
tients aged 3-7 years, the PSS score had higher sensitiv-
ity (0.750) compared to the SOFA score (0.625). However,
in pediatric patients older than 7 years, the SOFA score
(0.750) outperformed the PSS score (0.667). This demon-
strates that the accuracy of both scoring systems varies
by age, with SOFA being more accurate in older pediatric
patients and PSS doing better in younger ones.

A 2 test was used to determine the relationship between
SOFA and PSS scores and mortality in various age groups.

Table 6. Comparison of sensitivity of SOFA and PSS scores across different
age groups

Age group SOFA score sensitivity PSS score sensitivity
1-3 years 0.688 0.625
<1year 0.600 0.733
3-7 years 0.625 0.750
>7 years 0.750 0.667

SOFA - Sequential Organ Failure Assessment; PSS — Phoenix Sepsis Score.
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Table 7. The x? test results of SOFA and PSS scores across different age
groups

SOFA score | SOFA score | PSSscorey? | PSS score
Age group 5
x* value p-value value p-value
1-3 years 3.646 0.056 6.317 0.012
<1year 4633 0.031 5.873 0.015
3-7 years 5.649 0.018 11.968 0.001
>7 years 5462 0.019 3723 0.054

p < 0.05 is considered statistically significant; SOFA — Sequential Organ
Failure Assessment; PSS — Phoenix Sepsis Score.

The analysis compared the median values of both scores,
which are displayed in Table 7. A p < 0.05 was judged
statistically significant. The findings demonstrated that
the accuracy of these scores varies with age. As a result,
when applying these scores in clinical practice, age must
be taken into account.

Overall, both SOFA and PSS scores were strongly re-
lated to death in pediatric septic shock patients, with SOFA
performing marginally better in prediction. However, PSS
was more sensitive in patients at higher risk, particularly
in younger pediatric patients. According to subcomponent
analysis, neurological and respiratory dysfunctions have
the greatest impact on patient outcomes. Age-stratified
analysis underlined the significance of tailoring the usage
of these scores to the patient’s age.

The usefulness of SOFA and PSS in predicting death dif-
fered by age group. The SOFA score in pediatric patients
aged 1-3 years had a p-value of 0.056, which was somewhat
higher than the 0.05 significance level. This indicated that
its predictive value in this population was not statistically
significant. On the other hand, the PSS score had a p-value
of 0.012, showing a significant association with mortal-
ity. In infants under 1 year old, both SOFA (p = 0.031)
and PSS (p = 0.015) scores revealed clear relationships
with mortality risk. Similarly, in the 3-7 year age group,
both scores were substantially linked with mortality, with
the PSS score (p = 0.001) having a larger connection than
the SOFA score (p = 0.018). Among pediatric patients
older than 7 years, the SOFA score (p = 0.019) remained
a significant predictor of mortality, whereas the PSS score
(p = 0.054) was just above the statistical threshold, sug-
gesting a weaker association. These findings highlight that
the predictive performance of the SOFA and PSS scores
varies by age, with PSS being more effective in younger pe-
diatric patients and SOFA demonstrating better accuracy
in older age groups.

Disease-specific sensitivity analysis

The study cohort included patients diagnosed with re-
spiratory diseases, digestive system diseases, postopera-
tive gastrointestinal conditions, neurological disorders,
and hematologic diseases. Sensitivity analysis (Table 8)
evaluated how well the SOFA and PSS scores predicted
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Table 8. Comparison of SOFA and PSS scores across different diseases

. SOFA score PSS score
Disease category o o

sensitivity sensitivity
Respiratory diseases 0.818 0.636
Digestive system diseases 0.667 0.778
Postoperative " 0.889 0.778

gastrointestinal conditions

Neurological disorders 0333 0.600
Hematologic diseases 0444 0444

SOFA - Sequential Organ Failure Assessment; PSS — Phoenix Sepsis Score.

Table 9. Statistical significance of differences in mortality prediction
(McNemar's test)

McNemar's test .
Conclusion

Disease category

p-value
Postoperative gastrointestinal 0375 no significant
conditions ' difference
) : no significant
Respiratory diseases 1.0 difference
I ) no significant
Digestive system diseases 1.0 e —
Neurological disorders 0219 no ggnlﬂcant
difference
Hematologic diseases 1.0 no §|gn|f|cant
difference

p < 0.05 is considered statistically significant.

mortality across these conditions. The SOFA score showed
higher sensitivity (0.818) in respiratory diseases compared
to the PSS score (0.636), indicating a stronger predictive
ability in this category. However, in digestive system dis-
eases, the PSS score (0.778) outperformed SOFA (0.667),
suggesting better mortality prediction for these patients.
For postoperative gastrointestinal conditions, SOFA
(0.889) again had higher sensitivity than PSS (0.778), in-
dicating its superior ability to assess mortality risk af-
ter surgery. Among patients with neurological disorders,
the PSS score (0.600) was more effective than the SOFA
score (0.333), suggesting stronger predictive power in this
group. In hematologic diseases, both scores showed equal
sensitivity (0.444), meaning their predictive accuracy was
comparable. The McNemar’s test (Table 9) found no statis-
tically significant differences (p > 0.05) between the 2 scor-
ing systems across these disease categories, indicating that
while they differ in sensitivity for specific conditions, both
provide valuable clinical insights without major disparities
in overall predictive accuracy.

Threshold and ROC curve analysis

Threshold analysis (Fig. 1) identified critical score cutoffs
for assessing mortality risk. A SOFA score above 10 was
associated with a significantly increased risk of mortal-
ity, while a PSS score exceeding 6 also indicated a sub-
stantially elevated risk. These criteria are useful clinical
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ROC curve of SOFA and PSS scores in different disease categories

True Positive Rates

= Postoperative Gastrointestinal Conditions - SOFA score (AUC = 0.89)
== == = Postoperative Gastrointestinal Conditions - PSS score (AUC = 0.86)
s Respiratory Diseases - SOFA score (AUC = 0.82)

== == = Respiratory Diseases - PSS score (AUC = 0.72)

e Digestive System Diseases - SOFA score (AUC = 0.72)

== == = Digestive System Diseases - PSS score (AUC = 0.94)

s Neurological Disorders - SOFA score (AUC = 0.94)

== == = Neurological Disorders - P55 score (AUC = 0.85)

s Hematologic Diseases - SOFA score (AUC = 0.49)

== == = Hematologic Diseases - PSS score (AUC = 0.56)

0.4

0.6 0.8 1.0

False Positive Rates

Fig. 2. Receiver operating characteristic (ROC) curve of Sequential Organ Failure Assessment (SOFA) and Phoenix Sepsis (PSS) scores in different disease

categories

reference points for determining the severity of pediatric
septic shock. Using Youden’s index method, the study de-
termined ideal cutoff values (Table 10) to aid in the dif-
ferentiation of survivors and non-survivors across disease
groups. These findings provide clinicians with a crucial
tool for making early decisions and assessing risks in criti-
cally unwell pediatric patients.

We utilized receiver operating characteristic (ROC)
curve analysis to determine how effectively SOFA and PSS
scores predicted mortality across illness categories (Fig. 2).

Table 10. Mortality thresholds for SOFA and PSS scores in different disease
categories

SOFA score PSS score
Disease category mortality mortality
threshold threshold
Respiratory diseases 10 7
Digestive system diseases 10 6
Postoperative gastrointestinal 9 5
conditions
Neurological disorders 10 5
Hematologic diseases 9 9

SOFA - Sequential Organ Failure Assessment; PSS — Phoenix Sepsis Score.

In respiratory illnesses, the SOFA score had a greater AUC
value. This suggested that it was more accurate in mor-
tality prediction than the PSS score, which was still ef-
fective but significantly less precise. For digestive system
illnesses, the SOFA score exhibited a somewhat lower bal-
ance of true and false positive rates, although both scores
are still effective.

While the PSS score was equally useful but had a some-
what lower area under the curve (AUC) value, the SOFA
score showed high prognostic ability in postoperative gas-
trointestinal problems. Both scores were helpful in deter-
mining mortality risk in neurological illnesses, although
PSS outperformed SOFA. The PSS score had a margin-
ally higher AUC value for hematologic disorders. In this
category, the PSS score was therefore the more accurate
predictor.

Overall, the SOFA score tended to produce ROC curves
closer to the upper left corner, indicating better overall
performance for mortality prediction. However, the PSS
score consistently performed better than random chance
and remained a useful method for assessing risk. These
differences show the importance of opting for the most
suitable scoring system based on patient’s condition,
so as to improve risk assessment and clinical decisions.
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This study offers a detailed comparison of the SOFA
and PSS scores in mortality prediction among pediatric
septic shock patients. The results show that their accuracy
depends on age and type of disease. The SOFA score was
generally more effective for respiratory and postopera-
tive gastrointestinal conditions. The PSS score was more
effective for digestive system diseases and neurological
disorders. The identification of threshold values in this
study provides practical guidance for clinical risk as-
sessment. Both scoring systems are valuable for disease
severity evaluation, but their different strengths across
subgroups show the need for a customized approach to pa-
tient management.

Discussion

Pediatric septic shock continues to present high mor-
tality rates.!® The disease can progress rapidly, and clini-
cians often lack objective tools for timely assessment.1*1°
The SOFA score has been adapted for pediatric use and
is already applied in some clinical settings.’ The introduc-
tion of the PSS in 2024 has broadened perspectives and
has been practically applied, yet challenges persist in its
usage.l” Both scoring systems have their respective mer-
its, and their superiority remains inconclusive. This study
conducts a preliminary comparative analysis of the 2 scor-
ing systems based on collected data, aiming to identify
potential issues and provoke further reflection.

The findings confirm that higher SOFA and PSS scores
are associated with increased mortality risk, consistent
with known disease progression patterns. This reinforces
both systems as valuable tools for initial risk stratifica-
tion. However, mortality in low-scoring cases highlights
the rapid progression of septic shock, where patients can
deteriorate within a short period.!'® Lower-scoring cases
tend to receive less attention compared to higher-scoring
cases. Dynamic scoring at multiple time points, combined
with the integration of real-time biomarkers such as B-
type natriuretic peptide (BNP) and cardiac enzymes, may
enhance early detection and improve risk prediction.'*2!

The SOFA score has limitations when applied to children,
as physiological parameters vary significantly across dif-
ferent pediatric age groups compared to adults.?>?3 For ex-
ample, in the cardiovascular system assessment, the SOFA
score categorizes MAP at a threshold of 70 mm Hg,
which is not accurate for children. Before the introduc-
tion of the PSS score, modifications to the SOFA score
were attempted to accommodate pediatric physiological
characteristics,'®?* but these adaptations were not widely
adopted. In pediatric practice, vasoactive medication use
is often utilized for scoring pediatric septic shock pa-
tients.?>2¢ However, this method may overlook pediatric
patients with a tendency for hypotension who have not
yet received vasoactive medications, necessitating ex-
perienced clinicians to remain vigilant. The PSS builds
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on this approach by incorporating age-specific criteria.?!
Nevertheless, the MAP criteria in PSS remain stringent.
Among all cases collected in this study, only 19 patients
received a score >1 for MAP, with only 8 scoring 2, despite
59 mortality cases. In deceased patients, cardiovascular
system scoring was relatively more objective than MAP-
based scoring. While MAP scoring is significantly corre-
lated with mortality, its stringent thresholds result in fewer
qualifying patients, limiting its practical utility in cases
of rapid disease progression and underestimating severity.

The PSS score omits liver and renal function assess-
ments compared to the SOFA score, making it more con-
venient in clinical applications. Notably, PSS introduces
the SpO,/FiO, (S/F) ratio as a respiratory assessment
parameter, providing a reliable evaluation method for
hospitals without mechanical ventilation facilities.” This
study found that liver and renal function assessments had
a weaker predictive value for mortality, suggesting that PSS
offers a more efficient approach. The evaluation of liver
and kidney function often experiences delays, as it de-
pends on laboratory tests. Given the rapid disease progres-
sion in critically ill pediatric patients, any delays in scoring
could introduce biases in disease assessment. The PSS may
offer a more time-efficient scoring system in emergency
settings,?” while the SOFA score’s broader organ evalu-
ation may offer advantages in complex or multi-system
involvement.8

The age-dependent differences in mortality prediction
between the 2 scoring systems present an interesting find-
ing. In patients aged 1-3 years, the PSS score demonstrated
superior predictive accuracy, whereas the SOFA score per-
formed better in patients older than 7 years. Pediatric pa-
tients aged 1-3 years undergo rapid physiological changes
and development,? and the PSS score, which accounts
for pediatric physiology, may thus offer more accurate
predictions in this group. In contrast, pediatric patients
older than 7 years exhibit physiological parameters closer
to adult levels, diminishing the advantages of the PSS score
compared to SOFA. However, in pediatric patients younger
than 1 year and those aged 3—7 years, no significant differ-
ences were observed between the 2 scoring systems. This
could be attributed to the relatively small sample size, high-
lighting the need for further research with larger datasets.
It may also reflect developmental physiology, as older chil-
dren resemble adult profiles where SOFA parameters are
more applicable, whereas PSS’s pediatric-specific thresh-
olds provide greater sensitivity in younger age groups.? For
instance, infants under 1 year primarily undergo physical
and neurological development, while the respiratory and
cardiovascular systems remain relatively stable. Similarly,
pediatric patients aged 3—7 experience slower growth, with
minimal fluctuations in physiological parameters. Our
findings are consistent with earlier studies suggesting that
developmentally aligned tools enhance prediction accu-
racy in young patients.?” These factors may contribute
to the minimal differences observed between the 2 scoring
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systems in these age groups. Further interdisciplinary ex-
ploration with developmental experts is warranted to re-
fine these findings.

The performance of these 2 scoring systems varies
slightly across different disease categories. Due to the limi-
tations of the cases collected in this study, we primarily
compared diseases of the respiratory, digestive, nervous,
and hematologic systems. Our findings indicate that for
patients with respiratory diseases, digestive diseases, and
post-digestive tract surgery, the SOFA score outperforms
the PSS score in mortality prediction. However, for neuro-
logical and hematologic diseases, the SOFA score is slightly
less effective than the PSS score in predicting mortality.
This discrepancy may be attributed to differences in the fo-
cus of each scoring system. The SOFA score emphasizes
the overall assessment of multiple vital organs, whereas
the PSS score primarily evaluates 4 key aspects: respira-
tion, circulation, neurological function, and coagulation.
In the context of this study, which focuses on pediatric
septic shock, both scoring systems assign relatively high
weights to the circulatory system. However, in pediatric
patients with respiratory diseases, the respiratory system
is often the first to be affected and may suffer the most
severe impairment. As both scoring systems assign signifi-
cant numerical values to respiratory dysfunction, the key
difference lies in the assessment of other organ systems.
The PSS score is relatively less comprehensive in evaluat-
ing these systems compared to the SOFA score, which may
explain why the SOFA score exhibits higher sensitivity
in predicting mortality for respiratory diseases.

For patients with digestive diseases or post-digestive
tract surgery, the presence of both digestive tract in-
volvement and shock may lead to severe disturbances
in fluid-electrolyte balance and acid-base homeostasis,3*3!
potentially affecting the stability of the respiratory, neu-
rological, and urinary systems. The SOFA score provides
a more detailed assessment of the neurological and uri-
nary systems than the PSS score, which likely accounts
for its higher sensitivity in predicting mortality in these
disease categories.

For neurological diseases, the PSS score classifies pa-
tients into broader categories, whereas the SOFA score
offers a more detailed breakdown. As a result, the SOFA
score is slightly more sensitive in predicting mortality for
neurological conditions.

Compared to other illness types, both scores are less
sensitive in predicting mortality in hematologic diseases.
This implies that neither score is suitable for this patient
population. As a result, hematologic problems require
a more sophisticated system.

There are distinct trends in the mortality thresholds for
PSS and SOFA scores. The SOFA score threshold is close
to the median value of the overall score distribution. This
suggests that it serves as a more reliable indicator of disease
severity. Significant organ dysfunction and an increased
risk of death are indicated when a patient’s SOFA score
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is above this threshold. The PSS score, on the other hand,
only substantially predicts mortality risk at higher lev-
els; however, it also has a greater true positive rate within
this range. This implies that the SOFA score is better for
the slow and ongoing evaluation of illness progression,
whereas the PSS score is better for identifying the most se-
rious cases. This could explain SOFA’s advantage in multi-
organ dysfunction scenarios such as post-surgical shock,
while PSS is more sensitive to localized dysfunctions.

Variability in management practices also affects patient
outcomes. Variability in antibiotic choice, timing of vaso-
active drug use, and supportive therapies may all impact
patient prognosis.??33 Standardized care pathways and
clearer scoring-based treatment thresholds could reduce
this variation and improve outcomes.

In contrast to our results, previous studies have found
conflicting trends. A previous study suggested that PSS
had superior overall accuracy in a neonatal population,3*
whereas our data favors SOFA in older pediatric patients.
This difference may be due to cohort variations, differ-
ent inclusion criteria, or scoring implementation timing.
These inconsistencies emphasize the need for multicenter
validation across broader demographics.

These findings have important real-world implications.
In emergency settings, the simplicity of the PSS and its reli-
ance on fewer laboratory results make it particularly suit-
able for rapid triage.3> SOFA, while more comprehensive,
may better guide long-term ICU management or therapy
escalation decisions.®® Clinicians should consider using
both scores complementarily — PSS for early warning and
SOFA for monitoring disease trajectory.

Future directions should explore how treatment deci-
sions (e.g., antibiotic initiation, ventilation, vasoactive sup-
port) correlate with score thresholds. Additionally, moni-
toring score trends over time could refine intervention
strategies. For instance, rising scores may indicate the need
for escalation, while declines could guide de-escalation.
Artificial intelligence (AI) tools and wearable monitors
could further personalize care, integrating real-time score
updates into decision-making.

In summary, SOFA and PSS are both effective mortality
predictors, each with distinct advantages. SOFA offers bet-
ter overall performance, while PSS excels in early detection
for certain age and disease groups. Their combined use
may enhance prognostic accuracy and clinical decision-
making. Further multicenter studies, score adaptations,
and Al integration will be vital to optimizing care for pe-
diatric septic shock.

Limitations

This study has notable limitations. One significant con-
straint is the relatively small sample size, limiting the col-
lection of cases across different disease categories. For
instance, there were a few cases of immunological and
urinary system diseases complicated by septic shock, and
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no cases of inherited metabolic disorders with septic shock
were included. These omissions may introduce potential
bias. Given the limitations of cases available at our hospital
and our current research capacity, future efforts should
focus on collecting a more comprehensive dataset to fa-
cilitate further investigations. This remains an intriguing
area of research.

Conclusions

The central finding confirms that both SOFA and PSS
scores are effective in predicting mortality, with SOFA
exhibiting a slightly superior overall performance (cor-
relation coefficient = 0.57 vs 0.56). While the difference
in predictive strength was modest, SOFA’s higher correla-
tion and ROC performance (especially in respiratory and
postoperative gastrointestinal cases) suggest it should be
prioritized for general assessment and in patients aged
1-3 years and over 7 years.

However, PSS showed better sensitivity in high-score
ranges and superior performance in patients younger than
1 year, pediatric patients aged 3—7 years, and in cases in-
volving digestive and hematologic diseases. Specifically,
PSS’s respiratory sub-score (r = 0.460) was the most pre-
dictive component, while coagulation factors had minimal
prognostic impact in both systems. Neurological and re-
spiratory dysfunctions emerged as the strongest mortality
predictors within the SOFA framework.

For clinical practice, we recommend using the SOFA
score as the primary tool for general prognostic assessment
in pediatric septic shock, particularly in respiratory or sur-
gical gastrointestinal cases, and among patients aged 1-3
and >7 years. Conversely, the PSS score should be priori-
tized in infants and in patients presenting with digestive
or hematologic conditions.

Their combined application may offer complementary
insights and enhance decision-making accuracy in age-
and disease-specific contexts. Future studies are encour-
aged to further refine scoring models for improved speci-
ficity and broader applicability across diverse pediatric
subpopulations.
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Abstract

Background. Research on the psychological distress experienced by women with benign breast disease (BBD)
remains limited, though some evidence suggests it may resemble that of women with breast cancer (BC).

Objectives. This study aimed to use the Distress Thermometer (DT) to assess the levels of psychological
distress and identify influencing factors during the diagnostic phase in patients with BC and BBD.

Materials and methods. From October 2022 to May 2023, a questionnaire survey incorporating the DT
and Problem List (PL) was conducted among inpatients in the diagnostic phase for BC or BBD at the Breast
Surgery Department of Shanxi Bethune Hospital (Taiyuan, China). Statistical analysis, including descriptive
and inferential methods, was performed to examine factors affecting psychological distress in patients with
BBD and BC.

Results. In this study, 373 participants were evaluated for psychological distress during the diagnostic
phase. Among 255 patients diagnosed with BBD, the median distress score was 4, with a distress prevalence
0f52%. The primary sources of distress included anxiety (43.5%), fear (21.2%), pain (7.1%), sleep disturbances
(6.7%), and childcare responsibilities (5.1%). Among 118 BC patients, the median distress score was slightly
higher at 4.5, with a distress prevalence of 63.6%. Key distress factors were anxiety (47.5%), fear (33.1%),
financial worries (21.29), depression (18.6%), and sadness (15.3%). Key predictors of distress varied between
the 2 groups. For patients diagnosed with BBD, younger age, lower education levels, unemployment, and
a higher Breast Imaging Reporting and Data System (BI-RADS®) classification significantly contributed
to higher distress levels. In patients diagnosed with BC, younger age, lower education levels, and unemploy-
ment were the primary risk factors.

Conclusions. These findings underscore the psychological burden faced by both patient groups during
diagnosis, highlighting the need for early identification and management of distress in this population.

Key words: psychological distress, breast cancer (BC), benign breast disease (BBD), distress thermometer (DT),
predictors of distress
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Background

Breast diseases are classified into benign breast dis-
ease (BBD) and malignant breast cancer (BC), with BBD
accounting for approx. 75% of breast biopsy diagnoses.!
A screening study of over 70,000 women reported a 44.7%
prevalence of BBD.? Despite being less frequent, BC re-
mains one of the most prevalent malignancies affecting
women, with 2.3 million new cases reported globally
in 2022.% In China, the incidence of BC has been increas-
ing by 3% annually, with more younger women being
diagnosed.*

Breast cancer patients often face significant psychologi-
cal challenges due to changes in body function and ap-
pearance throughout diagnosis, treatment, and recovery.”
High levels of psychological distress can lower their qual-
ity of life, reduce treatment adherence, and even increase
the risk of suicidal behavior.® Research indicates that nearly
half of women with BC experience distress, particularly
around the time of diagnosis.”® Even before a confirmed
diagnosis, the uncertainty of potential cancer can heighten
anxiety.’

While BC has high incidence and mortality rates, most
palpable breast masses and lesions are benign, with a large
portion of women presenting with breast complaints ul-
timately diagnosed with BBD.!” Benign breast disease
is common and comprises various histological subtypes
characterized by changes in breast tissue. Unlike cancer,
BBD is nonmalignant and not life-threatening, though
some cases may progress to BC.!! Studies have highlighted
elevated psychological issues among women with BBD,
occurring before, during, and even after the diagnostic
phase.!2"!* This significant psychological burden is partly
driven by prognostic uncertainty and the perceived risk
of developing BC.1> However, while most research has fo-
cused on distress in BC patients, few studies have exam-
ined psychological distress in those with BBD. This gap
in knowledge makes it unclear whether the distress expe-
rienced by BBD patients is similar to that of BC patients,
especially during the diagnostic phase.

Objectives

This study aimed to compare psychological distress lev-
els in women diagnosed with BBD and BC during the di-
agnostic phase using the Distress Thermometer (DT),
a validated, simple, and quick screening tool for distress.
We further sought to identify the primary distress factors
and predictors in each group, with the goal of informing
early psychological support strategies for all women facing
a breast disease diagnosis.

Materials and methods
Study design and setting

This study is a cross-sectional investigation that took
place between October 2022 and May 2023, with partici-
pants being recruited from the inpatient Breast Surgery
Department of Shanxi Bethune Hospital. The reporting
of the study was based on the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE) guide-
lines for the sake of transparency in research reporting.

The inclusion criteria were as follows: patients aged
18 years or older; breast ultrasound and/or mammography
indicating a Breast Imaging Reporting and Data System
(BI-RADS®) category 3 or higher; full insight into their
health status; and the ability to read and write indepen-
dently or with assistance from medical personnel to com-
plete the questionnaire.

The exclusion criteria were communication barriers due
to cognitive impairment or mental health disorder and
a previous diagnosis of BC or other malignant neoplasms.
Sample sizes were determined through power analysis
to ensure statistical confidence, requiring a minimum
of 327 participants for a 95% confidence level and a 5%
margin of error. Anticipating a 10% non-response rate,
the minimum target was set at 360 participants. This study
achieved the goal, enrolling 373 participants to enable ad-
equate statistical analysis.
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The instrument: Distress Thermometer

The DT is designed to measure 1 aspect of psychological
distress. It includes a visual analog single-item scale, that
ranges from 0 (no distress) to 10 (mid-extreme distress).
The higher the score, the greater the distress experienced.
A previously established cut-off score of 4 indicates mod-
erate-to-severe distress, suggesting a need for additional
psychological support.'® The DT has been widely used
in oncology and other medical settings and has demon-
strated strong reliability and validity across diverse popula-
tions, including Chinese patients.

The Problem List (PL) is a 42-item questionnaire that
determines if patients have had any problems in the last
week and what issues, if any, might be causing them dis-
tress. The items are structured into 5 categories: triaging
problems (practical) with 12 items, emotional issues with
9 items, social difficulties with 6 items, religious/spiritual
issues with 6 items, and physical problems with 9 items.
Participants were asked to state if the problem had oc-
curred in the past week by responding with a simple “yes”
or “no” on the list. The PL has been culturally adapted
and validated in different settings, including Chinese BC
patients, where it had good test-retest reliability.

Data collection

Demographic information for all study participants was
gathered using a structured questionnaire, which included
age, education level, employment status, reproductive his-
tory, marital status, and type of medical insurance. Ad-
ditionally, disease-related information was collected, in-
cluding breast BI-RADS classification, clinical diagnoses,
comorbidities such as diabetes, hypertension, cardiovas-
cular diseases, and thyroid disorders, as well as a family
history of BC and other tumors.

The inclusion of these demographic and clinical vari-
ables was based on prior research indicating their potential
influence on psychological distress. For example, employ-
ment status and education level may affect coping strate-
gies and access to healthcare, while BI-RADS classification
directly reflects the severity of suspected disease and may
heighten distress.

Statistical analyses

Descriptive statistics were used to calculate means, me-
dians, frequencies, percentages, and interquartile ranges
(IQRs) for patient characteristics, distress levels, and re-
ported problems. The normality of continuous variables,
such as age, was assessed separately for the BBD and BC
groups using the Shapiro—Wilk test (Supplementary Table 1).
In both groups, the test indicated non-normal distributions
(p < 0.001). However, due to the sufficiently large sample
sizes in each group (n > 30), the Central Limit Theorem
supports the use of parametric tests, such as the t-test, and
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allows for the reporting of means and standard deviations
(SD). Therefore, although age was not normally distributed,
the use of parametric methods remains statistically justi-
fiable in this context. Distress Thermometer scores were
categorized into 2 levels: scores of 0—3 indicated mild dis-
tress, while scores of 4—10 indicated moderate-to-severe
distress. Anxiety (A) scores and Depression (D) scores were
also recorded. The x? and Fisher’s exact tests were employed
to compare distress levels across groups with and without
specific problems. Additionally, multivariate logistic regres-
sion analysis was conducted to identify factors significantly
associated with distress, ensuring that predictor selection
was based on clinical relevance and prior research. To verify
logistic regression assumptions, linearity in the logit was
tested using the Box—Tidwell procedure, showing a non-
significant interaction term (p > 0.05), confirming linearity.
The variance inflation factor (VIF) values remained below
2, indicating no multicollinearity. Model adequacy was as-
sessed using the Hosmer—Lemeshow goodness-of-fit test
(% = 6.73, p = 0.57), confirming an acceptable fit (Supple-
mentary Table 2). The Nagelkerke R? was higher in the BC
group, indicating that the model accounted for a greater pro-
portion of the variance in distress levels among BC patients
compared to BBD patients (Tables 1,2). All analyses were per-
formed using IBM SPSS Statistics v. 26 (IBM Corp., Armonk,
USA), with a p < 0.05 considered statistically significant.

Ethics

This study complies with the ethical standards set forth
in the Declaration of Helsinki and its later amendments.
The research was approved by the Ethics Committee
of Shanxi Bethune Hospital (Taiyuan, China; approval
No. YXLL-2023-093), and written informed consent was
obtained from all participants, ensuring that they fully un-
derstood the study’s purpose, procedures, and their right
to withdraw at any time without consequences.

Results
Patient characteristics

A total of 379 patients were surveyed, with 6 excluded
due to incomplete clinical data (4 cases) and non-com-
pliant diagnostic specimens (2 cases), resulting in a final
sample of 373 participants. Among them, 255 patients were
in the BBD group, and 118 were in the BC group. The age
range for the BBD group was 14 —69 years, with a mean
age of 40 %11 years, while the BC group ranged from 27
to 83 years, with a mean age of 53 +12 years. The BC group
was significantly older than the BBD group (p < 0.01). Addi-
tionally, compared with the BC group, the BBD group had
asignificantly higher proportion of unmarried individuals
(p < 0.01), fewer comorbidities (p < 0.01), and a greater
proportion of nulliparous women (p = 0.021) (Table 3).



234

Y. Gao et al. Distress in Chinese women with breast disease

Table 1. The binary logistic regression model of psychological distress in benign breast disease

Benign breast disease

Age’ —0.032 0.016
>9 years
Educational level 0.721 0.294
<9 years
employed 0612 0.305
Occupation
unmployed - -
4a 1.015 0311
BI-RADS grade 3

4.002 <0.05° 097 0.94-0.99
2.06
6.016 <0.05° ] 1.16-3.66
4.024 <0.05* 1.84
: 1.01-3.35
10.654 <0.01* 2.76
] 1.50-5.08

Nagelkerke R? = 0.436, Hosmer-Lemeshow test: test statistic: 104.92, p-value = 0.623. B (regression coefficient) indicates the strength and direction
of the relationship between a predictor and psychological distress. *Age was entered into the logistic regression as a continuous variable. BI-RADS - Breast
Imaging-Reporting and Data System; Categories 3 and 4a suggest low-to-moderate suspicion of malignancy; SE standard error; 95% CI — 95% confidence

interval; OR - odds ratio. @ p-value obtained using x* test.

Table 2. The binary logistic regression model of psychological distress in breast cancer

Breast cancer

Age* —0.043 0.022
>9 years 1.034 0516
Educational level
<9 years - -
employed 1.863 0.528
Occupation
unemployed - -

p-value 95% ClI
3.896 <0.05° 0.96 0.92-0.99
4,020 <0.05° 2.81
1.02-7.73
- = 1
12458 <0.01° 6.44
2.29-18.12

= = 1

Nagelkerke R? = 0.314, Hosmer-Lemeshow test: test statistic: 62.05, p-value = 0.702. B (regression coefficient) indicates the strength and direction
of the relationship between a predictor and psychological distress. *Age was entered into the logistic regression as a continuous variable. BI-RADS - Breast
Imaging-Reporting and Data System. Categories 3 and 4a suggest low-to-moderate suspicion of malignancy; SE - standard error; 95% Cl — 95% confidence

interval; OR - odds ratio. @ p-value obtained using x* test.

Comparison of psychological distress
between women with benign breast
disease and breast cancer

Psychological distress was assessed using the DT, with
a score of >4 indicating clinically significant distress.
In the BC group, 63.6% of women reported psychological
distress (score > 4), with a median distress score of 4.5
(IQR =3-6). In the BBD group, 52.2% of patients reported
distress, with a median score of 4 (IQR = 2-5). Overall,
psychological distress levels were higher in the BC group
than in the BBD group (Fig. 1). The most frequently re-
ported causes of psychological distress differed between
the 2 groups. In the BC group, the main causes were
worry or anxiety (47.4%), fear (33.0%), financial concerns
(21.1%), sadness or depression (18.6%), and feelings of sor-
row or loss (15.2%) (Fig. 2). In the BBD group, they were
worry or anxiety (43.5%), fear (21.1%), pain (7.0%), sleep
difficulties (6.6%), and childcare challenges (5.0%) (Fig. 3).

Factors associated with psychological
distress in women with BBD and BC

To identify factors contributing to distress, patients were
categorized based on their DT scores, with scores >4 indi-
cating psychological distress and scores <4 indicating no
distress. All variables were analyzed using t-tests or x tests.
In the BBD group, univariate analysis showed significant

differences in age, education level, marital status, employ-
ment status, parity, and BI-RADS classification. Multivari-
ate regression analysis further identified several significant
predictors of psychological distress. Younger patients had
a higher likelihood of experiencing distress (OR = 0.97,

10 . N—

DT score

BBD group BC group

Fig. 1. Comparison of Distress Thermometer (DT) scores between

the benign breast disease (BBD) group and the breast cancer (BC)
group. The central line within each box represents the median DT score.
The upper and lower edges of the box indicate the 75" percentile (Q3)
and 25" percentile (Q1), respectively
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Table 3. Sociodemographic and clinical characteristics of patients

Characteristics

benign breast disease
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Patients (%)

breast cancer
(n=118)

(n =255)
Age (mean £SD) 40 +11
<9 years 130 (51.0%)
Educational level
>9 years 125 (49.0%)
single 31 (12.2%)
Marital status
married 224 (87.8%)
unemployed 130 (51.0%)
Occupation
employed 125 (49.0%)
resident 167 (65.5%)
Health insurance
employee 88 (34.5%)
no 203 (79.6%)
Comorbidities
yes 52 (20.4%)
no 220 (86.3%)
Family cancer history
Yes 35 (13.7%)
no 36 (14.1%)
Childbearing status
yes 219 (85.9%)
4c/5 -
4b -
BI-RADS
4a 88 (34.5%)
3 167 (65.5%)

5312 3.36 <0.01°
72 (61.0%)
46 (39.0%)

6 (5.1%)
112 (94.9%)
69 (58.5%)
49 (41.5%)
84 (71.2%)
34 (28.8%)
70 (59.3%)
48 (
99 (
19 (

7(

3.27 0.070°

4.52 <0.01°

1.82 0.177°

1.19 0.275b

16.92 <0.01°
40.7%)

83.9%)

16.1%)

5.9%)
111 (94.1%)
96 (81.4%)
22 (18.6%)

037 0.544

5.30 0.021°

SD - standard deviation; BI-RADS - Breast Imaging-Reporting and Data System: Categories 3 and 4a suggest low-to-moderate suspicion of malignancy,
while 4b and 4c indicate increasing levels of concern. Category 5 is highly suggestive of malignancy; ®p-value obtained using t-test; ® p-value obtained

using x? test.

95% CI:0.94-0.99, p < 0.05). Higher education was associ-
ated with greater distress (OR = 2.06, 95% CI: 1.16-3.66,
p = 0.01), and employed women had higher distress lev-
els (OR = 1.84, 95% CI: 1.01-3.35, p < 0.05). Additionally,
women with higher BI-RADS scores experienced greater
distress (OR = 2.76, 95% CI: 1.50-5.08, p < 0.01).

Differentiation by age, level of education, and employ-
ment status were revealed in the univariate analysis
of the BC group. Multivariate regression analysis showed
that distress levels were influenced by several factors.
Younger women reported more distress (OR = 0.96, 95%
CI: 0.92-0.99, p < 0.05). Women with higher levels of ed-
ucation were more likely to report distress (OR = 2.81,
95% CI: 1.02-7.73, p < 0.05), and employed patients re-
ported significantly higher distress levels (OR = 6.44,
95% CI: 2.29-18.12, p < 0.01). Specific data are presented
in Tables 1,2,4,5.

To summarize, psychological distress was prevalent
in both groups but more common in BC patients (63.6%)
as compared to those with BBD (52.2%). For both groups,
anxiety and fear were the most marked sources, but in BC
patients, financial concerns along with depression were
more pronounced. Younger age, higher education, and
employment status were significant predictors of distress
in both groups. However, BI-RADS classification was an-
other determinant for BBD patients. These conclusions

call for further thought on the importance of proactive
psychological screening and targeted interventions for
women being diagnosed with breast diseases to optimize
their mental health.

Discussion

As far as we know, this is the 1% research attempting
to measure the distress levels of women with BC and BBD
before the diagnosis is made. Two key findings emerged
from this cross-sectional study. First, distress prevalence
was higher in the BC group (63.6%) compared to the BBD
group (52.2%). Second, age, education, and employment
status were predictors of distress in both groups, while
a higher BI-RADS grade was associated with increased
distress levels in the BBD group.

Previous studies have primarily examined psychological
distress in BC patients after diagnosis or during treatment.
In Malaysia, 1 study reported a distress prevalence of 50.2%
at diagnosis,'” while a study conducted in the USA found
a rate of 53.3% with Asian individuals having the highest
percentage at 60.7% compared to other ethnic groups.!®
A study conducted in China among 137 patients under-
going chemotherapy reported a distress rate of 42.3%.%
Our study suggests that BC patients often experience
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Fig. 2. Problem List (PL) of breast cancer (BC) patients

heightened psychological distress before receiving a di-
agnosis, with levels surpassing those observed during
the treatment phase. This elevated pre-diagnosis distress
may stem from cultural factors. Additionally, BC diag-
nosis often involves life-changing physical impacts and
typically occurs between ages 45 and 55 — a stage where
many women are managing significant family and finan-
cial responsibilities. These combined pressures contribute
to increased psychological distress among Chinese BC
patients before diagnosis.

Cultural perceptions of BC play a crucial role in shaping
distress levels. In China, cancer is often perceived as a ter-
minal illness, leading to heightened fear and anxiety even
before a definitive diagnosis. Additionally, family expec-
tations and social obligations contribute to distress, par-
ticularly for women who bear caregiving responsibilities.
The stigma associated with a cancer diagnosis may further
exacerbate psychological burdens, as individuals may fear
social exclusion or discrimination.

A noteworthy finding from our study is the high level
of pre-diagnostic distress reported among women with
BBD. Prior research has shown that BBD patients can

experience psychosocial challenges similar to those faced
by BC patients.?® Our findings are consistent with previous
research showing that women attending a breast clinic for
the 1t time often experience high levels of anxiety.?! Psy-
chological distress can emerge from the moment a breast
lump is discovered and may persist through follow-up ap-
pointments for abnormal findings, regardless of whether
the ultimate diagnosis is benign or malignant.}*?2:23 This
heightened anxiety is understandable, as subjective symp-
toms can trigger fears of cancer, which in turn increase
psychological distress. Therefore, it is essential for health-
care providers to offer psychological support to all pa-
tients awaiting diagnostic results, not just those at high
risk of malignancy.?*

Both groups of patients reported anxiety and fear during
the diagnostic phase, which can be attributed to the un-
certainty surrounding a potential cancer diagnosis. This
uncertainty often leads to heightened feelings of anxiety
and fear.*?223 However, in the BC group, emotional dis-
tress was particularly prevalent before diagnosis, with 21%
of patients indicating financial pressures. The costs asso-
ciated with cancer treatment can be significant in China,
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contributing to stress and financial strain for patients.?>2¢
In contrast, women in the BBD group also identified child-
care responsibilities as a factor of psychological distress.
Given that BBD patients tend to be younger, concerns re-
lated to parenting may weigh more heavily on them. Pre-
vious research has shown that having children is a strong
predictor of distress, particularly among younger women.”

Our study revealed a notable link between psychologi-
cal distress and factors such as age, education level, and
employment status in both the BBD and BC groups. Spe-
cifically, we found a negative correlation between age and
psychological distress, indicating that younger individuals
are more likely to experience higher levels of distress. This
observation aligns with findings from various studies.?%?’
Younger BC patients often bear greater social roles and
family responsibilities, which can substantially disrupt
their work, academic pursuits, and family life during di-
agnosis and treatment. Furthermore, compared to older

Problem List

patients, younger individuals tend to have heightened con-
cerns about their appearance and fertility, making it chal-
lenging for them to accept BC surgeries and subsequent
treatments. Lastly, despite improvements in the 5-year sur-
vival rates for BC, younger patients often express greater
anxiety about potential recurrence. These combined pres-
sures contribute to increased psychological distress in this
demographic.3%3!

This study reveals that BC patients with higher educa-
tional attainment experience a greater prevalence of sig-
nificant psychological distress, aligning with previous re-
search conducted in China.?> More educated individuals
may have a deeper understanding of their diagnosis and
treatment, making them more aware of potential health
risks. Consequently, this knowledge can contribute to el-
evated levels of psychological distress.

Additionally, our findings indicate that individuals who
are employed report higher levels of psychological distress



238 Y. Gao et al. Distress in Chinese women with breast disease

Table 4. One-variable analysis of predictors associated with psychological distress in benign breast disease

Characteristics

Age (mean £SD) 37 £10 42 +11 <0.01¢°
<9years 53 (39.8%) 77 (63.1%)
Educational level <0.01°
>9 years 80 (60.2%) 45 (36.9%)
Single 22 (16.5%) 9 (7.4%)
Marital status 0.025°
Married 111 (83.5%) 113 (92.6%)
Unemployed 53 (39.8%) 77 (63.1%)
Occupation <0.01°
Employed 80 (60.2%) 45 (36.9%)
Resident 89 (66.9%) 78 (63.9%)
Health insurance 0617°
Employee 44 (33.1%) 44 (36.1%)
No 110 (82.7%) 93 (76.2%)
Comorbidities 0.200°
Yes 23 (17.3%) 29 (23.8%)
No 113 (85.0%) 107 (87.7%)
Family cancer history 0.525°
Yes 20 (15.0%) 15 (12.3%)
No 28 (21.1%) 8 (6.6%)
Childbearing status <0.01°
Yes 105 (78.9%) 114 (93.4%)
4c/5 - -
4b - -
BI-RADS <0.01°
4a 54 (40.6%) 88 (52.5%)
3 79 (59.4%) 34 (47.5%)

SD - standard deviation; DT — Distress Thermometer; A — anxiety score; D — depression score; BI-RADS - Breast Imaging-Reporting and Data System;
2 p-value obtained using t-test; ® p-value obtained using ¥’ test.

Table 5. One-variable analysis of predictors associated with psychological distress in breast cancer

Characteristics

Age (mean £SD) 50+11 58+13 <0.01°
<9 years 38 (50.7%) 34 (79.1%)
Educational level <0.01°
>9 years 37 (49.3%) 9 (20.9%)
Single 2 (2.7%) 4(9.3%)
Marital status 0.114°
Married 73 (97.3%) 39 (90.7%)
Unemployed 32 (42.7%) 37 (86.0%)
Occupation <0.01°
Employed 43 (57.3%) 6 (14.0%)
Resident 49 (65.3%) 35 (81.4%)
Health insurance 0.064°
Employee 26 (34.7%) 8 (18.6%)
No 45 (60.0%) 23 (53.5%)
Comorbidities 0491°
Yes 30 (40.0%) 20 (46.5%)
No 65 (86.7%) 34 (79.1%)
Family cancer history 0.280°
Yes 10 (13.3%) 9 (20.9%)
No 4 (5.3%) 3(7.0%)
Childbearing status 0.716°
Yes 71 (94.7%) 40 (93%)
4c/5 62 (82.7%) 9 (20.9%)
4b 13 (17.3%) 34 (79.1%)
BI-RADS* <0.01°
4a - -
3 — —

SD - standard deviation; DT — Distress Thermometer; A — anxiety score; D — depression score; BI-RADS - Breast Imaging-Reporting and Data System;
2 p-value obtained using t-test; ® p-value obtained using x* test.
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compared to those who are unemployed. Employed indi-
viduals may experience heightened psychological distress
due to concerns about job security and financial stability
resulting from their illness, especially in workplaces where
health conditions may affect career prospects. The stress
associated with work responsibilities can further exacer-
bate these feelings.>* However, some studies suggest that
unemployed individuals may also be particularly vulner-
able to psychological distress due to financial insecurity
and lack of social support.?*3> Thus, additional research
is warranted to identify the specific stressors affecting
patients to better understand this relationship.

Our study highlights a link between higher BI-RADS
classifications and increased distress levels. The BI-RADS
provides a standardized framework for reporting breast
pathology detected through mammography and ultra-
sound.?¢ It helps categorize breast lesions based on their
possibility of malignancy, with higher grades often leading
to further testing or biopsies. Patients categorized as prob-
ably benign (BI-RADS 3) or with low suspicion (BI-RADS
4a) are frequently encountered and typically warrant short-
interval follow-ups or biopsies.?” This observation aligns
with findings from earlier research showing that patients
with higher BI-RADS scores report greater anxiety,!%38
as elevated BI-RADS categories often necessitate further
biopsies or surgical interventions, thereby amplifying
the psychological burden on patients.

Limitations

While our findings provide valuable insights, this study
has several limitations. First, the research was conducted
with a relatively small sample of patients from a single cen-
ter, which may restrict the broader applicability of the re-
sults. Future studies should incorporate multi-center data
to capture a more diverse patient sample. As a second limi-
tation of the study, it has relied on the experience of only
inpatient individuals, which may lead to psychological ne-
glect. Examining outpatient cases in future studies may
provide a more comprehensive understanding of the psy-
chological phenomena experienced by different patients.
Moreover, the study was conducted in China, where cul-
tural and socioeconomic factors may influence distress lev-
els differently than in Western countries. While we identi-
fied key distress predictors, future research should explore
additional psychological and social factors, such as coping
mechanisms, social support networks, and access to men-
tal health resources. Lastly, as a cross-sectional obser-
vational study, it only offers a snapshot of psychological
distress at a specific moment. The absence of longitudinal
data limits the ability to assess changes in distress over
time. Future research should adopt longitudinal designs
to monitor the progression of psychological distress and
examine factors that may either intensify or alleviate these
feelings, ultimately informing more effective management
strategies.
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Despite these limitations, our study highlights the need
for early psychological support for both BC and BBD pa-
tients. Addressing distress during the diagnostic phase
could improve patient wellbeing and enhance treatment out-
comes. Future studies should explore targeted interventions,
such as counseling and financial support programs, to help
reduce psychological burdens in this patient population.

Conclusions

Psychological distress is often overlooked in breast dis-
ease patients, especially in China, where routine screenings
are not yet standard practice. Additionally, there is a short-
age of standardized assessment tools for evaluating psy-
chological distress. This study highlights that psychologi-
cal distress can arise not only from cancer diagnoses but
also from benign tumors. Patients with breast diseases
may encounter psychological challenges at various stages
of their care. Therefore, it is crucial for medical institu-
tions to prioritize the screening and management of psy-
chological distress while increasing their focus on mental
health. It is advisable for healthcare facilities to imple-
ment routine screenings for psychological distress at key
stages of breast disease management, utilizing tools such
as the DT. Early identification of distress can help provide
timely psychological support, reduce anxiety, and improve
overall wellbeing. Hospitals and clinics should also con-
sider offering targeted interventions, such as counseling
services, psychoeducational programs, and peer support
groups, to address the specific concerns of different patient
groups, especially to subgroups such as younger patients,
those with lower educational levels, and individuals fac-
ing employment instability. By prioritizing mental health
alongside physical treatment, medical institutions can en-
hance patient care, satisfaction, and quality of life.

This article is based on a previously available preprint
posted on Research Square on Nov 29, 2023: “Prevalence
and correlates of distress in Chinese women with benign
breast disease”. https://doi.org/10.21203/rs.3.rs-3639926/v1
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Abstract

Background. Cognitive impairment (C1) is common in patients with alcohol-use disorder (AUD)-related liver
cirrhosis, especially those awaiting liver transplantation (LT). There are conflicting results in terms of the role
of hepatic encephalopathy (HE) in CI development and persistence.

Objectives. This study investigated the impact of hyperammonemia on Cl and evaluated the role of routine
magnetic resonance imaging (MRI) in detecting (I among patients with AUD-related cirrhosis listed for LT
atasingle center.

Materials and methods. Fifty-two adults (36 males, 69%) with AUD-related liver cirrhosis (mean age:
5111 years; mean Model for End-Stage Liver Disease (MELD) score 16 46) were evaluated. Cognitive func-
tion was assessed using the Addenbrooke’s Cognitive Examination Ill (ACE-III), with scores below 82 indicat-
ing probable dementia. Magnetic resonance imaging evaluations focused on cortical-subcortical atrophy,
vascular-origin changes, and chronic HE.

Results. Magnetic resonance imaging revealed HE-related changes in 38 patients (73%), vascular-origin
changes in 32 patients (62%), and cortical-subcortical atrophy in 15 patients (29%). Cognitive impairment
was presentin 46 patients (88%), with 30 (58%) suspected of having dementia. Patients with MRI evidence
of HE scored lower in the ACE Il language subdomain (p = 0.032) and tended toward a higher Child—Pugh
dlassification (p = 0.083). No significant differences were found in ACE-1ll results or clinical data between
patients with and without vascular-origin changes or cortical—subcortical atrophy. Additionally, no correlations
were observed between radiological findings, ammonia levels, ACE-Ill scores, and liver-related mortality.

Conclusions. These findings reveal a high prevalence of C and significant MRI abnormalities in AUD patients
awaiting LT. Further studies are needed to clarify the role of routine MRI in detecting cognitive deficits.

Key words: cognitive impairment, liver transplantation, brain magnetic resonance, alcohol-related liver
cirrhosis, blood ammonia level
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Highlights

+ Cognitive impairment was detected in 88% of AUD-related cirrhosis patients awaiting liver transplantation. Routine
MRI showed brain atrophy or vascular changes in over 60% of candidates.

+ No MRI features or ammonia levels significantly predicted cognitive performance.

« Liver functional reserve (Child-Pugh score) showed a non-significant trend with cognitive decline.

Background

Alcohol-use disorder (AUD), as defined by the Diagnos-
tic and Statistical Manual of Mental Disorders (DSM-5),
encompasses maladaptive patterns of alcohol use that lead
to significant clinical consequences.! Chronic alcohol con-
sumption often leads to liver cirrhosis, one of the primary
indications for liver transplantation (LT).>® Hepatic en-
cephalopathy (HE), a severe neuropsychiatric syndrome
associated with liver cirrhosis, arises from elevated am-
monia and inflammation, resulting in low-grade cerebral
edema, oxidative/nitrosative stress, inflammation, and
disrupted brain oscillatory networks.* While blood am-
monia serves as a biomarker with good negative predictive
value for HE,>¢ alcohol independently causes neurotoxic
effects, damaging brain regions such as the frontal lobe,
cerebellum and limbic system, including the hippocam-
pus,”® which further impairs brain function. Thus, chronic
alcohol use and liver dysfunction are clearly linked to cog-
nitive impairment (CI), likely through disruption of fron-
tal-subcortical circuits and associated neurotransmitter
imbalances.

Patients with liver cirrhosis commonly experience CI
before LT, with recovery post-transplant varying in extent
and timeline.”!° The history of HE appears to influence
post-transplant recovery of brain function and connec-
tivity.® Various factors, including minimal and overt HE,
chronic alcohol use, and gut microbial dysbiosis, contribute
to cognitive impairments in cirrhosis. Prolonged alcohol
use is particularly associated with marked deficits in ex-
ecutive function, attention, motor skills, spatial reasoning,
language, and memory.'*'2 Alcohol-induced neuroinflam-
mation further reduces hippocampal white matter and
prefrontal cortex volume, impairing memory and decision-
making abilities.”!* Magnetic resonance imaging (MRI)
remains a valuable tool for monitoring brain changes and
evaluating recovery potential after transplantation, under-
scoring its importance in elucidating the neurobiological
basis of CI in alcohol-related liver disease (ALD) and HE.
Despite its clinical importance, detailed analysis of brain
MRI findings is not readily available in routine practice.

In ALD, chronic alcohol consumption leads to signifi-
cant cognitive deficits, particularly in executive function,
memory and attention, through neurotoxic effects that

disrupt glutamate and GABA neurotransmitter balance
and impair the frontal-subcortical circuits essential for
cognitive processing and behavioral regulation.!® Alco-
hol also induces brain inflammation and oxidative stress,
leading to structural and functional alterations. MRI stud-
ies show that patients with ALD often exhibit reduced
gray matter in the frontal cortex and subcortical regions,
changes that correlate with cognitive decline and increased
susceptibility to HE.13

In HE, elevated ammonia disrupts astrocyte function,
leading to increased glutamine levels, astrocyte swell-
ing, and cerebral edema.!® These changes impair neu-
rotransmitter metabolism, manifesting as deficits in at-
tention, reaction time and executive function. Hepatic
encelopathy-related CI is associated with MRI abnor-
malities in the basal ganglia due to manganese deposition
from chronic liver disease.”* Ammonia accumulation also
disrupts dopaminergic, glutamatergic and serotonergic
pathways, further affecting frontal-subcortical circuits
critical for cognitive processing.1*1®

The MRI findings in HE patients frequently show basal
ganglia abnormalities and cerebral edema, likely from as-
trocyte swelling and metabolic disruptions.'*!*> Even af-
ter transplantation, cognitive impairments, particularly
in attention and executive function, often persist and are
associated with reduced volumes in the frontal lobe and
basal ganglia.'*!®> Cognitive deficits in ALD and HE pri-
marily result from disruptions in frontal-subcortical cir-
cuits caused by alcohol-induced dysregulation of glutamate
and GABA, compounded by the neurotoxic effects of am-
monia, as noted above. Ammonia also damages astrocytes,
which are essential for detoxification and neurotransmitter
balance, further impairing neural communication between
the basal ganglia and frontal cortex.!> The impact of am-
monia on astrocyte function underscores the need for early
intervention to prevent cognitive decline in LT candidates.

Objectives

This study examines the predictive value of 3-point
routine brain MRI evaluations for cognitive impairment
in consecutive liver transplant candidates with alcohol use
disorder-related liver cirrhosis at a single transplant center.
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Materials and methods
Participants

A total of 52 adult patients (69% male, comprising
36 men and 16 women) with a mean age of 51 +11 years,
all diagnosed with AUD-related liver cirrhosis, were identi-
fied as potential candidates for LT in a single liver trans-
plant center. The mean Model for End-Stage Liver Disease
(MELD) score was 16 +6, indicating an advanced stage
of liver disease in the study cohort. The main indication
for LT assessment in AUD patients was chronic liver fail-
ure (87%). However, 13% of patients had hepatocellular
carcinoma (HCC) as the indication for LT.

Study design

All patients included in this cross-sectional, single-
center study were admitted in 2023 to the Department
of Hepatology, Transplantology, and Internal Medi-
cine at the Medical University of Warsaw (Poland) for
evaluation prior to listing for liver transplantation (LT).
The work-up included biochemical and serological test-
ing, cardiology and pulmonology assessments, and imag-
ing studies, including brain MRI. The exclusion criteria
included regular intake of hypnotics, severe overt HE and
psychiatric or neurodegenerative diseases, making it im-
possible to perform the investigation. Blood ammonia
levels were routinely measured as part of the laboratory
work-up for all participants.

Cognitive assessment

Cognitive function was assessed using the Addenbrooke
Cognitive Examination III (ACE III), which is a compre-
hensive tool designed to detect CI across various domains.
A cutoff score of less than 82 on the ACE III was utilized
to identify patients with a high likelihood of dementia.
The ACE III covers cognitive domains such as atten-
tion, memory, verbal fluency, language, and visuospatial
abilities. The Polish version is available free of charge.!®
The ACE-III has been previously validated against stan-
dard neuropsychological tests.!” In addition, our center has
prior experience with this tool, reflected in previously pub-
lished projects.!®19 All patients were routinely examined
during their stay in the hospital by a psychiatrist dedicated
to the transplant program, according to the pre-transplant
work-up protocol, which consists of full psychiatric consul-
tation, as well as the ACE III tool. The “liver-related mor-
tality” was defined as a death occurring during the study.

Magnetic resonance imaging evaluation
Each patient underwent brain MRI using Siemens Mag-

netom Avanto 1.5T (Siemens AG, Erlangen, Germany)
as part of their routine pre-transplant assessment. The MRI
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scans were evaluated using a standardized 3-point ap-
proach, focusing on the assessment of cortical-subcortical
atrophy, a semi-quantitative evaluation of vascular-related
changes, and the identification of features consistent with
chronic HE. All MRI images were analyzed by experienced
radiologists blinded to the cognitive functions assessment
results and venous blood ammonia level. Organic brain
changes in MR, including cortical-subcortical atrophy,
vascular-origin alterations and HE-related abnormalities,
were systematically assessed and described using the Faze-
kas scale to ensure clarity and reproducibility. The results
from these MRI scans were then correlated with cognitive
test scores and clinical parameters.

Blood ammonia measurement

Fasting venous blood samples were collected from all
subjects to assess blood ammonia concentration. Measure-
ments were performed in ethylenediaminetetraacetic acid
(EDTA) plasma using the enzymatic glutamate dehydro-
genase (GLDH) method on the Dimension EXL analyzer
(Siemens Healthineers, Forchheim, Germany). Reference
values were 19-55 pg/dL.

Ethics

Appropriate informed consent was obtained from each
patient included in the study. The study protocol was ap-
proved by the Bioethics Committee of the Medical Univer-
sity of Warsaw (approval No. KB/81/2022 and amendment
No. KB42/A 2025) and was conducted in accordance with
the ethical guidelines of the 1975 Declaration of Helsinki
(6 revision, 2008).

Statistical analyses

All statistical analyses were performed using IBM SPSS
Statistics v. 29.0 (IBM Corp., Armonk, USA) and Python
v. 3.10 (https://www.python.org/downloads/release/py-
thon-3100; SciPy and StatsModels packages) for advanced
corrections. The normality of continuous variables was as-
sessed using the Shapiro—Wilk and Kolmogorov—Smirnov
tests. Due to the non-normal distribution of key variables,
including MELD, ACE III scores, and blood ammonia lev-
els, nonparametric tests were applied for both group com-
parisons and correlation analyses.

Continuous variables are presented as median (Q1-Q3)
for non-normally distributed data and as mean + standard
deviation (SD) when normally distributed. Categorical vari-
ables are expressed as absolute numbers and percentages.

Group comparisons between patients with positive (ACE
IIT < 82) and negative screening results were conducted us-
ing the Mann—Whitney U test for continuous variables and
Pearson’s X2 test or Fisher’s exact test for categorical vari-
ables, depending on expected cell frequencies. The X test
assumptions were verified by calculating expected
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frequencies, which are presented in the Supplementary
Table 1 (https://doi.org/10.5281/zenodo.17104342).

Correlations were evaluated using Spearman’s rank
correlation coefficient due to the nonparametric nature
of the data. The analyses examined associations between
MRI features (HE signs, vascular-origin changes and cor-
tical-subcortical atrophy) and ACE-III total and domain
scores; clinical parameters (Child—Pugh score, MELD
score and blood ammonia) and cognitive function; and
ACE-III total scores and both radiological features and
clinical variables.

To control for multiple comparisons, the Benjamini—Ho-
chberg false discovery rate (FDR) correction was applied
across all sets of correlation analyses and group compari-
sons involving multiple variables. This method was chosen
over Bonferroni to maintain statistical power while limit-
ing false discoveries in an exploratory context.

Statistical results are reported with appropriate test sta-
tistics (U, x2, 1), degrees of freedom where relevant and
p-values rounded to 3 decimal places. The p-values less
than 0.001 are reported as p < 0.001. An FDR-corrected
p < 0.05 was considered statistically significant, and such
results are marked with an asterisk in the tables.

Results

The clinical characteristics of the study cohort are sum-
marized in Table 1. The median Model of End-Stage Liver
Disease-Sodium (MELD-Na) score was 16 (Q1-Q3: 12-19)
points, while the median Child-Pugh score was 8 (7-9)
points. The median venous blood ammonia concentration
was 83.5 pg/dL (Q1-Q3: 53-108), with 24 patients (46%)
showing hyperammonemia, defined as > 55 pug/dL.

The median ACE III score across the entire cohort was
79 points (Q1-Q3: 69—-88); 46 patients (88%) displayed
impaired cognitive performance, as indicated by an ACE
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III score below 89 points, and 30 patients (58%) met the cri-
teria for high probability of dementia, defined by an ACE
111 score below 82 points.

Radiological signs consistent with HE were observed
in brain MRI scans of 38 patients (73%). These patients
did not significantly differ from others in terms of age, sex,
venous blood ammonia levels, MELD-Na scores, or total
ACE Il results (Mann—Whitney U test or Pearson’s X2 test;
all FDR-corrected p > 0.05). Although the uncorrected
analysis showed lower language domain scores in patients
with radiological signs of HE (U = 207.5, p = 0.032), this
association was no longer significant after correction for
multiple comparisons (FDR-adjusted p = 0.067). Similarly,
atrend toward higher Child—Pugh classifications in these
patients (U = 338.5, uncorrected p = 0.083) did not reach
statistical significance after FDR correction.

Spearman’s correlation analyses revealed no statistically
significant associations, after correction for multiple com-
parisons, between any of the evaluated MRI features (HE,
vascular-origin changes, cortical-subcortical atrophy) and
ACE III total or domain scores. Full results are presented
in Table 2.

Vascular-origin changes were reported in 32 patients
(62%). Uncorrected comparisons showed a significant as-
sociation with lower total ACE III scores (x* test, p = 0.045),
but this finding was not significant after FDR correction
(adjusted p = 0.090). No associations were found between
vascular-origin changes and clinical variables or hyperam-
monemia (FDR-adjusted p > 0.05).

Cortical-subcortical atrophy was identified in MRI
scans of 15 patients (29%). Uncorrected analyses showed
an association between atrophy and CI (x? test, p = 0.038),
but this finding did not remain significant after FDR cor-
rection (adjusted p = 0.081). No significant relationships
were observed between cortical-subcortical atrophy and
age, sex, ammonia levels (quantitative or categorical),
MELD-Na, or Child—Pugh scores.

Table 1. Clinical characteristics of the study cohort and the subgroups of patients with positive and negative screening in ACE Il Test for dementia
(i.e, <82 points) in relation to demographic, clinical and imaging results

Variable Total cohort ACE Ill < 82 ACE Ill > 82 Statistical test Test value FDR-corrected
(n=52) (n=30) (n=22) statistic P p-value

Age [years] 51.0 (44.0-59.0) 55.0 (44.5-59.0) | 495 (43.8-54.5) Mann-Whitney U 374.000 0.420 0.864
Gender (male %) 0 (0%) 0 (0%) 0 (0%) Fisher's Exact 0918 1.000 1.000
MELD score 15.0(11.0-20.2) 16.0 (12.2-20.8) = 13.0(10.2-20.0) = Mann-Whitney U 370.000 0463 0.864
Child-Pugh score 8.0(7.0-10.0) 8.0(7.2-11.0) 8.5 (6.0-9.8) Mann-Whitney U 398.500 0.202 0.864
Blood ammonia [ug/dL] 73.0(52.1-1239) | 80.2(55.1-129.6) = 64.3(51.3-89.0) Mann-Whitney U 370.000 0464 0.864
MRI: signs of hepatic 38 (73%) 23 (77%) 15 (68%) Fisher's Exact 0652 0.540 0.864
encephalopathy

MRI: vascular-origin changes 52 (100%) 30 (100%) 22 (100%) X2 0.000 1.000 1.000
MRI: cortical-subcortical 52 (100%) 30 (100%) 22 (100%) W2 0.000 1.000 1.000
atrophy

All p-values were calculated using the Mann-Whitney U test or Fisher's exact test, where appropriate. False discovery rate (FDR) correction was applied
using the Benjamini-Hochberg method. ACE Il - Addenbrooke Cognitive Test IIl; HE — hepatic encephalopathy; MELD — Model of End-Stage Liver Disease;

MRI — magnetic resonance imaging.
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Table 2. Correlations between impairments in MRI of the brain and domains of The Addenbrooke Cognitive Test lll in liver transplant recipients

MRI feature ACE Il domain

FDR-corrected p-value

Spearman’s r

MRI: signs of hepatic encephalopathy ACE Il total —0.169 0.231 52 0.655
MRI: signs of hepatic encephalopathy Attention —-0.182 0.196 52 0.655
MRI: signs of hepatic encephalopathy Memory —0.009 0.951 52 0.951
MRI: signs of hepatic encephalopathy Fluency —-0.096 0.498 52 0.748
MRI: signs of hepatic encephalopathy Language —-0.299 0.032 52 0.555
MRI: signs of hepatic encephalopathy Visuo-spatial abilities -0.236 0.093 52 0.555
MRI: vascular-origin changes ACE Il Total 0.049 0.731 52 0.802
MRI: vascular-origin changes Attention 0.258 0.065 52 0.555
MRI: vascular-origin changes Memory 0.149 0.291 52 0.655
MRI: vascular-origin changes Fluency -0.11 0437 52 0.748
MRI: vascular-origin changes Language 0.064 0.652 52 0.782
MRI: vascular-origin changes Visuo-spatial abilities 0.126 0373 52 0.747
MRI: cortical-subcortical atrophy ACE Il Total 0.096 0497 52 0.748
MRI: cortical-subcortical atrophy Attention 0.074 0.603 52 0.775
MRI: cortical-subcortical atrophy Memory —-0.044 0.757 52 0.802
MRI: cortical-subcortical atrophy Fluency 0.08 0.574 52 0.775
MRI: cortical-subcortical atrophy Language 0.198 0.16 52 0.655
MRI: cortical-subcortical atrophy Visuo-spatial abilities 0.157 0.267 52 0.655

Spearman’s rank correlation was used to assess the association between MRI features and cognitive test performance (ACE Il total and domain scores).
The p-values were corrected for multiple comparisons using the Benjamini-Hochberg False Discovery Rate (FDR) method. ACE Ill - Addenbrooke Cognitive
Test Ill; HE — hepatic encephalopathy; MELD — Model of End-Stage Liver Disease; MRI — magnetic resonance imaging; *FDR-corrected p < 0.05.

Table 3. The correlations of ACE Il total score and its domains with Child-Pugh Score, MELD-Na Score, and venous ammonia levels

Row type Variable ACE Il Attention Memory Fluency Langugage Visuo-spatial abilities
Spearman’s r Ch";cj;feugh 0283 ~0443* 0,053 ~0223 —0433* 0282
Spearman’s r MELD-Na —-0.093 -0.226 0.045 —0.1 -0.222 —-0.109

score

venous

Spearman’s r ammonia -0.127 -0.243 —-0.083 -0.076 —-0.094 —-0.247

level
pvalue (FDR | Child-Pugh 0.194 00123 0.753 0.226 00123 0.194
corrected) score
pvalue (FDR |~ MELD-Na 0659 0.226 0.753 0,659 0.226 0659
corrected) score

~value (FDR | VMO
P ammonia 0.659 0.226 0.669 0.669 0.659 0.226
corrected) lovel

Spearman’s rank correlation was used to assess associations between clinical parameters and ACE Il total and domain scores; p-values were corrected
for multiple comparisons using the Benjamini-Hochberg false discovery rate (FDR) method. ACE IIl - Addenbrooke Cognitive Test IIl; HE — hepatic
encephalopathy; MELD — Model of End-Stage Liver Disease; MRI - magnetic resonance imaging. *FDR-corrected p-values < 0.05.

Table 3 presents the correlations between ACE III
total and domain scores with clinical parameters, in-
cluding blood ammonia, MELD-Na, and Child-Pugh
scores. No significant correlations were observed be-
tween ammonia or MELD-Na and cognitive perfor-
mance (Spearman’s r, all FDR-adjusted p > 0.05). While
uncorrected correlations suggested a relationship be-
tween Child-—Pugh scores and ACE III total, attention,
language, and visuospatial abilities, none of these re-
mained significant after FDR correction. Scatterplots

illustrating selected relationships between cognitive
domains and clinical/imaging features are presented
in Fig. 1.

Five patients (9.6%) died during the study period, all fol-
lowing liver transplantation due to infection and/or surgi-
cal complications. No significant differences in mortality
were found between patients with or without radiological
signs of HE, vascular-origin changes or cortical-subcorti-
cal atrophy, nor between CI groups (ACE III < 82 vs > 82)
(Pearson’s X test, all p > 0.05).
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Fig. 1. Scatterplots illustrating the relationship between variables tested with Spearman’s rank correlation coefficient

Discussion

The findings from this study confirm a high prevalence
of CI among liver transplant candidates with end-stage
liver disease (ESLD) related to AUD. This homogeneous
cohort of AUD patients revealed a concerning frequency
of structural brain changes on routine MRI. While nu-
merous studies have investigated cognitive dysfunction

in patients with hepatitis C and non-alcoholic fatty liver
disease (NAFLD) using advanced imaging techniques
(e.g., magnetic resonance spectroscopy (MRS), functional
MRI,?°-22 such tools remain largely unavailable in routine
pre-transplant care. Most standard clinical brain MRI re-
ports do not include quantitative metrics such as mean dif-
fusivity or fractional anisotropy.?®2* Therefore, our study
underscores the value of assessing cognitively vulnerable



Adv Clin Exp Med. 2026;35(2):243-251

ESLD patients using accessible and widely available neu-
roimaging tools.

Our data showed that vascular-origin changes and
cortical-subcortical atrophy were frequent, even in a rela-
tively young population (mean age: 51 years). Additionally,
a striking proportion of patients demonstrated moderate-
to-severe CI, with more than half meeting criteria for high
dementia probability based on ACE III. This level of dys-
function may impact transplant candidacy through im-
paired treatment adherence and increased post-transplant
risks, including graft rejection.!”

Contrary to our initial assumptions, no significant cor-
relations were found between radiological features and
cognitive test scores after correction for multiple com-
parisons. Although patients with signs of HE showed lower
scores in the language domain of the ACE III in uncor-
rected analysis, this finding did not remain statistically
significant following FDR adjustment. Similarly, no MRI
feature (including vascular-origin changes and atrophy)
was significantly associated with cognitive performance
in domain-level correlations.

These findings align with the growing understanding
that blood ammonia levels, often central to the HE narra-
tive, are unreliable markers of cognitive status in ESLD.*-¢
Our study confirms that ammonia levels were not cor-
related with ACE III total or domain scores, reinforcing
the notion that multiple metabolic and systemic variables
confound its interpretation.?®

Contributing factors include individual variation
in urea cycle function, dietary protein intake and hy-
dration status, all of which can affect ammonia levels
without reflecting cognitive decline. Additionally, lim-
ited access to anti-ammonia therapies (e.g., lactulose,
rifaximin), whether due to cost constraints or poor ad-
herence, may further confound this relationship in real-
world settings.

The role of HE in long-term CI remains debated. Al-
though LT improves ammonia clearance, persistent defi-
cits post-transplantation have been widely reported.!?2
Some studies suggest that structural brain damage from
prior HE episodes may be irreversible,?” whereas others
report partial reversal of MRI abnormalities after trans-
plantation.?® Notably, Bajaj et al.?? found that episodes
of overt HE led to persistent deficits in working memory
and response inhibition. Similarly, studies by Adejumo
etal.?®and Lopez-Franco et al.?! point to a relationship be-
tween HE and dementia that may persist beyond the trans-
plant period. However, evidence remains conflicting.
While Ko et al.32 did not find a clear link between pre- and
post-transplant cognition, Berry et al.®3 highlighted pre-
transplant Cl as the strongest predictor of post-transplant
dysfunction. Cheng et al.>* demonstrated persistent ab-
normalities in functional brain connectivity in patients
with prior HE, especially in regions responsible for higher-
order cognition.
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Our analysis identified a consistent, though uncorrected,
association between cognitive performance and liver func-
tional reserve, particularly the Child—Pugh score. This
aligns with known links between advanced liver dysfunc-
tion, metabolic alterations and cognitive deficits.3>2® How-
ever, after FDR correction, these associations lost statistical
significance, suggesting the need for cautious interpretation.
The trend may reflect the combined impact of malnutrition,
systemic inflammation and energy metabolism deficits.!>%

The MELD score, which does not account for albumin
or nutritional status, was not related to cognitive outcomes.
This discrepancy further supports the theory that chronic
nutritional deficits, captured in part by the Child—Pugh
classification, may be more relevant in assessing cognitive
vulnerability in this population. The high prevalence of CI
in our ESLD cohort also exceeds that reported in kidney
transplant recipients.3®

Limitations

This single-center study addressed a critical gap in trans-
plantology by focusing on AUD patients with ESLD
— a clinically uniform group often underrepresented
in cognitive research. Nevertheless, the sample size limits
generalizability, and the lack of comprehensive neuropsy-
chological testing or DSM-5-based diagnoses precludes
a definitive classification of cognitive disorders.

While the ACE III is a robust screening tool, it cannot
replace a detailed diagnostic evaluation. Additionally,
the cross-sectional design prevents inferences regarding
the trajectory of cognitive dysfunction, either pre- or post-
transplant. Further studies should explore how routine
MRI findings relate to post-LT outcomes, particularly
in the presence or absence of HE history.

Conclusions

This study confirms the high prevalence of CI among
liver transplant candidates with ESLD. Although structural
brain abnormalities were frequently observed, they were
not significantly associated with cognitive test outcomes
after adjustment for multiple comparisons. Similarly, blood
ammonia levels did not predict cognitive function.

Although subtle trends were observed between
the Child—Pugh score and ACE III performance, these
did not reach statistical significance after FDR correction.
Our findings support growing evidence that cognitive dys-
function in ESLD may be multifactorial, involving meta-
bolic, nutritional and neuroinflammatory pathways be-
yond hyperammonemia alone. Future research should aim
to refine neuroimaging biomarkers and integrate broader
systemic assessments to better characterize cognitive risk
in this vulnerable population.
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Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.17104342. The package includes
the following files:

Supplementary Table 1. Expected frequencies for cat-
egorical variables analyzed with the x? test.

Data availability

The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding author
on reasonable request.
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Abstract

Background. Amputation followed by index finger pollicization is the gold-standard treatment for type I B
thumb hypoplasia. However, despite its high success rate, some parents decline this procedure because
it results in a four-finger hand.

Objectives. To evaluate the outcomes of reconstructive surgery in eight patients with type Ill B thumb
hypoplasia, stabilized using a non-vascularized proximal interphalangeal (PIP) joint harvested from the foot
when parental consent for pollicization was not granted.

Materials and methods. The study cohort comprised 8 postoperative patients (mean follow-up: 7 years)
who underwent reconstructive stabilization of a hypoplastic thumb using a PIP joint from the foot. Hand
function was evaluated by measuring range of motion (ROM), thumb stability and length, grip strength,
and performance on a manual manipulation test. Donor-site morbidity was assessed via foot examination
following PIP joint harvest. Functional outcomes were further analyzed using specialized patient-reported
questionnaires.

Results. Most patients achieved good thumb stability and a functional passive range of motion. Recon-
structed thumbs averaged approx. 75% of the length of a normal thumb, and grip strength measured about
50% of thatin the contralateral hand. Donor-site assessment revealed toe shortening in the majority of cases
but no deficits in ambulation or weight-bearing. The overall complication rate was 25%, and most patients
and their parents reported satisfaction with the treatment.

Conclusions. Thumb reconstruction with a non-vascularized PIP joint yields enhanced stability and reduced
hypermobility, with outcomes comparable to those reported for similar techniques. This approach represents
a viable alternative for patients whose parents decline pollicization.

Key words: proximal interphalangeal joint, Blauth I1IB, PIP joint transfer, thumb stabilization, thumb hy-
poplasia
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Highlights

by parents.
assessments.
approach.

struction without pollicization.

» Long-term results after stabilization of hypoplastic thumb type III B using foot proximal interphalangeal (PIP)
joint transfer delivers durable thumb stability and enhanced grip function.

+ PIP joint transfer from the foot serves as a reliable reconstructive alternative when pollicization is not accepted

« Significant improvements in operated-hand grip strength and stability were documented in extended follow-up

+ Outcomes comparable to established thumb reconstruction techniques validate the efficacy of this non-pollicization

« Patient-centered surgical choice: This method respects parental preference by providing functional thumb recon-

Background

Congenital disabilities affect approx. 1% of newborns,
and upper limb anomalies account for about 10% of these
cases. Thumb hypoplasia or aplasia, a form of radial
longitudinal deficiency, represents only 11% of all hand
anomalies. This condition can occur as an isolated defect
or in association with syndromes such as Holt—Oram, Ru-
binstein—Taybi, Apert, VACTERL association (vertebral
defects, anal atresia, cardiac defects, tracheo-esophageal
fistula, renal anomalies, and limb abnormalities), Fanconi
anemia, or congenital radial deficiency.!”

The modified Blauth classification system, which re-
lies on clinical assessment and radiographic imaging,
is used to determine the severity of thumb hypoplasia
and guide the choice of surgical intervention.*> Thumb
hypoplasia significantly compromises hand grip func-
tion, thereby impacting both the physical and mental
development of affected children.® Surgical interven-
tion plays a key role in reducing disability, support-
ing development, and minimizing everyday functional
limitations. Early treatment is critical to avoid maladap-
tive grip patterns, which can hinder rehabilitation and
proper grasp development once embedded in the brain’s
cortical representation.®=#

The choice of surgical procedure depends on the sever-
ity of the thumb defect, and cosmetic and ethical factors
are also considered, which increasingly influence parents’
decision-making.>*-!! In cases of type III B thumb hypo-
plasia, as classified by the modified Blauth system, the con-
dition is marked by thumb shortening and narrowing,
flattening of the thumb web space, and underdeveloped
thenar muscles. Additional characteristics include under-
development of the flexor pollicis longus (FPL), extensor
pollicis longus (EPL), extensor pollicis brevis (EPB), and
abductor pollicis longus (APL) tendons, as well as the prox-
imal 2/3 of the first metacarpal, coupled with instability
of the metacarpophalangeal (MP) and carpometacarpal
(CMQ) joints. The preferred treatment for this defect

is thumb amputation followed by pollicization of the in-
dex finger, which delivers good functional outcomes and
high patient satisfaction rates.?12-1>

Although effective, thumb amputation is often declined
by parents because it results in a 4-fingered hand. The lit-
erature provides limited data on reconstructive methods
to stabilize hypoplastic thumbs, where hypermobility and
instability are major causes of dysfunction.®~11:16-23

Objectives

This study aimed to evaluate the outcomes of recon-
structive surgery in 8 patients who underwent thumb sta-
bilization procedures using a non-vascularized PIP joint
harvested from the foot. These procedures were performed
only in cases where parents declined pollicization.?*

Materials and methods
Study design

This is a retrospective study evaluating the objective and
subjective outcomes of surgical treatment of patients from
the hand surgery department, with a minimum follow-up
of 1 year. The data were summarized and interpreted, and ap-
propriate conclusions were drawn, comparing the results with
similar alternative treatment techniques in the literature.

As part of the basic statistical evaluation, the median value
of the studied variables was presented, and, additionally, a cor-
relation analysis was performed using Spearman’s correlation
coefficient. The confidence interval at which a result was
considered statistically significant was adopted for p < 0.05.

Ethical approval was waived by the institute’s Bioeth-
ics Committee, which determined that this study did not
constitute a medical experiment requiring formal review.
The research was conducted in accordance with the Dec-
laration of Helsinki (2013 revision).
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Participants

Between 2000 and 2022, our hand surgery department
treated 25 patients with type III B thumb hypoplasia
whose parents declined gold-standard pollicization — due
to the resulting 4-fingered hand — and instead opted for
alternative reconstructive techniques. For this reason,
we proposed and performed an alternative reconstruc-
tive surgery by stabilizing the hypoplastic thumb using
a non-vascularized PIP joint from the foot. An additional
inclusion criterion required that the affected thumb have
no history of prior surgical intervention. The surgical tech-
nique and related procedural details have been described
comprehensively in an earlier publication (Fig. 1).24

Eight patients participated in the study, including
4 girls (50%) and 4 boys (50%), aged 3-15 years, with
an average age of 8 years and 6 months. The defect
was unilateral in 7 cases and an isolated thumb defect
in 5 cases. Three cases involved a complex upper extrem-
ity defect, such as congenital radial deficiency. One pa-
tient had additional diagnoses of congenital hearing loss,
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hydrocephalus, and thumb aplasia in the contralateral
hand. The children underwent between 1 and 4 surgeries
(median: 1.5), with thumb stabilization using PIP joint
graft often being the 1°* procedure performed. Additional
procedures included wrist centralization and ulnar bone
lengthening. The age at the time of surgery ranged from
1 year to 3.5 years, with the median age of 1 year. Five
right hands and 3 left hands underwent surgical proce-
dures. The donor PIP joint was harvested from the right
foot 7 times and from the left foot once. In 75% (6/8)
of the cases, the grafts were obtained from the same side
as the operated hand. The 3" toe was most frequently
used as the donor site, accounting for 63% of the cases,
while the 4" and 2™ toes were used as the donor sites
in 25% (2) and 12% (1) of the cases, respectively. One
patient (No. 7) underwent a Huber opposition transfer
1 year after receiving the non-vascularized PIP joint graft
from the toe to the hypoplastic thumb.?

The follow-up period ranged from 1 to 13 years, with
a median of 6.5 years. Detailed patient data are provided
in Table 1.

Table 1. Information about all the patients with Blauth type IlIB thumb hypoplasia in this study

Patient Sex Age at surgery | Follow -up One-sided Isolated Operated Donor Donor | Number of operations
[years] [years] defect defect side foot in the hand

1 M 1 3 yes yes L R % 1

2 M 4 11 yes yes L R Il 1

3 F 1 8 yes no* R R 11l 1

4 M 1 10 yes no* L L Il 2

5 F 4 5 yes yes R R Il 2

6 M 2 1 no* yes R R Il 1

7 F 1 3 yes yes R R % 2

8 F 1 14 yes no* R R M1l 4
n:g;ﬁ;/ M4 P4 1 65 7/8 5/8 L3,R5 L1R7 ”"5‘ |'7'1V . 15

M —male; F - female; L - left; R - right; * thumb aplasia on the opposite side; *radial longitudinal deficiency.

Fig. 1. Schematic drawing showing stabilization of the hypoplastic thumb type Blauth IlIB using a non-vascularized proximal interphalangeal (PIP) joint
from the toe. A. Hypoplastic thumb type Blauth [lIB before the operation. B. Thumb after the procedure; the transferred joint and K-wire are marked in red.
C. Thumb after obtaining bone union of the graft
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Methods

The study on children and adolescents strictly ad-
hered to ethical guidelines and the principles outlined
in the Declaration of Helsinki. Before the commencement
of the study, the entire process was thoroughly explained
and presented to both the parents and the children. Par-
ticipation in the study was entirely voluntary, and verbal
consent was obtained from all the participants and their
legal guardians, most often one of the parents. Ethical ap-
proval was waived by the Bioethics Committee of Poznan
University of Medical Sciences, which issued a written
waiver confirming that formal ethics review was not re-
quired for this non-experimental study

The first author examined all the patients under the su-
pervision of the specialist. As part of the functional
assessment, the passive range of motion in all joints
of the hypoplastic thumb was measured using a goniom-
eter and the point of maximum opposition. The stability
of the transferred joint was evaluated with the dorsal shift
test. It was performed by creating longitudinal traction
to the thumb and then applying a palmar and dorsal pres-
sure over the base of the 15 metacarpal to provoke sublux-
ation of the joint.2%%’

Sensation on the fingertip was assessed considering sen-
sory discrimination using a standard 2-point discriminator.

The relative length of the hypoplastic thumb compared
to the index finger was measured using the method devel-
oped by Goldfarb et al.2® The norm refers to an adducted
thumb, where the fingertip reaches 70% of the proximal
phalanx length (AD/AB length ratio) and 32% of the index
finger length (AD/AC length ratio).

The strength of the global and precise 2-point grip was
assessed using equipment from Biometrics Ltd. E-LINK,
Newport, UK; we used a Hand Accessory Kit (H400s)
(Nine Mile Point Ind. Estate, Cwmfelinfach, Gwent, UK),
specifically comprising the Dynamometer (G100) and
Pinchmeter (P100). The examination was conducted ac-
cording to the recommendations of the American Society
of Hand Therapists (ASHT). A standard test position in-
cludes a seated posture with feet flat, elbow flexed at 90°,
and wrist and forearm in a neutral position.?’-3! Three con-
secutive measurements were taken at 10-s intervals,3° and
the average value obtained from these trials was considered
the maximum grip strength. Depending on the child’s age,
the dynamometer was set in 1 of the 5 standard test posi-
tions. The precision grip strength was assessed for 3 types
of grips: Pincer, 3-point, and key (lateral). Results repre-
sent the mean of 3 measurements, expressed as a percent-
age of age- and gender-matched normative values®? and
of the contralateral healthy hand. The results were evalu-
ated according to the scoring system by Percival et al.3® and
according to the hypoplastic thumb function assessment
scale (WIMEC).34

The assessment of the hand’s manipulative-manual
functions and how the thumb was used in daily activities

M. Gérecki et al. PIP joint transfer from the foot to the thumb

was based on our developed test. The tasks in the test re-
quired using the hypoplastic thumb with lateral, 2-point,
3-point, and global grips. During the 1% trial, the patient
was instructed to perform each activity in the manner
most convenient for them. If a substitute grip was used,
the patient was asked to retry lifting the object or perform-
ing the task using the hypoplastic thumb.

During the test, the order of task execution was arbi-
trary, the time for each task was unlimited, and the tasks
included lifting and placing various objects:

1. Coin — lateral/2-point grip;

2. Sheet of paper — lateral/2-point grip;

3. Small round ball — 3-point, 2-point, small concentric
grip;

4. Round plastic button — lateral, 2-point, 3-point grip;

5. Lifting a pen — 3-point grip;

6. Drawing a circle/line or drawing — 3-point grip;

7. Plastic block (cuboid) — global grip;

8. Bottle — global grip (large concentric);

9.and 10. Lifting a wooden peg and placing it into a hole,
and then removing it and placing it back on the table.

For completing a task using the hypoplastic thumb,
the patient received 1 point; for completing a task with
a substitute grip and then in the subsequent trial using
the thumb, 2 points; for completing a task only using
a substitute grip, 3 points; and if the task was impossible
to complete, 4 points. The scoring range was 10—40 points,
with fewer points indicating a better outcome. The point
score was also converted to a percentage scale of 0-100%
task completion according to the following formula:

% total manual-manipulative ability = (40 — [total points
scored])/30 x 100%.

Subjective hand function assessment was conducted us-
ing the Michigan Hand Outcomes Questionnaire (MHQ).
Depending on the child’s age, the patient or the parent
completed the test based on observations and conversa-
tions with the child. Because the test was initially designed
for adults, the work module was modified to refer to school
or household duties as work.

Additionally, an X-ray of the operated upper limb
was performed during the check-up to assess the union
of the transferred joint.

Results

The median passive range of motion for the hypoplas-
tic thumb was 70° (range: 40—90°) at the interphalangeal
(IP) joint, 35° (range: 5—45°) at the metacarpophalangeal
(MP) joint, 75° (range: 30—90°) for radial abduction, and
70° (range: 10-90°) for palmar abduction. In 1 patient
(No. 8), the first metacarpal was rigid with no passive
motion; palmar and radial abduction measured 10° and
30°, respectively. Another patient (No. 7 after Huber op-
position transfer) exhibited active palmar abduction up
to 70° with an opposition strength of 4 on the Lovett scale.
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In 6 patients, opposition was possible to the tip of the little
finger, and, in the remaining 2, to the tip of the long finger.
In 6 cases (75%), there was an improvement in the stabil-
ity of the hypoplastic thumb base; 1 case showed partial
improvement (13%), and in 1 case, there was no improve-
ment in stability.

The sensation in the pulp of the hypoplastic thumb
among all the examined patients remained within normal
limits, not exceeding 5 mm in the 2-point discrimination
test (2PD) (Table 2).

The median of the AD/AB and AD/AC ratios, which
determine the relative length of the thumb, were 49 and 25,
respectively. Compared to the values established in the lit-
erature by Goldfarb et al,, this indicates a 25% shorter
relative thumb length.?8

For global grip strength, the median value was 44%
relative to the opposite healthy hand and 23% relative
to the norm appropriate for the patient’s gender and age.
Only 1 patient (No. 7) with active opposition after abductor
digiti minimi muscle transfer could generate 2-point pinch

strength, achieving 30% relative to the opposite healthy
hand and 35% relative to the norm appropriate for the pa-
tient’s gender and age.

The manual manipulation function of the hand was as-
sessed using our test for all the patients, with an average
final score of 23 points. The total manual-manipulative
ability ranged from 33% to 100%, with a median score
of 55% for all the patients. The most difficult task was lift-
ing small objects such as coins or small balls, and the least
difficult was lifting larger objects such as a glass or block.
Initially, 75% of the patients performed most of the tasks
using a substitute grip and, then, in subsequent trials, used
the hypoplastic thumb. However, half of the patients im-
mediately used the hypoplastic thumb for some tasks.
Two patients performed all the tasks immediately using
the hypoplastic thumb, while 3 used only the substitute
grip. During the study, most of the patients used a substi-
tute grip at least once. The grip most commonly employed
was the pinch between the index and middle fingers, used
by over 60% of patients (Table 3).

Table 2. Thumb range of motion and carpometacarpal (CMC) | stability after operation in study group

Thumb range of motion [°]

Stability of CMC |

Patient i
palmar radial - joint
abduction abduction opposition
1 50 40 70 70 V stable <5mm
2 70 30 40 80 \% stable <5mm
3 90 40 30 90 Il stable <5mm
4 40 10 90 90 partially stable <5mm
5 60 40 70 70 stable <5mm
6 70 5 90 80 unstable <5mm
7* 70 30 70* 70* Il stable <5mm
8 70 45 10 30 \% stable <5mm
fotal 70 35 70 75 V-6 11l-2
median

*after Huber opposition transfer; factive movement; alP — interphalangeal joint; aMP — metacaropophalangeal joint; CMC - carpometacarpal; 2PD - 2-point

discrimination test.

Table 3. Thumb relative length, grip strength, and manual-manipulation test results in study group

Relative thumb length
Patient

AD/ABratio | ADJ/AC ratio gf{;grng’: healthy hand

1 50 22 70 43

2 50 25 75 56

3 48 29 80 50

4 50 21 69 32

5 50 25 75 44

6 43 24 68 0

7% 45 2% 92 100

8 33 21 56 0
Median 49 25 72 44

Hand grip strength [%]

Precision grip strength [%] Manual-
manipulation
test [%]
55 0 0 40
45 0 0 83
25 0 0 33
20 0 0 33
40 0 0 66
0 0 0 47
20 30 35 100
0 0 0 63
23 0 0 55

*after Huber opposition transfer. AB — the length of the proximal phalanx of the index finger; AC - the length of the entire index finger (proximal, middle,
distal phalanges); AD - the position of the adducted thumb in relation to the index finger.
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Upon analyzing hand function according to the Percival
scale, the most significant percentages of results were
rated as fair (50%) and poor (37%). Only 1 result was rated
as good (13%). The median score among the studied group
was 13 points. Using the WIMEC, the median score was
22 points (range: 19-23) out of a max of 25.

Based on the subjective assessment of hand function
using the MHQ, the median score for all the patients was
61%. The highest scores were noted in the sections on sat-
isfaction and work, at 69% and 55%, respectively. The low-
est scores were observed in the Activities of Daily Living
(ADL) and esthetic section, at 47% and 54%, respectively
(Table 4; Fig. 2,3).

In 75% of cases, harvesting the PIP joint from the toe
resulted in toe shortening, moderate in 5 patients and

mild in 1 — though this did not pose a significant cos-
metic concern. No patient experienced postoperative dif-
ficulties with ambulation or weight-bearing on the donor
foot. However, 1 patient developed toe flaccidity after joint
harvest, occasionally causing the toe to catch on footwear
or when walking barefoot (Fig. 4).

Only in 2 cases (25%) did the harvested graft not achieve
union with the 1t or 2" metacarpal bone after 8 weeks
of immobilization with K-wires. In one case, infection
around the Kirschner wires caused hardware instability;
in another, wire loosening alone was responsible. Both
cases necessitated reoperation: The first involved graft
restabilization only, while the second required pseudoar-
throsis resection, defect reconstruction with a bone graft,
and subsequent restabilization. After surgery, union was

Fig. 2. X-ray of patient No. 1: hand in anterior-posterior (AP) position before the operation (A), after the operation (B), and after 3 years with full graft union

and reconstructed carpometacarpal (CMC) | joint (C)

¥

N

ey

Fig. 3. Patient 1, 3 years after transfer of the proximal interphalangeal (PIP) joint, showing thumb shortening and thenar muscle atrophy, with the thumb

in an intermediate position
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Table 4. Hypoplastic thumb function assessment scales and Michigan Hand Questionnaire (MHQ) results in study group

Michigan Hand Questionnaire

Patient Pt;:zcall\;al hand
function
1 13 22 75 355
2 14 23 50 455
3 10 22 55 61.5
4 13 21 50 46
5 13 23 45 15
6 8 22 80 82
7* 16 22 65 65
8 11 19 35 47.5
Median 13 22 53 47

esthetic satisfaction overall
60 0 75 83 71
75 30 65 75 63
50 25 32 75 58
55 35 45 62.5 55
25 0 32 63 47
50 0 63 95 78
100 0 65 60 75
55 35 0 58 45
55 13 54 69 61

*after Huber opposition transfer; WIMEC — hypoplastic thumb function assessment scale; ADL — activities of daily living.

Fig. 4. Clinical photograph (A) and radiograph (B) of a patient’s foot showing toe shortening, a change observed in most patients after proximal
interphalangeal (PIP) joint graft harvesting

achieved only in 1 patient, while pseudoarthrosis per-
sisted in the other, resulting in ongoing thumb instability.
In this case, the parents ultimately opted for polliciza-
tion (all the functional results of this patient presented
in the paper refer to the assessment before the polliciza-
tion) (Table 5).

There was no statistically significant correlation
between the age at surgery and relative thumb length
with the manual manipulation function test (p = 0.256
and p = 0.417) or MHQ score (p = 0.923 and p = 0.493)
(Table 6).

Discussion

According to the modified Blauth classification, thumb
amputation followed by index finger pollicization is widely
regarded as the gold-standard treatment for type III
B thumb hypoplasia, delivering optimal functional out-
comes.? However, some parents decline this procedure due
to concerns about its cosmetic effect, specifically, the re-
sulting four-fingered hand. As a result, alternative recon-
structive techniques aimed at preserving the hypoplas-
tic thumb — with an emphasis on improving its stability,
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Table 5. Foot assessment results, complications and reoperation rates

Donor foot assessment

cosmetic or functional

Complications

Reoperations

Patient shortening walkirrm)?oa&gnlzsaring
1 yes no
2 yes no
3 yes no
4 yes no
5 no no
6 no no
7 yes no
8 yes no
Total 6/8 (75%) 0/8 (0%)

problem
no no no
no no no
no no no
no no no
no graft nonunion yes**
no graft nonunion yes, twice***
no no no
functional* no no
1/8 (13%) 2/8 (25%) 3/8 (38%)

*limp and hooked toe; **resection of the pseudoarthrosis, filling the defect with a bone graft, and restabilization; ***graft restabilization/pollicization.

Table 6. The results of correlation between variables based on Spearman’s correlation coefficient test

Correlated variables

Manual manipulation test

MHQ score

Age at surgery
Relative thumb length

(rs) = 0.456/p-value = 0.256
(r) =0.335/p-value = 0417

(r) = 0.041/p-value = 0.923
(r) = 0.286/p-value = 0.493

MHQ - Michigan Hand Questionnaire

have been described in the literature. These reconstructive
options include metatarsophalangeal (MTP) joint grafts
(vascularized or non-vascularized), free phalanx grafts
harvested from the toe, partial- or full-width metatarsal
bone grafts, vascularized metatarsal transfers with full-
thickness skin flaps, and non-vascularized structural
grafts from the iliac crest.9-11:1417-19.23,35-39

Autologous transfer of whole or partial PIP joints from
the foot, using either vascularized or non-vascularized
techniques, is well documented in both adult and pe-
diatric populations as an alternative to arthrodesis
or joint arthroplasty. Indications include congenital,
traumatic, and post-infectious PIP joint deformities
of the fingers.40-42

Kuzu et al.*! reported on 7 adult patients who under-
went vascularized transfer of the second toe PIP joint
to the hand, demonstrating enhanced joint mobility. After
1 year, passive range of motion improved by 5-53°, and
active range by 2—43°. In a separate series, Dautel et al.*°
evaluated 43 PIP joint reconstructions in children and
adults over a 5-year follow-up, reporting a mean active
range of 45° (range 34-79°). However, 2 transplanted joints
developed complete ankyloses.

Our literature review revealed no reports of using a PIP
joint transfer for type II1 B hypoplastic thumb reconstruc-
tion. However, some authors have described vascularized
MTP joint grafts, with or without full-thickness skin
flaps, as alternatives to pollicization.!*!8:3¢ In these series,
10 patients aged 1-16 years underwent the procedure: For
younger children, parents declined pollicization, while
older patients received surgery solely to improve thumb
stability in the absence of prior pollicization. In all cases,

adjunctive tendon transfers were performed to restore
active thumb motion. Postoperative thumb stability im-
proved in all cases. However, only Matsuzaki et al.!® re-
ported joint mobility, documenting radial abduction of up
to 45° and palmar abduction of up to 75°. Some patients
achieved global grip strength up to 3-fold higher, while key
pinch strength remained 50% lower compared with pol-
licized individuals.?® In contrast, a separate study reported
grip strength at 40% and 2-point pinch strength at 14%
relative to the contralateral healthy hand.!* In 2 studies, -3
all the patients were able to grasp both small and large
objects with the operated thumb, whereas, in the study
by Foucher et al.,'* over half of the patients could grasp
small objects with the hypoplastic thumb but only used
this grip occasionally during daily activities, with most
being able to hold larger objects.

Another technique described in the literature involves
free, non-vascularized grafting of the entire or partial prox-
imal phalanx or metatarsal bone from the foot to the base
of the hypoplastic thumb.’~117 A total of 40 patients across
4 studies were operated on at an average age of just under
2 years, with an average follow-up of over 5 years. In total,
60% of the patients had a diagnosis of type III B thumb hy-
poplasia, while the remaining had type IIIC or IV (5% and
35%, respectively). Most patients underwent tendon trans-
fers tailored to their specific requirements, primarily oppo-
nensplasty. Good stability of the reconstructed CMC joint
was achieved in most cases, although instability persisted
in 2 patients'®!” (1 after half-width metatarsal transfer
and the other after phalanx transfer). In 1 case,!” partial
instabilities were left uncorrected due to overall functional
improvement.
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In contrast, in another case,!° complete instability re-
quired reoperation with vascularized MTP joint trans-
fer, which improved thumb stability and function. Only
the study by Kawabata et al.'” evaluated the range of mo-
tion in the hypoplastic thumb, which averaged 35° of pal-
mar abduction and 33° of radial abduction. The mean Ka-
pandji score of all the patients was just under 6 points. All
the studies assessed pinch grip strength, but only 317
compared it to that of the healthy contralateral hand, with
an average strength of 31%. Chow et al.! also evaluated
global grip strength, which averaged 61% compared to that
of the healthy contralateral hand. In 1 study, Goldfarb and
Manschke’s method was used to compare the hypoplastic
thumb’s length to the index finger’s proximal phalanx,
finding it to be 57% of normal.” Most of the evaluated
patients®*!” could grasp smaller objects, though they more
frequently used the hand for grasping larger objects. All
the patients evaluated for donor site outcomes on the foot
had no issues with walking, running, or weight-bearing,
and shortening of the toe did not cause functional or cos-
metic problems. The overall complication rate among all
the patients was 18%. The most frequent complication was
delayed or nonunion of the graft (four cases), with one in-
stance each of donor-site mid-metatarsal fracture, fracture
of the transferred metatarsal in the thumb, and first car-
pometacarpal (CMC I) joint instability. Based on 2 stud-
ies,”!! all the parents were postoperatively satisfied with
the hypoplastic thumb’s function and appearance.

In our clinical evaluation, after stabilizing the hypoplastic
thumb with a PIP joint from the foot, we achieved improved
thumb stability and reduced hypermobility, consistent with
the results reported in the abovementioned studies. Similar
to Chow et al.,' 1 of our cases experienced persistent in-
stability due to graft nonunion with the second metacarpal
despite reoperation, ultimately necessitating pollicization.

Consistent with earlier reports, our patients were able
to grasp large objects because the stabilized opposable
thumb provided counterpressure against the other fingers
during a global grip. However, grasping smaller objects was
more challenging for most of our patients than in the stud-
ies mentioned above, likely due to limited active thumb
movement, as only 1 patient underwent tendon transfers
for thumb opposition. Due to the lack of object standard-
ization across all studies, the results remain inconclusive.

We achieved results regarding the radial and palmar ab-
duction range of motion similar to those for the patient
in the study by Matsuzaki et al.’® and twice as good as those
reported by Kawabata et al.'” The mean Kapandji score in our
study was similar to that in the studies mentioned above,
averaging just under 6 points. We obtained comparable
global grip strength results, with a median of 44% compared
to the contralateral healthy hand, as reported by Foucher
etal.and Chow et al.,'® where the average results were 40%
and 61%, respectively. The relative length of the hypoplastic
thumb compared to the proximal phalanx of the index fin-
ger (according to the method developed by Goldfarb et al.?8

261

was slightly more significant in our patients, measuring 72%
compared to 57% in the study by Kawabata et al.””

In our study, only 1 patient (No. 7 after Huber oppo-
sition transfer) could generate 2-point pinch strength,
likely due to the difficulty in overcoming the device’s re-
sistance, as the other patients lacked active adduction and
thumb opposition. In this patient, grip strength was 34%
of the normative value, comparable to the 31% average
reported in previous studies. Similarly to the studies cited,
long-term follow-up showed that patients and their parents
were satisfied with the surgical outcomes and would opt
for the procedure again.

In our study, similarly to the study by Garagnani et al.,*3
most patients had a shortened donor toe after the PIP graft
was harvested. However, despite this, there were no signifi-
cant functional foot issues or significant cosmetic concerns
from either parents or patients.

The complication rate in our patient group was 25%,
similar to the level reported in the reviewed studies
(18%), with graft nonunion being the main issue, leading
to CMC I joint instability. We performed reoperations
in both cases, with union achieved in only 1, while insta-
bility persisted in the other, ultimately necessitating pol-
licization. In 1 case, graft nonunion resulted from infection
around the Kirschner wires and subsequent hardware de-
stabilization; in the other, nonunion was solely due to wire
loosening. In the second case, despite graft restabilization,
osseous union was not achieved. The patient presented
with multiple congenital conditions, including thumb
hypoplasia, congenital hearing loss, and hydrocephalus,
which may have contributed to the nonunion. Ultimately,
the parents consented to pollicization.

Our observations and the cited studies indicate that
achieving improved thumb stability requires successful
graft integration, regardless of the type of graft used.

If this surgical technique fails to achieve a satisfactory
functional outcome for the patient, classical pollicization
remains a viable option. In 1 of our cases, we performed
pollicization with persistent thumb instability (during
graft nonunion despite reoperation). We found no tech-
nical difficulties in performing pollicization as a secondary
operation. No patient in our series required pollicization
after achieving complete graft union, so we cannot directly
assess this scenario. However, based on our experience,
a prior successful graft union is unlikely to substantially
alter the technical challenges or complication rates of sub-
sequent pollicization.

In our work, we used the WIMEC scale to objectively
assess the hypoplastic thumb function, a functional as-
sessment score for congenital hypoplastic thumbs pro-
posed by Mende et al. in 2021.3* It is a basic score, ap-
plicable even in young and non-cooperative patients.
Because the WIMEC scale has been described only re-
cently, it awaits proper validation and reliability testing.
Utilizing this scoring system enables precise comparison
of preoperative and postoperative status and facilitates
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benchmarking outcomes across different techniques and
centers.***® Currently, in the literature, only Sletten et al.*®
have used WIMEC as one of the methods for an objec-
tive postoperative outcome. He assessed the stability
of the thumb’s MP joint after ligament reconstruction
with flexor digitorum superficialis in thumb hypoplasia
type II and IIIA. Postoperatively, patients in the compari-
son groups achieved a mean WIMEC score of 30 points,
surpassing our cohort’s median score of 22 points, likely
reflecting their less severe thumb hypoplasia.

None of the studies reviewed employed either the Per-
cival scoring system or the Michigan Hand Outcomes
Questionnaire (MHQ), precluding direct comparison with
our findings.

Limitations

The small patient group is a limitation of this study. Also,
a detailed subsequent evaluation with long-term follow-
up would be preferable. It will be valuable to compare
the obtained results with those for patients after index
pollicization as the gold standard for treating grade IIIB
thumb hypoplasia.

Conclusions

Patients who underwent hypoplastic thumb reconstruc-
tion using a non-vascularized PIP joint graft from the foot
experienced improved thumb stability and reduced hy-
permobility. These outcomes are comparable to those
reported for similar reconstructive techniques in the lit-
erature. This method may be considered an option for
stabilizing a hypoplastic thumb in patients whose parents
do not consent to pollicization.

To achieve a better functional effect, it is necessary
to plan the required tendon transfers for a given patient
in 1 or more stages of treatment. The most important con-
dition for success is the bone union of the graft, regard-
less of its type, because its failure is the most common
complication, resulting in no improvement in thumb sta-
bility. Harvesting a PIP joint from a toe most often leads
to shortening of the toe but does not cause gait distur-
bances or problems with weight bearing.

At follow-up, both patients and their parents reported
satisfaction with the surgical outcomes and expressed
willingness to undergo the procedure again. However,
we emphasize that this technique is not intended to replace
pollicization as the gold-standard treatment but should be
reserved for cases in which parental consent for polliciza-
tion is not granted.
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Abstract

Background. Phonemic awareness is defined as the ability to break down a word into smaller units called
phonemes or described as the ability to synthesize words from segments of one’s own speech. Impaired
phonemic hearing, depending on the degree of severity, hinders or prevents speech reception, disrupts
the proper development of a child’s pronunciation, may cause disorders in already developed speech, and
complicates the acquisition of writing skills or disturbs the skill that has already been acquired.

Objectives. To create an objectified tool for phonemic hearing diagnostics to ensure that verbal material
is always presented at the same intensity, from the same distance, and in the same direction. Another
aim was to compare children with and without auditory processing disorder (APD) if they have disrupted
phonemic hearing.

Materials and methods. A study involving 20 individuals was conducted using a sound level meter
to determine the level of the auditory stimulus (therapist’s voice) provided to patients during the diagnosis.
Each participant in the study was tasked with repeating, in the most natural way for them, 2 pairs of words
containing opposing sounds.

Results. The analysis revealed significant discrepancies both in the articulation of verbal material by differ-
ent examiners and in the presentation of the same material by a single examiner using different methods.
When the same phonemic opposition was presented in an identical manner by different diagnosticians,
amplitude differences of up to 10.8 dB were observed, with a standard deviation (SD) of 2.5 dB. These findings
underscored the need to develop an objectified tool for phonemic hearing diagnostics to ensure consistency
and reliability in assessment.

Conclusions. In the research group encompassing children with APD, disorders within phonemic hearing
occur more frequently and have a deeper nature. Phonemic hearing disorders in children are associated with
significant difficulties in learning and daily functioning.

Key words: children, APD, phonemic awareness, auditory processing disorder
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Highlights

+ Phonemic hearing deficits in auditory processing disorder (APD): Children with APD exhibit significant impair-
ments in phoneme discrimination, underscoring core processing challenges.

+ 62.9% higher phonemic error rate vs peers: Quantitative analysis reveals that APD diagnoses correspond with
a marked increase in phonemic mistakes compared to non-APD children.

« Early phonemic assessment and intervention boost outcomes: Timely diagnosis and targeted therapy for phonemic
disorders enhance both academic performance and emotional well-being in APD-affected children.

+ Specialized phonemic rehabilitation needed for APD: Results highlight the importance of developing and imple-
menting tailored therapeutic protocols to address phonemic hearing issues in pediatric APD.

Background

The term “phonemic hearing” first emerged in Soviet re-
search in the mid-20*" century, particularly within the fields
of neuropsychology and neurolinguistics.! Effective inter-
pretation of acoustic signals requires not only intact audi-
tory function but also the precise ability to differentiate be-
tween phonemes. Phonemic hearing is essential for speech
development, literacy acquisition, and reading proficiency.
It is commonly defined as the ability to segment words into
their smallest sound units called phonemes? or to synthe-
size words from discrete speech sounds.? Impairments
in phonemic hearing, depending on their severity, can
hinder or even prevent effective speech perception. Such
deficits may disrupt the development of correct pronuncia-
tion, contribute to speech disorders in children, and impede
the acquisition of writing skills or interfere with skills that
have already been established.

It is important to recognize that the primary function
of language is communication.* This entails the exchange
of information between individuals to promote mutual
understanding. The communicative function of language
enables us to convey specific content, emotions, and feel-
ings through spoken or written words, thereby facilitating
effective interpersonal interaction.

Phonemic awareness

Communication disorders may arise from an inability
to differentiate the basic units of language, i.e., phonemes.
In such cases, individuals struggle to distinguish between
sounds that represent different phonemes within a given
language. These difficulties are classified as phonemic
hearing disorders and can be identified through assess-
ments of phonemic awareness.®

Early research in this field was conducted in the 1950s
by Wepman, who developed a test that involved distinguish-
ing between pairs of words that differ by only 1 phoneme,
such as: clothe/clove [3lotye] [dz lotxe]/[3love] [z love], dim/
din [d'Tm] [diim]/[d'In] [diin], leg/led [lek] [lek]/[let] [let].6

A disorder in phonemic awareness is a significant im-
pairment that can interfere with effective interaction with

the environment. It also disrupts auditory perception, lead-
ing to misunderstandings of instructions and difficulties
in following them. Additionally, it can hinder foreign lan-
guage learning, as sounds that should be perceived as dis-
tinct may seem identical to the affected individual — e.g.,
mouse/house [mouse/mouse] and [youse/xouse].

Phonemic hearing should be assessed in the individual’s
native language. Research has demonstrated that people
interpret phonemes more accurately in their native tongue
than in foreign languages. Therefore, conducting assess-
ments in the native language is essential to avoid inaccurate
results or misinterpretation.

Phonemic awareness disorders can lead to difficulties
in everyday functioning and learning, potentially affecting
an individual’s self-esteem and social confidence.” Early
identification and intervention are crucial to support ef-
fective communication and promote healthy cognitive and
emotional development.

Phonemic awareness diagnostics

Contemporary tools for assessing phonemic awareness
typically involve auditory tasks, such as identifying pho-
nemic differences using rhyming word pairs. To reduce
the risk of misinterpretation related to articulatory dif-
ficulties, these assessments are often supplemented with
visual aids.

In English, common diagnostic tools include the Phonemic
Synthesis Picture Pointing Test,® the Auditory Skills Assess-
ment,” and PAT-2.1° In Polish, resources such as Phonemic
and Phonematic Hearing — Theory and Practice by Bronistaw
Roctawski (2016)"! and Examination and Shaping of Phone-
matic Hearing by Irena Styczek (1982)!? are frequently used.

However, many diagnostic tools and platforms devel-
oped over the past decade fail to utilize the full poten-
tial of modern computer and audiometric technologies
commonly applied in hearing diagnostics. More critically,
these tools often lack standardization and objectivity. Test
outcomes can be influenced by numerous variables, includ-
ing the examiner’s voice volume, physical presence, and
whether their mouth is obscured (e.g., by hands, papers,
or books to prevent lip-reading). Additional factors such
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as the patient’s orientation (facing or side-facing the ex-
aminer), the distance between examiner and patient, and
environmental conditions (e.g., reverberation, background
noise) further contribute to variability. This lack of control
makes it difficult to achieve reproducible and reliable as-
sessments of phonemic hearing.!3

An anonymous survey conducted among 15 experienced
speech therapists, each with a minimum of three years
of professional practice, highlighted the lack of consistency
in current phonemic hearing assessment practices. The sur-
vey revealed considerable variation in key testing condi-
tions. For instance, the distance between the examiner and
the patient ranged from 25 to 100 cm, with a mean distance
of 61.7 cm and a standard deviation (SD) of 17.8 cm.

Additionally, the patient’s position relative to the exam-
iner varied. In 73.3% of cases, patients sat facing the ex-
aminer with measures taken to prevent lip-reading, while
in 26.7% of cases, they were seated beside the examiner.
Among those seated face-to-face, 72.7% of examiners used
a sheet of paper to cover the patient’s mouth, 18.2% used
their hand, and 9.1% used a book.

These discrepancies were further corroborated by sound
level meter measurements and survey responses, both
of which highlight a significant lack of consistency and
standardization in phonemic hearing diagnostics.

Objectives

The main goal of this study was to develop an objective
tool for diagnosing phonemic hearing. The tool was de-
signed to ensure consistent presentation of verbal stimuli
in terms of intensity, distance, and direction. A secondary
objective of the study was to compare phonemic hearing
abilities between children with and without APD to deter-
mine whether significant differences exist between the two
groups.

Materials and methods
Study design and sample

To examine how professionals conduct phonemic aware-
ness assessments, a study with 20 participants was carried
out. A sound level meter measured the loudness of the thera-
pist’s voice during the diagnosis. Each participant was asked
to naturally repeat 2 pairs of words that contain opposing
sounds: “Tomek — domek” (t:d) and “drézka — gruszka” (d:g).
Based on these measurements, we calculated the amplitude
differences for each therapist, referred to as Diff TD and
Diff DG. The study was conducted in a medium-sized room
measuring approx.16 m?, resembling a typical speech ther-
apy office. The participant was seated facing the sound level
meter at a standard desk distance, replicating real-world
assessment conditions. They were instructed to repeat
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the presented word pairs (“Tomek,” “domek,” “drézka,”
“gruszka”) with the opposing sounds in 5 different ways:
With an uncovered mouth, covered by a sheet of paper,
covered by a book, covered by a hand, and sitting sideways
to the meter. These positions reflect common methods used
by speech therapists during natural phonemic hearing tests.

Statistical analyses

All analyses were performed using the Automated Sta-
tistical Description System (System Zautomatyzowanego
Tworzenia Opisu Statystycznego (SZTOS)). To assess
the normality of the data, 2 Shapiro—Wilk tests were con-
ducted. The results showed that the Diff DG measure-
ments significantly deviated from a normal distribution
(SW = 0.90; p = 0.034), while the Diff TD measurements
were closer to normal (SW = 0.91; p = 0.078).

Since the Diff DG data did not follow a normal distribu-
tion, the nonparametric Wilcoxon signed-rank test was
applied. In contrast, the Diff TD data met the assumptions
of normality, allowing for the use of a one-sample Student’s
t-test. To compare amplitude measurement values across
different methods of presenting verbal stimuli, a series of t-
tests were conducted against reference values increasing
in 0.5 dB increments.

Results

Preliminary results are presented in Table 1. Values
highlighted in green represent the minimum, while those
in red indicate the maximum, within the significance anal-
ysis of discrepancies. These discrepancies pertain to two
key aspects: The variation observed when the same diag-
nostician presented phonemic oppositions using different
methods, and the variation when the same phonemic op-
position was presented by different diagnosticians.

The analysis revealed significant variability both
in the articulation of verbal material by different exam-
iners and in the presentation methods used by the same
examiner. When the same phonemic opposition was pre-
sented in an identical manner by different diagnosticians,
amplitude differences of up to 10.8 dB were observed
(SD = 2.5 dB). In comparison, when the same diagnosti-
cian presented the opposition using different articulation
methods, differences reached up to 8.4 dB (SD = 3.4 dB).

An analysis of amplitude intensities for the phone-
mic opposition t : d, which had an average of 3.88 dB PL
in the tested group, showed a significant difference from
the reference value range of 0 to 2.5 dB PL. For a reference
value of 3 dB PL, the difference was at the borderline of sta-
tistical significance (p = 0.083). These results are shown
in Table 2 and Fig. 1.

Similarly, for the phonemic opposition d:g, which had
a mean amplitude of 4.34 dB PL, a significant difference
was observed within the range of 0 to 2.5 dB PL (p = 0.010).
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These results are summarized in Table 3 and illustrated
in Fig. 2. The observed variability exceeds the commonly ac-
cepted threshold for test-retest reliability in speech recogni-
tion tasks, which is 2 dB for typically functioning listeners.!*

Discussion

The various discrepancies identified above, which ad-
versely impact the consistency of test results, support
the conclusion that an objective tool for phonemic hear-
ing diagnostics is essential. Such a tool would ensure that
verbal stimuli are consistently presented at the same inten-
sity, distance, and direction. This level of standardization
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Fig. 1. Comparison of the phonemic
opposition t : d measurement values from
the sample with the corresponding reference
values

3.5 4

Fig. 2. Comparison of the phonemic
- opposition d : g measurement values from
the sample with the corresponding reference
values

3.5 4

would enhance the repeatability and comparability of as-
sessments — both across different patients and within re-
peated assessments of the same patient. Key factors in-
fluencing the reliability of these tests include procedural
consistency, adherence to standardized protocols and
diagnostic methods, and the use of uniform, calibrated
equipment during testing.!®

Audiological module for objective
diagnosis of phonemic awareness

Considering the need for an objective diagnostic tool,
an audiometric module was developed for assessing phone-
mic awareness. This tool is useful for specialists diagnosing
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Table 2. Comparison of the phonemic opposition t : d measurement
values from the sample with the corresponding reference values

M | ref | t | p-value
3.88 0.0 8.059 0.000
3.88 0.5 7.021 0.000
3.88 1.0 5.982 0.000
3.88 1.5 4.944 0.000
3.88 2.0 3.905 0.001
3.88 2.5 2.867 0.010
3.88 3.0 1.828 0.083
3.88 35 0.789 0.440
3.88 4.0 -0.249 0.806

A. Konopka et al. A tool for phonemic hearing diagnostics

Table 3. Comparison of the phonemic opposition d : g measurement
values from the sample with the corresponding reference values

M | ref | Vv | p-value
434 0.0 210 0.000
434 05 210 0.000
434 1.0 210 0.000
434 15 209 0.000
434 20 196 0.001
434 2.5 174 0.010
434 3.0 154 0.070
434 35 141 0.200
434 4.0 125 0.500

M = mean level of the Diff t : d measurement in the tested sample;
ref — reference value against which the Diff t: d value is tested; t — t-test
Student value for a one-sample test.

auditory processing disorders and related issues. The audi-
ometer is equipped with a program containing 42 phone-
mic oppositions common in Polish. For each pair of rhym-
ing words, 2 additional non-rhyming, differently sounding
words are included to verify the patient’s understanding
and attention (Table 4).

The use of the Interacoustics AD 528 audiometer
(Interacoustics A/S, Middelfart, Denmark), into which
the diagnostic module is integrated, enables reliable pho-
nemic hearing assessments. These assessments typically
include evaluation of both air and bone conduction hear-
ing. Itis important to remember that phonemic awareness
is fundamental to proper hearing function.

The dedicated audiometric module makes phonemic di-
agnosis objective and repeatable. The same narrator always
delivers speech in the same manner, and the patient is posi-
tioned at the same distance from the speakers. The module
also includes a photo-based book featuring modern graphics
and vibrant colors. Photographs, rather than drawings, were
intentionally used to make the assessment more appropriate
for older patients and to avoid an infantilizing impression.

A dedicated diagnostic card accompanies the module,
providing a clear and structured presentation of the pho-
nemic assessment results. This facilitates subsequent
diagnostic and therapeutic decision-making, including
the need for further testing for APD or dyslexia, refer-
rals for speech therapy, or the formulation of appropriate
educational recommendations.

During the examination, the patient sits at a designated
spot calibrated by the device, facing a centrally located
speaker. In an open-field setting, phonemic hearing tests
are conducted according to the following steps:

1. The examiner names objects depicted in photographs,
and the patient is asked to point to the corresponding im-
age (concept learning phase).

2. The examiner then asks targeted questions, and
the patient selects the appropriate photograph in response.

3. If the patient responds correctly to all items, the ex-
aminer proceeds to the next phonemic opposition.

M — mean level of the Diff d : g measurement in the tested sample;
ref — reference value against which the Diff d : g value is tested; V — one-
sample Wilcoxon signed rank test.

4. Ifany errors occur, the specific phonemic opposition
is retested to confirm or clarify the result.

Repeated errors involving rhyming words may indicate
a specific disturbance in the corresponding phonemic
function. A higher number of errors across various items
may suggest broader difficulties with phonemic aware-
ness. Based on the results of these assessments, clinicians
can confirm or rule out phonemic hearing disorders and
identify appropriate therapeutic interventions.

Diagnosing phonemic functions is essential in evaluating
learning difficulties, persistent articulation issues despite
speech therapy and in diagnosing dyslexia.

Utilizing the audiometric module for
assessing phonemic awareness in children
with APD and children without APD

Given the complexity of APD symptoms and its various
aspects, it is crucial to use diagnostic methods that can
provide comprehensive insights into a patient’s condition
within the limited time of a consultation.'® Having de-
veloped an objective tool for assessing phonemic hear-
ing, a key question arises: Do children with APD, who
have difficulties with learning, understanding complex
commands, and recalling verbally delivered information,
also experience more severe disruptions in phonemic
hearing compared to children without APD? To explore
this, in-depth diagnostics were conducted on 2 groups
— children with APD and typically developing children
(without higher auditory function disorders) — assuming
that phonemic hearing issues might be more pronounced
in the 1t group.

Study design and sample

The study involved 120 children aged 8—12 years (since
auditory perception continues to develop until around
age 7), divided into 2 groups of 60 each. All participants
had normal hearing confirmed by audiometric and
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Table 4. Examples of phonemic oppositions in Polish language

42 phonemic

i Oppositive
oppositions
. phonemes
implemented for .
. . (Orthographic
diagnosis with :
) . Polish
the audiometric .
Transcription)
module
1 potki — butki
2 fapa —fawa
3 paczki — kaczki
4 boli — goli
5 bije — wije
6 Burek — murek
7 beczki — teczki
8 Tomek — domek
9 kot - koc
10 taczki — kaczki
11 matka — maska
12 drézka — gruszka
13 deby - zeby
14 kury — gory
15 gabki — zabki
16 liszki — liski
17 nos — noc
18 sale —fale
19 kasa — Kasia
20 nosze — noze
21 kaszka — kaczka
22 szatas — hatas

Oppositive phonemes
(International Phonetic
Alphabet (IPA))

[puski] [puwci] —
[buski] [buwci]
[uapa] [wapa] -
[uava] [waval]
[packi] [pafci] -
[kacki] [kaffci]
[bolii] [bolji] -
[golii] [golji]
[bie] [bjije] -
[Vie] [Vije]
[burek] [burek] —
[murek] [murek]
[beeki] [befci] -
[tecki] [tefci]
[tdmek] [tSmek] —
[domek] [d3mekK]
[kot] [kot] —
[koc] [kofS]
[tacki] [taflci] —
[kacki] [kaffci]
[matka] [matka] —
[maska] [maska]
[druska] [drufka] —
[gruska] [grufka]
[demby] [dembi] —
[zemby] [zembi]
[kury] [kuri] —
[gury] [guri]
[go0bki] [g3Wpci] -
[z60bki] [z3Wpci]
[lie&ki] [liefci] —
[lieski] [liesci]
[nos] [nas] -
[noc] [nafS]
[sale] [sale] —
[fale] [fal€]
[kasa] [kasa] —
[kasa] [kaga]
[nose] [nofe] —
[noze] [noze]
[kaska] [kafka] —
[kacka] [kafika]
[Sauas] [fawas] -
[xauas] [xawas]

tympanometric tests, and intellectual disability was ruled
out based on IQ assessments. The 15 group included chil-
dren diagnosed with APD based on tests evaluating higher
auditory functions. The 2™ group consisted of children
whose testing did not indicate the presence of APD.

All participants underwent a diagnostic assessment
of higher auditory functions, including the following test:

42 phonemic

" Oppositive
oppositions
. phonemes
implemented for .
: . (Orthographic
diagnosis with .
X . Polish
the audiometric .
Transcription)
module
23 czapka — zabka
24 tacka — taczka
25 zebra - zebra
26 zagony - wagony
27 Basie — bazie
28 w lesie — w lecie
29 bucik - budzik
30 kura - kula
31 rama — jama
32 mak — rak
33 mak — hak
34 murek — nurek
35 wata — fata
36 piesci — piesci
37 kosa — kasa
38 tyzka — tézka
39 wir — wor
40 leki — loki
41 wyje — wije
42 trawa — trasa

Oppositive phonemes
(International Phonetic
Alphabet (IPA))

[8apki] [fapci] —
[Zzabki] [3apci]
[tacki] [tatSci] —
[tacki] [taffci]
[zebra] [zebra] —
[zebra] [3€bra]
[zagbny] [zagdni] —
[vagdny] [vagdni]
[base] [bace] —
[baze] [baze]
VI [v]
[lese] [lece] —
VI [v]
[lece] [letie]
[bucik] [butBik] —
[buzik] [budzik]
[kura] [kura] —
[kula] [kula]
[réama] [réama] —
[idama] [jama]
[mak] [mak] -
[rak] [rak]

[mak] [mak] —
[xak] [xak]

[murek] [murek] —
[nurek] [nurek]
[uata] [wata] —

[vata] [vata]

[pliesci] [pjectii] —

[plENSCEI] [PENnetEi]
[kosa] [kosa] —
[kénsa] [k3nsa]

[uyska] [wifka] —
[uuska] [wufka]
[v'ir] [viir] -
[vur] [vur]
[leki] [leci] -
[loki] [loci]
[vyie] [vije] -
[Vie] [Vije]
[trava] [trava] —
[trasa] [trasa]

Adaptive Speech Understanding in Noise — Word Level:
The child wears headphones and listens to speech babble
noise in their native language. During this noise, a narrator
presents single words, and the child’s task is to repeat them.
The noise level increases gradually until the child makes
errors, allowing the determination of the signal-to-noise

ratio (SNR) threshold.
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Table 5. Basic descriptive statistics of the distributions of the 42 phoneme oppositions (DFF42) variables

Variable

DFF42 120 0.00 5.00

1.35 1.19 0.1

n - number; Min — minimum; Max — maximum; M — mean; SD - standard deviation; SE — standard error.

Table 6. Normality tests and measures of skewness for the distributions of the 42 phoneme oppositions (DFF42 variables)

Variable

Measures of distribution symmetry

DFF42 0.22 < 0.001

skewness kurtosis

0.80 0.34

KS - Kolmogorov-Smirnov test statistic with Lilieforce’s correction.

Table 7. Normality tests and measures of skewness for the distributions of the DFF42 variables in groups distinguished based on the 2 groups (children with

and without auditory processing disorder (APD))

Variable

Measures of distribution symmetry

no APD 033
APD 0.25

DFF42

skewness kurtosis
<0.001 0.95 -0.30
<0.001 1.05 047

APD - auditory processing disorder; KS — Kolmogorov-Smirnov test statistic with Lilieforce’s correction.

Table 8. Differences between groups of children with and without auditory processing disorder (APD) in terms of the levels of the DFF42 variables

No CAPD (a)
Dependent

variable

DFF42 60 0.73 0.94 0.00 4218 60

CAPD (b) Mann-Whitney U test

Difference
avsb

1.09 2.00 7882 | 701.00 | <0.001 a<b 0.61

Mrang — mean rank; U - Mann-Whitney U statistic; rg — Glass’s effect size correlation test statistic; M — mean; SD - standard deviation; Me — median.

Adaptive Speech Understanding in Noise — Sentence
Level: The child wears headphones and listens to speech
babble noise in their native language. During this noise,
a narrator presents short sentences, which the child re-
peats. The noise level gradually increases until errors oc-
cur, allowing the determination of the signal-to-noise ratio
(SNR) threshold.

The dichotic Digit Test involves the child wearing head-
phones through which 4 digits are presented, 2 to each ear,
almost simultaneously. The child’s task is to repeat as many
heard and remembered digits as possible. The results in this
test are given separately for the right and left ear.

Auditory Reaction Test: The child wears headphones and
listens to single sounds of the same frequency. The child’s
task is to react as quickly as possible whenever they hear
the stimulus.

Frequency Pattern Test: The child wears headphones
and hears a sequence of 3 sounds, each of high or low
pitch. The child’s task is to identify and name each sound
in the correct order.

Difference Limen of Frequency test: The child wears
headphones and hears a constant, irrelevant tone with occa-
sional higher-pitched sounds interspersed. The child’s task
is to react when they detect the higher-frequency sound.

Gap Detection in Noise: The child listens to noise
through headphones, with occasional silent gaps inserted.

The child’s task is to detect and react when they hear
a break in the noise.

Next, all 120 children underwent a phonemic func-
tion assessment using an audiometric module contain-
ing 42 phonemic oppositions. The results are presented
in the tables below, with disrupted phonemic oppositions
highlighted in red. Table 1 presents the data for children
diagnosed with APD, while Table 2 shows the results for
children in whom APD was excluded.

Statistical analyses

To assess significant differences between the 2 groups
— children diagnosed with APD and children with excluded
APD - a Mann—-Whitney U test was performed. Despite
the variances of the DFF42 measurements being equal
across groups (F = 0.08; p = 0.772), the non-parametric test
was chosen due to the failure to meet normality assump-
tions both overall and within the subgroups. The total
sample size was n = 120, with 60 children in each group.

The effect size was evaluated using Glass’s biserial cor-
relation measure. Descriptive statistics for the DFF42 mea-
surements are presented in Table 5.

To verify the assumption of normality, the Kolmogorov—
Smirnov test with Lilliefors correction was employed (ap-
propriate for n > 50). Results indicated that normality
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was not met in the overall sample (KS = 0.22; p < 0.001),
nor within either subgroup: children with excluded APD
(KS =0.33; p < 0.001) and children with diagnosed APD
(KS = 0.25; p < 0.001). These results, along with measures
of skewness and descriptive statistics, are summarized
in Tables 6,7. Between-group comparisons are shown
in Table 8. Table 9 displays the phonemic opposition results
from the audiometric assessment in children with APD.
The average number of incorrectly identified phoneme
positions in this group was 1.97 per person (SD = 1.09).

Table 10 presents the results for children without APD,
with an average of 0.73 incorrect phoneme identifications
(SD = 0.94).

Mann—Whitney U test revealed a significant difference
between the groups (U = 701.00; p < 0.001). The APD
group scored higher (mean rank = 78.82), indicating more
errors, while the non-APD group scored lower (mean
rank = 42.18). The effect size was large (r_g = 0.61). The re-
sults are visually summarized in Fig. 3.

901

Mrang = 78.82

60 1

Mrang = 42.18

DFF42

301

No CAPD CAPD
Group

Fig. 3. Differences between of children with and without auditory
processing disorder (APD) in terms of the levels of the DFF42 variable

Limitations

Several limitations of this study should be acknowledged.
First, the research sample was limited to children aged
8-12 years, which restricts the generalizability of the find-
ings to other age groups. Second, there is a notable lack
of comparable studies in this area, making it difficult
to contextualize the results within the broader literature.
Given these limitations, future research should investigate
similar issues in both adolescent and adult populations.

Conclusions

Variability in sound intensity during phonemic hearing
tests — observed in a group of 20 specialists operating under
different acoustic conditions — underscored the need for
an objective diagnostic tool. These differences were primarily
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attributed to inconsistencies in the vocal intensity of diag-
nosticians. In response, an audiometric module for phonemic
hearing assessment was developed. This tool ensures stan-
dardized presentation of verbal stimuli, thereby enhancing
the reliability and repeatability of diagnostic results.

The study revealed a highly significant (p < 0.001) dif-
ference between the phonemic hearing assessment re-
sults of children with APD and those without. Among
the 60 children with APD, phonemic hearing deficits were
more frequent and more pronounced - indicating that
more phonemic oppositions were not heard by these pa-
tients — while in the group of 60 children without APD,
the number of incorrectly identified oppositions was re-
duced by 62.9%. Nevertheless, phonemic hearing difficul-
ties were also observed in children without a diagnosis
of APD. Such deficits may result in substantial challenges
in both learning and everyday functioning.

These preliminary findings suggest the importance
of developing targeted therapeutic procedures for chil-
dren with phonemic hearing deficits. Special attention
should be given to children with both APD and phone-
mic hearing disorders, as their coexistence can severely
impact academic performance and peer relationships.
This can result in lowered self-esteem and, in some cases,
psychological issues — such as behavioral problems, out-
bursts of aggression, tearfulness, and, in extreme cases,
self-harm and suicide attempts. These issues have been
particularly evident following periods of remote learning
during the COVID-19 pandemic.
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Abstract

Background. Multidrug resistance remains a major obstacle in the treatment of ovarian cancer (OC) pa-
tients. Recent research has underscored the critical role of extrachromosomal circular DNA (eccDNA) in tumor
initiation and progression. However, there is limited comprehensive understanding of the role eccDNA plays
in tumor resistance.

Objectives. This study investigates the involvement of W/IW/PT-eccDNA in the resistance mechanisms of 0C.

Materials and methods. Human OC cells (SKOV3 and cisplatin-resistant SKOV3/DDP) were cultured and
high-throughput sequencing was performed, leading to the identification of eccDNA in SKOV3/DDP cells.
Female BALB/cA-nu nude mice with SKOV3 and SKOV3/DDP xenografts received cisplatin (5.5 mg/kg),
hydroxyurea (50 mg/kg) or saline for 14 days, followed by tumor weight assessment. Digital droplet poly-
merase chain reaction (ddPCR) and real-time quantitative polymerase chain reaction (qPCR) were used to
quantify WIWPT-eccDNA, evaluating their sensitivity and accuracy. Linear DNA removal and Bsm digestion
were tested to improve eccDNA detection.

Results. WIWP1-eccDNA was among the top uprequlated eccDNA in SKOV3/DDP cells. Both cisplatin and
hydroxyurea reduced tumor growth in mice, with cisplatin showing limited efficacy in resistant tumors.
The ddPCR outperformed RT-gPCRin sensitivity, and linear DNA removal improved W//PT-eccDNA detection.
WWPT-eccDNA levels were significantly elevated in SKOV3/DDP tumors. Treatment with cisplatin further
increased its expression, whereas hydroxyurea led to a reduction in WIWPT-eccDNA levels.

Conclusions. WIWPT-eccDNA is critical in OC resistance, with cisplatin treatment increasing WIWPT-eccDNA
levels, contributing to resistance. The ddPCR proves to be a superior method for eccDNA detection.

Key words: ovarian cancer, chemoresistance, WIWPT, extrachromosomal circular DNA, droplet digital PCR
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Highlights

when measuring low-abundance WWPI-eccDNA.

WWPI-eccDNA in resistant OC cells.

OC drug resistance.

o WWPI-eccDNA drives ovarian cancer (OC) drug resistance: Elevated extrachromosomal circular DNA of the WWPI
gene promotes chemotherapy evasion in ovarian tumors.
+ ddPCR outperforms qPCR for eccDNA quantification: Digital droplet PCR delivers higher sensitivity and accuracy

« Cisplatin treatment upregulates WWPI-eccDNA levels: Platinum-based chemotherapy significantly increases
+ Hydroxyurea reduces WWPI-eccDNA abundance: DNA synthesis inhibition with hydroxyurea lowers eccDNA

copy number, suggesting a strategy to counteract resistance.
o WWPI-eccDNA as a therapeutic target: Targeting eccDNA biogenesis or stability offers a novel approach to reverse

Background

Ovarian cancer (OC) is the most lethal gynecologi-
cal malignancy, with the highest mortality rate among
related diseases. Around 70% of patients are diagnosed
at advanced stages after substantial disease progression.!
Consequently, the 5-year survival rate for these patients
is alarmingly low, at around 30%.? Currently, chemother-
apy represents the primary therapeutic strategy for OC;
however, its effectiveness is significantly compromised
by both inherent and acquired resistance of tumor cells
to chemotherapeutic agents, as well as their strong ten-
dency to metastasize. Multidrug resistance (MDR) plays
a central role in reducing chemotherapy efficacy, leading
to treatment failure and cancer recurrence. Notably, more
than 90% of OC deaths are linked to drug resistance.?

WWPI, a HECT-type (homologous to the E6-AP car-
boxyl terminus) E3 ubiquitin ligase, regulates the ubiquiti-
nation of multiple substrates. It is frequently overexpressed
or aberrantly activated in various cancers and is associated
with poor clinical prognosis.* Recent preclinical studies
have identified WWZPI as a promising therapeutic target
in cancer and other diseases. The overexpression of WWPI
is particularly detrimental because it promotes the polyu-
biquitination of the tumor suppressor gene PTEN, leading
to its functional inactivation. This gene, often mutated,
deleted, downregulated, or silenced in cancers, is criti-
cal for regulating cell growth. The alteration of PTEN
by WWPI impedes its dimerization and membrane lo-
calization, compromising its tumor suppressor function.
Consequently, this deregulation activates the PI3K/AKT
signaling pathway, enhancing tumor cell survival and
contributing to MDR. Intriguingly, inhibiting WWPI has
been shown to restore PTEN’s tumor suppressor function,
regardless of the gene’s mutational status, thereby inhibit-
ing tumor growth and potentially reversing MDR.> WWP]
is frequently overexpressed or mutated in multiple ma-
lignancies, such as colorectal, liver and breast cancers.®®
Although WWPI’s role in other malignancies is well docu-
mented, its contribution to OC and treatment resistance

remains unknown. Our study addresses this gap by explor-
ing its eccDNA-mediated regulatory mechanisms.

Extrachromosomal circular DNA (eccDNA) is a form
of circular DNA that exists independently of chromosomes
and is associated with oncogene amplification, as well as its
strong tendency to promote tumor metastasis. Eccentric
circular DNA (eccDNA) molecules were first identified
in 1965 through optical microscopy in malignant tumor
cells of children. These structures were frequently ob-
served in pairs and became known as double minutes
(DMs). The significance of eccDNA in cancer development
has gained recognition in recent years thanks to advances
in next-generation sequencing and ultra-high-resolution
imaging technologies. These studies have established
a clear link between oncogene amplification in eccDNA
and adverse outcomes in cancer patients.” The eccDNA
contributes to tumor pathology by amplifying oncogenes,
supporting the synthesis of proteins that promote tumor
growth, mutations and cellular invasion. This oncogenic
overexpression is a crucial factor in the aggressive behav-
ior of tumors.!® For instance, a recent study showed that
eccDNA-induced RAB3B promotes autophagy, thereby
increasing resistance to cisplatin in hypopharyngeal squa-
mous cell carcinoma. These findings suggest that targeting
eccDNA may represent a promising strategy to overcome
tumor drug resistance.!! However, current methods for
detecting eccDNA are still limited.

Droplet digital PCR (ddPCR) has emerged as a transfor-
mative technology in scientific research, particularly for
precise quantification of nucleic acids. Unlike real-time
quantitative polymerase chain reaction (qQPCR), ddPCR
enhances accuracy by partitioning the sample into tens
of thousands of separate reaction compartments, each
containing a tiny volume of the reaction mixture. This
partitioning ensures that each compartment likely con-
tains 0 or 1 nucleic acid template molecule. After am-
plification, fluorescent signals from each compartment
are measured. These data are then used to calculate
the concentration or copy number of the target molecule
using the Poisson distribution.!? This method provides
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absolute quantification of nucleic acids in a sample, making
it a powerful tool in medical research, especially in oncol-
ogy, where it is used to analyze genetic variations in can-
cers such as breast and gastric cancers.!3-1°

Objectives

In this study, we performed sequencing of extrachro-
mosomal circular DNA (eccDNA) from the OC cell lines
SKOV3/DDP and SKOV3, which led to the identification
of eccDNA encoding WWPI. To validate these findings,
we employed the advanced droplet digital PCR (ddPCR)
technique.

Materials and methods
Cell culture

Human OC cell line SKOV3 and its cisplatin-resistant
variant SKOV3/DDP were acquired from Zhejiang Meisen
Cell Technology Co. (Zhejiang, China; cat. No. CTCC-
001-0011). The cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 10% fetal bo-
vine serum (FBS) and 1% penicillin—streptomycin solution,
both purchased from Thermo Fisher Scientific (Waltham,
USA). Cultures were maintained in a BINDER cell ther-
mostatic incubator (BINDER GmbH Co, Tuttlingen, Ger-
many) set at 37°C with an atmosphere containing 5% CO,.
The culture medium was replaced every other day, and cells
were passaged every 3—4 days to maintain optimal growth
conditions. To preserve the cisplatin resistance phenotype,
a concentration of 0.2 pg/mL cisplatin was continuously
present in the culture medium of the SKOV3/DDP cells.

High-throughput sequencing of eccDNA

The SKOV3 and SKOV3/DDP cells were resuspended
in L1 buffer from the Plasmid Mini AX kit (A&A Bio-
technology Inc., Gdansk, Poland), which included prote-
ase K from Thermo Fisher Scientific, and were digested
overnight at 50°C. Following digestion, the samples under-
went alkaline treatment and were purified using a column
according to the instructions provided with the Plasmid
Mini AX kit. The column-purified DNA was treated with
FastDigest Mssl enzyme (Thermo Fisher Scientific) at 37°C
for 16 h to eliminate mitochondrial circular DNA. Subse-
quently, Plasmid-Safe ATP-dependent DNase (Epicentre
Biotechnologies, Madison, USA) was added. Thirty units
of the enzyme and the appropriate amount of adenosine
triphosphate (ATP) were supplemented every 24 h for a to-
tal incubation of 1 week to ensure complete removal of re-
sidual linear DNA. These enzymatically treated samples
served as templates for amplifying eccDNA using the RCA
DNA Amplification Kit (GenSeq Inc., Shanghai, China).
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The amplified eccDNA was purified with the MinElute
Reaction Cleanup Kit (Qiagen Inc., Hilden, Germany). This
purified DNA was utilized to construct a library using the
GenSeq® Rapid DNA Lib Prep Kit (GenSeq Inc.), which
was subsequently sequenced using the NovaSeq 6000 sys-
tem (Illuminalnc., San Diego, USA) in a 150bp paired-end
format. The sequencing data was filtered using SOAP-
nuke v. 2.1.9 (BGI Research,Beijing, China) to obtain clean
reads. HISAT2 v. 2.2.1 (Johns Hopkins University, Balti-
more, USA) was then employed to align these clean reads
to the reference genome. Circle-map v. 1.1.4 (University
of Copenhagen, Copenhagen, Denmark) was used to iden-
tify eccDNA across all samples. Samtools v. 1.21 (Wellcome
Sanger Institute, Cambridge, UK) calculated the number
of soft-clip reads overlapping with breakpoints to generate
raw count numbers. Finally, differential eccDNA expression
analysis was performed using edgeR v. 4.2.2 (R Foundation
for Statistical Computing, Vienna, Austria) with a biologi-
cal coefficient of variation (BCV) parameter set to less than
or equal to 0.4 for human data based on the methodological
specifications outlined in the official edgeR documenta-
tion.!® The pipeline included data normalization, calcula-
tion of intergroup fold changes and statistical significance
assessment through p-value determination, enabling sys-
tematic identification of differentially expressed eccDNAs.
The presence and characteristics of identified eccDNA sig-
nals were validated using the Integrated Genome Browser
(IGB) v. 10.10 (University of North Carolina at Charlotte,
Charlotte, USA), a specialized software platform for ge-
nomic data visualization and analysis.

Establishment of a nude mice ovarian
cancer model

A total of 25 female BALB/cA-nu mice, aged 4—5 weeks,
were obtained from Henan SCBS Biotechnology Co., Ltd.
(Anyang, China; license No. SCXK2020-0005). Ethical ap-
proval for the study (No. NYDLS-2023-004) was granted
by the Experimental Animal Ethics Committee of Nanyang
Institute of Technology (China) on 13 April 2023. SKOV3
and SKOV3/DDP cells were harvested during the logarith-
mic growth phase. The cells were enzymatically dissociated
using trypsin and gently pipetted to obtain a single-cell sus-
pension. Following centrifugation at 1,500 rpm for 6 min,
the supernatant was discarded, and the cells were washed
3 times with PBS. The final cell concentration was adjusted
to 5 x 10° cells/mL using 0.9% sodium chloride solution.
A total of 300 pL of the prepared cell suspension was subcu-
taneously injected into the flank of each mouse after alcohol
disinfection of the injection site. The mice were housed un-
der controlled environmental conditions, including a tem-
perature of 25°C, relative humidity of 50 £10% and a 12-h
light/dark cycle. Tumor formation was typically detectable
by palpation at the injection site within 6-7 days post-in-
jection. The health status and general condition of the mice
were closely monitored daily throughout the experiment.
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Grouping and administration of nude mice

Therapeutic treatment began 7-10 days after the inocu-
lation of subcutaneous tumor cells. Mice inoculated with
SKOV3 cells were randomly assigned to either the control
group or the cisplatin group. Mice inoculated with SKOV3/
DDP cells were divided into 3 groups: the control group,
the cisplatin group and the hydroxyurea group, with 5 mice
in each group.

Control group: Mice were treated with 0.9% sodium
chloride solution, 0.1 mL per 10 g of body weight, admin-
istered daily for 14 days.

Cisplatin group: Mice received cisplatin (5.5 mg/kg,
CSNpharm Inc., Chicago, USA) in a volume of 0.1 mL
per 10 g of body weight, administered every other day for
14 days.

Hydroxyurea group: Mice received hydroxyurea
(50 mg/kg, CSNpharm Inc.) in a volume of 0.1 mL per
10 g of body weight, administered every other day for
14 days.

Tumor dissection

Mice were euthanized the day after the final drug ad-
ministration. Tumors were dissected under sterile condi-
tions, and their weights were recorded. The tumors were
subsequently stored at —80°C for future analysis.

Extraction of genomic DNA

Tumors stored at —80°C were retrieved and thor-
oughly washed with PBS. The tumor tissues were then
homogenized using a high-speed, low-temperature tis-
sue grinder to ensure uniform disruption. Genomic DNA
was subsequently extracted from the homogenized sam-
ples according to the manufacturer’s instructions using

(A) (1358 .. 8) Forward primer (junction
(1259) BsmI l

Reverse primer (166 .. 185)

ACTB

1363 bp

Fig. 1. Design diagram of primers and probes for ACTB and WWWPT plasmids

(B) (545 .. 16) Forward primer
\

(491) BsmI
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the MagAttract High Molecular Weight DNA Kit (Qiagen
Inc.). Proteinase K and RNase A were added to the tissue
sample. The mixture was incubated at room temperature
for 30 min. DNA purification magnetic beads were then
added. The solution was thoroughly mixed using a mixer.
Then, the supernatant was carefully transferred to a new
container. The supernatant was washed. Finally, the DNA
was eluted using the appropriate elution buffer. The ex-
tracted DNA was stored at —20°C for subsequent analysis.

Synthesis of primers and probes

All primers and probes used in this study were synthe-
sized by Beijing Tsingke Biotech Co., Ltd. (Beijing, China),
including those for ACTB:

(forward: TGCACCTCCCACCG;
reverse: ACAGAGCTTCCCTCCAAGAC;
probe: ACCGTGTTCAGGGTCCCTGTCC-FAM)
and WWPI:
(forward: ACCCTGACCTAGTCAG;
reverse: GAGATTTTAAAAGGATTTATGAAAAATAGG;
probe: TCATGCCTGGTGACCAGGTCACT-VIC).

Linear experiment

ACTB and WWPI plasmids, each at a concentration
of 0.01 ng/pL, containing sequences cloned into the PUC57
vector based on identified eccDNA coordinates (ACTB:
chr7:5532553-5533915; WWPI: chr8:86395371-86395928,
data from High-Throughput eccDNA sequencing, as shown
in Fig. 1). These plasmids were digested with Bsml endo-
nuclease (New England Biolabs, NEB Inc., Ipswich, USA).
The digested plasmids were subsequently diluted 20-fold
with deionized water. The plasmids were partitioned into
8 serial dilutions, ranging from 10,000 to 5 copies per pL.
These dilutions were analyzed using both RT-qPCR and

/i’unction

)— prob (139 ..161)

Reverse primer (164 ..179)
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ddPCR to assess the sensitivity. The digital PCR system
(TargetingOne Inc. TD-1; Beijing Xinyi Biological Technol-
ogy Co., Beijing, China) used a reaction mixture consisting
of 7.5 uL of 4 x SuperMix (TargetingOne Corporation,
Ltd.), 1.2 uL each of forward and reverse primers (400 nM),
200 nM probe and 50 ng DNA template in a total volume
of 30 pL. Cycling conditions were: initial denaturation
at 95°C for 10 min; 40 cycles of 94°C for 30 s and 58°C for
30 s; and a final hold at 12°C for 5 min. Real-time quan-
titative polymerase chain reaction was performed using
the CFX Opus96 system (Bio-Rad Inc., Hercules, USA)
under similar conditions.

Repeatability experiment

Plasmids containing ACTB and WWZPI sequences were
used as templates for ddPCR and RT-qPCR amplification
at concentrations of approx. 10,000, 5,000, 1,000, 500, and
100 copies/pL.

Each concentration was tested in triplicate across 3 in-
dependent inter-batch experiments, and the coefficient
of variation (CV) was calculated to assess the repeatability
of the method. The reaction systems, primer and probe
concentrations, and amplification conditions were consis-
tent with those used in the linearity experiment.

Comparison before and after removal
of linear DNA from circular DNA

Genomic DNA extracted from the tumor tissues
of the cisplatin-treated SKOV3 nude mice model was di-
vided into 3 aliquots. The 1% sample contained unmodified
genomic DNA. In the 2™ sample, linear DNA was removed
using the MinElute Reaction Cleanup Kit (Qiagen Inc.).
The genomic DNA was added to the buffer solution, and
then the resultant liquid was transferred to an adsorp-
tion column. Following centrifugation, a washing buffer
was introduced. After allowing the system to stand for
adefined period, a 2" centrifugation step was carried out.
Finally, an elution buffer was employed to elute the purified
product. The 3'¢ sample, after linear DNA removal, was
further treated with Bsml endonuclease. The DNA was
incubated at 65°C for 10 min, followed by 80°C for 20 min
in a thermal cycler. The presence of WWPI-eccDNA
and ACTB-eccDNA in all 3 samples was evaluated using
ddPCR. All samples were loaded with a final DNA concen-
tration of 200 ng. The reaction system, primer and probe
concentrations, and amplification conditions remained
identical to those used in previous experiments.

Comparison of eccDNA in different
treatment groups

The extracted genomic DNA from each group was
retrieved from storage at —20°C, and linear DNA was
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subsequently removed. The DNA was then digested with
Bsml endonuclease, and ddPCR analysis was performed.
The final DNA loading concentration for each sample was
200 ng. The reaction system and amplification conditions
remained consistent with those described previously.

Statistical analyses

Data analysis was performed using GraphPad Prism
v. 8.0 (GraphPad Software, San Diego, USA). Given
the small sample size (n < 10), normality testing was in-
tentionally omitted due to insufficient statistical power,
and nonparametric methods were uniformly applied. For
comparisons between 2 groups, the Mann—Whitney U test
was applied. Multi-group comparisons were performed us-
ing the Kruskal-Wallis test, followed by Dunn’s post hoc
test with Bonferroni correction to adjust for multiple com-
parisons. Results were expressed as median (min-max).
Statistical significance was set at a p-value of less than 0.05.

Results

eccDNA differences between SKOV3/DDP
and SKOV3 cells

Volcano plot analysis of eccDNA profiling for high-
throughput sequencing (Fig. 2A) revealed 1,563 differen-
tially expressed eccDNAs meeting predefined thresholds
([log2(fold change)| >1 and FDR-adjusted p < 0.01) between
SKOV3 and SKOV3/DDP cells. Of these, 578 eccDNAs
(37%) exhibited upregulation (depicted in red), while
986 eccDNAss (63%) showed downregulation (highlighted
in blue). Notably, WWPI-eccDNA ranked among the top
10 most significantly upregulated species (log2(fold
change) = 11.1, p = 6.36 x 10"-5). The IGB browser analysis
of sequencing data confirmed elevated WWPI-eccDNA
copy numbers in SKOV3/DDP cells compared to parental
SKOV3 cells (Fig. 2B). Given the potential role of WWPI
in tumor resistance,® we further investigated the presence
and significance of WWPI-eccDNA in the tumor tissues
of nude mice models. This was done following linear and
reproducibility experiments designed to detect WWPI-
eccDNA in plasmid samples.

The effects of different treatments
on tumor weight

In nude mice models of SKOV3 and SKOV3/DDP, both
the cisplatin and the hydroxyurea treatment showed in-
hibitory effects on tumor growth compared to the control
group. The tumor inhibition effect of cisplatin was less
pronounced in the SKOV3/DDP model than in the SKOV3
model (Fig. 3, Tables 1,2), indicating that the SKOV3/DDP
mice exhibited resistance to cisplatin (p < 0.05).
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Table 1. Effects of cisplatin on tumor weight in SKOV3 nude mice models (median, min—-max)

Tumor type Weight [mg] 95% Cl of mean
439
control (33.8-536) - 34.39-53.69
Nude mice model of SKOV3 93
. . . * —
cisplatin 68-183) 0.008 5.32-16.40

The differences in tumor weight between the 2 groups were analyzed using Mann-Whitney U test, *p < 0.01 vs control group. n = 5. Mann-Whitney U test:
p =0.008; 95% CI - 95% confidence interval.

Table 2. Effects of cisplatin and hydroxyurea on tumor weight in SKOV3/DDP nude mice models (median, min-max)

Tumor type Weight [mg] 95% Cl of mean
376
control (334-78.6) - 23.88-70.36
. N 175 .
Nude mice model of SKOV3/DDP cisplatin (10.0-21.3) 0014 9.26-22.58
hydroxyurea el 0.040* 5.65-28.99
yaroxy (103-31.9) : 07

Differences in tumor weight among the 3 groups were analyzed using the Kruskal-Wallis test, and conducted post hoc analysis using Dunn’s multiple
comparison test; *p < 0.05 vs control group; n = 5. Kruskal-Wallis test: p = 0.002; 95% Cl — 95% confidence interval.
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*p < 0.05 vs corresponding control group. **p < 0.01 vs corresponding control group. n = 5.
SKOV3 — human ovarian cancer cell line; SKOV3/DDP - cisplatin-resistant of human ovarian cancer cell line
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ddPCR - digital droplet polymerase chain reaction; gPCR — real-time quantitative polymerase chain reaction; ACTB — beta-actin; WWPT - WW domain-

containing ubiquitin E3 ligase 1.

Increased sensitivity for plasmids
detection using ddPCR

Analysis of the standard curve generated using RT-
qPCR showed that the WWPI plasmids yielded a curve
with the equation y = 1.0378x - 0.8771, resulting in an R?
of 0.9949. Similarly, the standard curve for the ACTB

plasmids was y = 0.8835x + 3.1211, with an R? of 0.9961.
In comparison, the ddPCR method established in this study
exhibited superior sensitivity and linearity. The standard
curve for the WWPI plasmids was represented by the equa-
tion y = 1.0232x - 0.0589, with an impressive R? of 0.9998.
For the ACTB plasmids, the standard curve equation was
y =1.0053x — 0.0272, also showing a high R? 0£ 0.9997 (Fig. 4).
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Table 3. The repeated experimental results of ACTB plasmids

Concentration

ddPCR inter-assay variation (reproducibility)

qPCR inter-assay variation (reproducibility)

of ACTB plasmids Rep. 1 Rep.2 Rep.3
log(copies/pL) log(copies/uL) | log(copies/uL) | log(copies/pL)
3.70 3.71 3.71 3.71
340 341 341 341
2.70 2.74 2.69 2.72
2.00 1.98 2.02 1.99
1.30 1.31 1.31 1.31

Rep.2(Ct) | Rep.3(Ct)
0.002 | 0.05% 27.77 27.66 27.82 0.082 0.29%
0.001 | 0.04% 29.03 2899 29.18 0.100 0.34%
0024 | 0.89% 3227 31.99 32.14 0.140 0.44%
0018 | 0.90% 33.09 34.29 33.1 0.690 2.06%
0.008 | 0.63% 3573 36.86 36.07 0.580 1.60%

SD - standard deviation; CV - coefficient of variation; ddPCR - digital droplet polymerase chain reaction; gPCR - real-time quantitative polymerase chain
reaction; ACTB - beta-actin; WWP1 — WW domain-containing ubiquitin E3 ligase 1; Rep — representative; SD — standard deviation; CV - coefficient of

variation.

Table 4. The repeated experimental results of WWPT plasmids

Concentration

ddPCR inter-assay variation (reproducibility)

gPCR inter-assay variation (reproducibility)

of WWPT1 plasmids Rep.1 Rep.2 Rep.3
log(copies/pL) log(copies/uL) | log(copies/uL) | log(copies/pL)

3.95 3.96 3.96 3.95

3.65 3.66 3.65 3.66

2.95 2.96 2.96 2.94

2.26 227 2.26 2.25

1.56 1.55 152 1.56

Rep.1(Ct) | Rep.2(Ct)
0.004  0.11% 29.58 29.81 29.78 0.125 0.42%
0.005 | 0.14% 31.15 31 3149 0.251 0.80%
0010 | 0.35% 34.85 34.41 34.27 0.303 0.88%
0.011 0.50% 35.69 36.95 36.15 0.638 1.76%
0019 | 1.23% 3861 3941 38.82 0415 1.06%

SD - standard deviation; CV - coefficient of variation; ddPCR - digital droplet polymerase chain reaction; gPCR - real-time quantitative polymerase
chain reaction; ACTB - beta-actin; WWP1 — WW domain-containing ubiquitin E3 ligase 1; Rep — representative; SD — standard deviation; CV - coefficient

of variation.

Higher reproducibility for plasmids
detection with ddPCR

For the inter-batch reproducibility assessment, ddPCR
demonstrated superior precision, with an average CV
of 0.50% and 0.47% for ACTB and WWZPI plasmids, re-
spectively. In contrast, RT-qPCR showed higher variability,
with an average CV of 0.95% and 0.99% for ACTB and
WWPI plasmids, respectively. Compared with RT-qPCR,
ddPCR had better repeatability and accuracy (Tables 3,4).

Linearization and restriction endonuclease
treatment enhance eccDNA detectability

As shown in Fig. 5, eccDNA detectability varied sig-
nificantly across samples with different methods. Initially,
eccDNA was almost undetectable in samples without
linearization or restriction endonuclease digestion. This
suggests that the presence of linear DNA may interfere
with eccDNA detection, potentially affecting amplifica-
tion efficiency and leading to inaccurate results. Following
the removal of linear DNA and cleavage at the Bsml site,
WWPI-eccDNA was consistently amplified and accurately
detected in the samples. These results underscore the im-
portance of removing linear DNA to preserve the integrity
and accuracy of eccDNA amplification in our experimental
setup.

Cisplatin increases WWP1-eccDNA level

Digital droplet PCR analysis revealed notable differences
in the copy numbers of WWPI-eccDNA across various
treatment groups. Specifically, in the SKOV3 and SKOV3/
DDP nude mice models, the cisplatin treatment signifi-
cantly increased the copy number of WWPI-eccDNA
compared to the control group. In contrast, the hydroxy-
urea treatment notably decreased WWPI-eccDNA lev-
els in the SKOV3/DDP model. Additionally, the WWPI-
eccDNA copy number in the control group of the SKOV3/
DDP model was significantly higher than in the control
group of the SKOV3 model (p < 0.01). These findings un-
derscore the differential effects of cisplatin and hydroxy-
urea on WWPI-eccDNA abundance, indicating a potential
mechanism through which these treatments modulate
drug resistance profiles in the OC nude mice model (Fig. 6,
Table 5).

Discussion

The primary objective of this study was to establish
a highly sensitive and accurate ddPCR methodology for
quantifying eccDNA copy numbers and to assess how dif-
ferent chemotherapeutic agents impact the copy number
of WWPI-eccDNA in OC. The results of our linearity and



Adv Clin Exp Med. 2026;35(2):279-290

287

2000 2000 2000
1830 1830 3 1830 3
1660 A 1660 3 B 1660 3 c
1490 1490 3 1490 3
1320 E 1320 3 1320 3
F 1150 E g 1150 4 F 1150 3
980 E 980 3 980 3
810 E 810 3 810 3
640 E 640 3 640 3
470 E 470 3 470 3
300 i ; ; 300 300
800 1170 1540 1910 2280 2650 3020 3390 3760 4130 4500 800 1170 1540 1910 2280 2650 3020 3390 3760 4130 4500 800 1170 1540 1910 2280 2650 3020 3390 3760 4130 4500
viC viC vic
D FAM E vic

2000 T T

Amplitude

+ +
20000 40000

+ +
60000 80000

Event number

t
100000

Amplitude

5500

5000 4

4500

4000

3500

3000

2500

2000

Lty

pin,

' - '
60000 80000 100000

Event number

20000 40000

Fig. 5. Impact of linear DNA removal and restriction digestion on WWPI-eccDNA detection. A. Raw DNA (no treatment); B. Linear DNA removed
(no Bsml digestion); C. Linear DNA removed + Bsml digestion; D. 1-D fluorescence amplitude plot of ACTB-eccDNA, E: 1-D fluorescence amplitude plot

of WWPT-eccDNA
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containing ubiquitin E3 ligase 1; eccDNA — extrachromosomal circular DNA; SKOV3 — human ovarian cancer cell line; SKOV3/DDP - cisplatin-resistant

of human ovarian cancer cell line.
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Table 5. The effects of different drug administrations on the expression of WWPT-eccDNA (median, min—-max)

95% Cl of mean

Tumor type WWP1-eccDNA level (copies/ng)

control 288

Nude mice model (27.8-29.7)
of SKOV3 e 336

cisplatin (327-348)
control S

(33.5-35.9)
Nude mice model cisplatin 472

of SKOV3/DDP P (45.9-47.9)
75

hydroxyurea 7.1-81)

- 27.87-29.65
0.008** 32.63-3457
0.008** 3341-35.67
0.008 46.14-47.94
0.008% 6.887-7.993

The Mann-Whitney U test was used to compare the expression levels of WIWWPT-eccDNA in tumor tissues between different drug administration groups.
**p < 0.01 vs control group of SKOV3 nude mice; #p < 0.01 vs control group of SKOV3/DDP nude mice; n = 5. Mann-Whitney U test: p = 0.008.

reproducibility experiments unequivocally demonstrate
that ddPCR outperforms traditional RT-qPCR in sensitiv-
ity and accuracy. Specifically, ddPCR achieved reliable de-
tection of eccDNA at concentrations as low as 5 copies/pL,
amarked improvement over RT-qPCR, which only provided
consistent results starting at 100 copies/pL. These findings
underscore the key advantages of ddPCR in oncological re-
search, particularly when studying low-abundance genetic
targets like eccDNA, which is pivotal in understanding
tumor biology and resistance mechanisms.

Moreover, this study pioneers the application of ddPCR for
the detection of genetic mutations in preserved clinical sam-
ples from asymptomatic individuals at high risk for OC."
This innovative use of ddPCR holds considerable promise
not only as a research tool but also for clinical applications,
particularly in the early detection of genetic alterations as-
sociated with OC. By enabling the detection of low-level
genetic markers in blood or other biosamples, ddPCR could
facilitate early diagnosis and more timely therapeutic inter-
ventions, potentially improving patient outcomes.

Tumor MDR remains a critical challenge in cancer treat-
ment, significantly affecting prognosis and treatment ef-
ficacy. Identifying and targeting novel molecular mecha-
nisms involved in drug resistance is crucial for advancing
therapeutic strategies. WWPI, an E3 ubiquitin ligase and
proto-oncogene, is overexpressed or amplified in various
cancers, including gastric, breast, liver, lung, and prostate
cancers.”!8-20 In these cancers, WWPI primarily exerts
its oncogenic effects by inhibiting the tumor suppressor
PTEN, which leads to the activation of the PI3K/AKT sig-
naling pathway — an essential driver of MDR.?! These find-
ings indicate that WWPI may play a critical role in mediat-
ing drug resistance by modulating key signaling pathways
that influence cell survival, proliferation and apoptosis.

In addition to its role in PTEN regulation, WWZPI has
been shown to interact with miR-452, a microRNA in-
volved in cancer cell migration and invasion, particularly
in prostate cancer.?? This interaction further reinforces
the multifaceted role of WWPI in driving tumorigenesis
and metastatic potential. In some hematological malignan-
cies, such as acute myeloid leukemia (AML), WWPI has

been clearly identified as an oncogene. It can promote
the progression of the cell cycle and help tumor cells evade
apoptosis, thus maintaining the continuous proliferation
of tumor cells.? WWPI is also involved in regulating
other important cellular processes. During the epithelial-
mesenchymal transition (EMT) of tumor cells, WWPI
promotes the acquisition of mesenchymal characteristics
by regulating the stability and activity of related proteins,
thereby enhancing cell migration and invasion. This pro-
cess contributes to tumor metastasis and drug resistance
development.* Given the central role of WWPI in promot-
ing cancer progression and MDR, developing inhibitors
that target WWPI could represent an effective therapeutic
strategy to reverse drug resistance in cancer, potentially
enhancing the efficacy of current chemotherapy regimens
and improving clinical outcomes.

EccDNA, as a prevalent form of extrachromosomal ge-
netic material, is implicated in the amplification of on-
cogenes and the regulation of tumor-associated genes.
A recent study by Kim et al. conducted a comprehensive
analysis of whole-genome sequencing data from 3,212 can-
cer patients, revealing that oncogenes are significantly
enriched on eccDNA, particularly in cases involving gene
amplification.?* This amplification is often associated
with recurrent oncogenes and poor prognosis, indicating
a strong link between eccDNA presence and increased
tumor invasiveness. This widespread phenomenon across
different cancer types further supports the potential im-
portance of eccDNA in cancer biology.

Another key study highlighted the role of eccDNA
in cross-resistance, especially through the amplification
of the MYC oncogene.?> MYC, a key regulator of cellular
processes such as growth and metabolism, is often ampli-
fied on eccDNA, contributing to resistance mechanisms
that affect multiple chemotherapy drugs. The interac-
tion between MYC and WWPI is crucial in this context,
as MYC-driven amplification of WWPI-eccDNA could
significantly impact tumor resistance to chemotherapy.
This underscores the importance of using ddPCR to evalu-
ate the effects of different treatments on WWPI-eccDNA
dynamics in cancer cells.
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Hydroxyurea, a cell cycle-specific chemotherapeutic
agent that inhibits nucleoside diphosphate reductase and
prevents DNA synthesis during the S phase,?® was included
in this study as a positive control. Research has shown that
hydroxyurea can reduce tumor heterogeneity by eliminat-
ing eccDNA-containing MYC amplifications,?” bolstering
its utility as a modulator of eccDNA expression. In this
study, we observed that while cisplatin treatment increased
WWPI-eccDNA levels, hydroxyurea treatment reduced
them. This indicates that hydroxyurea’s ability to inhibit
MYC-driven eccDNA amplification may contribute to re-
versing tumor resistance. These results provide insights
into the differential impacts of chemotherapeutic agents
on eccDNA biology and their potential to modulate drug
resistance in OC.

Limitations

Despite its advantages in sensitivity and specificity,
the ddPCR methodology used in this study has several
notable limitations. The relatively high cost of consum-
ables — such as fluorescent probes and droplet-generation
chips — and the lower throughput compared to RT-qPCR
may limit its feasibility for large-scale studies or routine
use in resource-constrained clinical settings. Additionally,
the linearization of circular DNA may be incomplete, lead-
ing to residual circular or partially linearized DNA species.
To address these issues, future work will focus on opti-
mizing reagent usage (e.g., reduced reaction volumes) and
integrating automated platforms to enhance throughput.
Collaborative efforts with clinical laboratories will also be
prioritized to standardize protocols and improve technical
proficiency.

Conclusions

Our study provides compelling evidence that WWPI-
eccDNA plays a central role in mediating chemotherapy re-
sistance in OC. The ability to accurately quantify WWPI-
eccDNA levels using ddPCR presents new opportunities
for monitoring drug resistance and assessing treatment
efficacy. The enhanced sensitivity of ddPCR also has sig-
nificant implications for early detection and monitoring
of genetic alterations in cancer, offering a promising strat-
egy for improving patient outcomes and advancing preci-
sion medicine in oncology. However, the current research
is still at the animal model stage. In the future, further
clinical data are needed to verify its broader applicabil-
ity. Future studies should explore WWPI inhibitors to re-
verse resistance. Clinically, ddPCR could monitor WWPI-
eccDNA in liquid biopsies for early intervention, and our
results indicate that targeting WWPI and its associated
eccDNA may offer a novel approach for overcoming drug
resistance in OC.
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Abstract

Background. Breast cancer (BC) is a heterogeneous disease classified into 4 molecular subtypes, each with
distinct molecular characteristics that influence treatment strategies, clinical outcomes and prognosis. These
subtypes are associated with specific changes in cellular metabolism, which may play a crucial role in tumor
development and progression.

Objectives. Toidentify distinctive serum metabolic biomarkers for each molecular BC subtype and to evaluate
their associations with estrogen receptor (ER) and human epidermal growth factor 2 (HER2) receptor status,
thereby refining molecular classification and informing personalized treatment strategies.

Materials and methods. The study utilized the proton nuclear magnetic resonance ('H NMR) metabolomics
method to collect serum metabolic profiles from BC patients. Pattern recognition analysis was employed
to analyze the metabolic data. Metabolic markers specific to each molecular subtype were selected, and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was employed to explore
serum metabolic pathway heterogeneity.

Results. Distinct metabolic markers were identified for each molecular subtype, demonstrating strong
discriminatory power. Additionally, we identified specific serum metabolites whose levels correlate with
ER and HER2 expression profiles. The KEGG pathway analysis revealed significant heterogeneity in serum
metabolic pathways across different subtypes.

Conclusions. This study demonstrates pronounced metabolic differences across BC subtypes that mirror
their distinct molecular profiles and may underlie variations in therapeutic response. These metabolomic
insights hold promise for refining tumor classification, improving diagnostic accuracy and quiding more
personalized treatment strategies.

Key words: 'H NMR, breast cancer, molecular typing, metabolic markers
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Highlights

4 breast cancer (BC) molecular subtypes.

phospholipid metabolism.

« Proton nuclear magnetic resonance (‘\H NMR) metabolomics identifies distinct serum metabolic markers for
+ Choline and glycerophosphorylcholine levels significantly change across all subtypes, indicating altered glycero-

+ Metabolic markers associated with estrogen receptor (ER) and human epidermal growth factor 2 (HER2) receptor
expression demonstrate strong predictive value for molecular typing.

« Pathway analysis highlights subtype-specific disturbances in energy, amino acid and lipid metabolism.

« Findings suggest that serum metabolite profiles may guide personalized diagnosis and treatment of BC patients.

Introduction

Breast cancer (BC) is among the most common malig-
nancies worldwide. According to the International Agency
for Research on Cancer (IARC) of the World Health Orga-
nization (WHO), in 2022, BC became the most frequently
diagnosed cancer globally — surpassing lung cancer — with
2.3 million new cases and nearly 665,000 deaths.! Since
the mid-2000s, the incidence of female BC has steadily
increased by approx. 0.6% per year.3

Breast cancer treatment has evolved dramatically over
the past several decades and now encompasses a multi-
modal approach, including surgery combined with systemic
therapies — chemotherapy, endocrine therapy and targeted
agents — as well as radiotherapy. These integrated strategies
have substantially improved patient survival; however, sig-
nificant heterogeneity remains in treatment responses and
long-term outcomes across different patient subgroups.*

Breast cancer is a heterogeneous disease classified into
4 main molecular subtypes based on the expression of es-
trogen receptor (ER), progesterone receptor (PR), human
epidermal growth factor receptor 2 (HER2), and the prolifera-
tion marker Ki-67.° Luminal A tumors are ER-positive, HER2-
negative, have PR expression 220%, and Ki-67 <14%; luminal
B tumors are also ER-positive but may be HER2-negative
or -positive, with PR <20% or Ki-67 >14%; the HER2-enriched
subtype is ER-negative, PR-negative and HER2-positive; and
triple-negative BCs (TNBCs) lack ER, PR and HER2 expres-
sion. Clinical presentation, tumor biology and therapeutic
responsiveness vary markedly across molecular subtypes,®
making subtype classification a cornerstone of treatment
decision-making.” Luminal A tumors — the most common
subtype — exhibit robust responses to endocrine therapy but
derive minimal benefit from chemotherapy,® whereas luminal
B cancers typically necessitate combined hormone therapy
and cytotoxic chemotherapy to achieve optimal outcomes.’

HER2-positive/ER-negative tumors are often associated
with aggressive, advanced disease and require targeted
anti-HER?2 therapies.!? Triple-negative BC, which accounts
for roughly 20% of all BC, is typically more aggressive than
other subtypes; it disproportionately affects younger pa-
tients, presents with poorly differentiated histology and

advanced stage at diagnosis, and carries a high risk of lo-
cal recurrence and distant metastasis, resulting in poorer
outcomes and survival.l!

The heterogeneous treatment responses across these
molecular subtypes underscore the imperative for per-
sonalized therapeutic strategies. Surgical intervention
is the primary therapy for early-stage disease, whereas
systemic therapies are used in both adjuvant and neo-
adjuvant settings. Endocrine therapy continues to be
the cornerstone for hormone receptor-positive BC, while
HER2-targeted agents have revolutionized outcomes
in HER2-positive disease, and emerging immunothera-
pies are showing enhanced efficacy in TNBC. Optimizing
treatment approaches on the basis of each subtype is cru-
cial for achieving the most favorable results for patients.

Metabolomics is the comprehensive characterization
of small-molecule metabolites in cells, tissues, organs, and
whole organisms that respond to intrinsic or extrinsic fac-
tors.!2 Metabolomics, a powerful “omics” approach, has
the potential to facilitate early disease detection and uncover
novel therapeutic targets by profiling metabolites downstream
of gene and protein activity.!® Beyond revealing biochemical
alterations, it uniquely captures in vivo phenotypic changes
that may be missed by genomic and proteomic analyses.

Recent metabolomic approaches have greatly improved
our understanding of BC biology. TBK1-mediated meta-
bolic processes in cancer cells have emerged as a hallmark
of metabolic reprogramming, with each molecular subtype
exhibiting a distinct metabolic signature.’* For example,
an liquid chromatography—high-resolution mass spectrom-
etry (LC-HRMS)-based plasma metabolomic study in BC pa-
tients revealed subtype-specific alterations in the porphyrin,
chlorophyll and glycerophospholipid metabolic pathways.'®
The use of metabolomics in BC has grown exponentially
inrecent years. These alterations in cellular metabolism have
been characterized into several important pathways that are
critical for BC initiation and progression.!® Enhanced aerobic
glycolysis, the classic Warburg effect, is a consistent feature
of aggressive BC subtypes. Metabolomic profiling has also
uncovered distinctive alterations in amino acid turnover and
fatty acid p-oxidation that map to specific molecular sub-
types, highlighting their unique metabolic reprogramming.”
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Objectives

Recent investigations have identified metabolic signa-
tures that predict both treatment response and resistance.
For instance, specific alterations in metabolic pathways
have been linked to endocrine therapy resistance in hor-
mone receptor-positive BC.!® Moreover, the combination
of metabolomics with other omics data has provided new
therapeutic targets and a better understanding of drug re-
sistance.!” The metabolic features that underlie the differ-
ent molecular subtypes of BC are still poorly understood,
despite progress in BC treatment. We hypothesized that
distinct molecular subtypes of BC have unique metabolic
signatures detectable in the serum of patients and that
these metabolic profiles correlate closely with the expres-
sion status of key receptors, ER and HER2. Moreover,
the detection of these subtype-specific metabolic signa-
tures may offer valuable information regarding BC biol-
ogy and help guide individualized treatment initiatives.

This study aimed to reveal metabolic differences be-
tween BC patients and healthy controls and explore
the biochemical pathways affected by different molecular
subtypes of BC patients.

Materials and methods
Study population

A total of 117 BC patients and 55 healthy control subjects
were enrolled at the First Affiliated Hospital of Guangdong
Pharmaceutical University (Guangzhou, China) between
January 2020 and December 2024. Sample size was deter-
mined with power analysis (« = 0.05, power = 0.8) to ensure
the detection of clinically meaningful metabolic differences.

The patient inclusion criteria were as follows: 1) histo-
logically confirmed, newly diagnosed BC with molecular
subtype determined with ER, PR, HER2, and Ki-67 status;
2) no prior oncologic treatment; and 3) absence of other
malignancies or serious systemic illnesses. Healthy con-
trols were age-matched healthy women with normal clinical
examinations and no history of cancer or severe disease.

This study was approved by the Medical Ethics Commit-
tee of the First Affiliated Hospital of Guangdong Pharma-
ceutical University (approval No. 2022KT81).

Biological material collection
and processing

Blood samples were collected from all participants after
12 h of fasting and centrifuged at 4°C at 3,000 rpm for
10 min to obtain the serum. For nuclear magnetic reso-
nance (NMR) analysis, 300 pL of serum was mixed with
150 pL of phosphate-buffered saline (PBS) (0.2 mol/L,
pH 7.4) and 100 pL of D,O in 5 mm NMR tubes after re-
centrifugation (3,000 rpm, 10 min, 4°C).
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Assay methods and data preprocessing

High-resolution proton NMR spectra were acquired
on a Bruker AVANCE III 500 MHz superconducting
NMR spectrometer (Bruker Inc., Karlsruhe, Germany).
The pulse sequence was Carr—Purcell-Meiboom-Gill
(CPMQ@). Proton NMR spectra were acquired at 298 K
with an echo time of 100 ms and a relaxation delay of 3 s.
The spectral width was set to 10 kHz, and 128 scans
were collected for each spectrum. Data were processed
in TopSpin 4.1 (Bruker Inc.), where manual phase correc-
tion and baseline adjustment were performed. Chemical
shifts were calibrated using the lactate methyl doublet
at 1.33 ppm. Spectral integration was performed in AMIX
v. 4.0.2 (Bruker Inc.) using 0.004 ppm buckets across
the 0.5-9.0 ppm range. The 4.7-5.5 ppm region was ex-
cluded to remove residual water signals, and the resulting
integrals were normalized to the total spectral area.

Metabolic marker selection and analysis

Previous studies have demonstrated that BC is charac-
terized by dysregulation of key metabolic pathways, in-
cluding glucose metabolism, amino acid metabolism and
lipid metabolism, which together reflect hallmark features
of malignancy such as the Warburg effect, altered protein
synthesis and membrane lipid remodeling. The metabolic
markers were identified through signals in the proton
nuclear magnetic resonance (*H NMR) spectra, which
represent metabolites in the serum samples. The integral
data of these metabolites were used for orthogonal par-
tial least squares discriminant analysis (OPLS-DA) analy-
sis to distinguish between healthy controls and patients
with BC. Specifically, we analyzed signals in the range
of 0.5-9.0 ppm, with the integral from 4.7-5.5 ppm set
to 0 to eliminate the influence of residual water signals.

Outcome measures

The study outcome measures focused on the metabolic
differences between healthy controls and BC patients, as as-
sessed through OPLS-DA. These measurements include in-
tegral data from 'H spectra obtained using NMR technology,
as well as characteristic metabolites of different BC molecu-
lar subtypes analyzed via MetaboAnalyst 6.0 (http://www.
metaboanalyst.ca) and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database (https://www.kegg.jp) .

Statistical analyses

The processed spectral data from 172 participants
(55 healthy controls, 30 luminal A, 46 luminal B, 23 HER2-
positive, and 18 triple-negative (TN) patients) were analyzed
using OPLS-DA in MetaboAnalyst 6.0. As an exploratory
metabolomics approach, we constructed OPLS-DA mod-
els for 2 sets of comparisons. We first compared healthy
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controls (n = 55) with each BC molecular subtype — lumi-
nal A (n = 30), luminal B (n = 46), HER2-positive (n = 23),
and TN (n = 18), and then stratified patients by receptor
status and compared controls with ER-positive (n = 76),
ER-negative (n = 41), HER2-positive (n = 40), and HER2-
negative (n = 77) groups. Model performance was validated
using 7-fold cross-validation, evaluating explained variance
in the predictors (R?X), explained variance in the responses
(R?Y) and the model’s predictive ability (Q?). Following
OPLS-DA model construction, score plots were generated
via MetaboAnalyst 6.0 for data visualization.

Potential differentially abundant metabolites were se-
lected on the basis of variable importance in projection
(VIP) scores greater than 1.0. For univariate analysis,
we first tested the normality assumption via the Shapiro—
Wilk test and the homogeneity of variances via Levene’s
test. The discriminatory ability of different metabolite
combinations between BC subtypes and healthy controls
was evaluated by calculating the area under the receiver
operating characteristic (ROC) curve (AUC). Venn dia-
grams were constructed to identify shared and unique
metabolites among different BC subtypes.

Although this exploratory approach entails multiple
comparisons and may increase the risk of type I errors,
we applied the Benjamini—Hochberg false discovery
rate correction, a more permissive method, to maximize
the identification of potential metabolic alterations, defin-
ing statistical significance as an adjusted p < 0.05.

For metabolic pathway analysis, we utilized both
the KEGG database (http://www.kegg.jp) and the Metabo-
Analyst 6.0 online service. The KEGG analysis was per-
formed via KEGG Mapper 2.5, with a focus on Homo sa-
piens pathways. In MetaboAnalyst, pathway analysis was
conducted via the H. sapiens KEGG pathway library.

Pathway analysis was performed using 2 complemen-
tary methods: enrichment analysis via the hypergeo-
metric test to identify pathways overrepresented among
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the differentially abundant metabolites, and topology analy-
sis based on relative-betweenness centrality to gauge each
metabolite’s network importance. Pathways with impact val-
ues greater than 0.1 and false discovery rate (FDR)-adjusted
p-values below 0.05 were considered significantly altered.

Results

Clinical characteristics of patients
and healthy controls

A total of 172 participants were enrolled: 55 healthy con-
trols and 117 BC patients, stratified by molecular subtype
into 30 luminal A, 46 luminal B, 23 HER2-positive, and
18 TNBC cases. Baseline demographic and clinical char-
acteristics are summarized in Table 1.

Independent 2-tailed t-tests demonstrated no signifi-
cant differences in mean age between healthy controls
and each BC subtype: luminal A (tg; = 1.54, p = 0.127),
luminal B (tgg = 0.33, p = 0.740), HER2-positive (t;5 = 0.68,
p = 0.500), or TNBC (t7; = 0.92, p = 0.361). Likewise, body
mass index (BMI) did not differ significantly between con-
trols and patients across subtypes: luminal A (tg3 = 1.25,
p = 0.216), luminal B (tyg = 1.50, p = 0.136), HER2-positive
(tz = 1.50, p = 0.136), or TNBC (t;, = 0.38, p = 0.703).

Serum 'H-NMR spectra pattern recognition
analysis and characteristic metabolite
identification

The representative serum "H-NMR spectra from healthy
controls and patients with 4 subtypes of BC are presented
in Fig. 1. On the basis of the Human Metabolome Da-
tabase (HMDB; https://www.hmdb.ca)) and related lit-
erature reports,>®?! 24 endogenous metabolites were
identified. The OPLS-DA results of the 'H-NMR data

Table 1. Clinical characteristics of healthy control participants and breast cancer patients of different subtypes

Characteristics Heal(;hi ;c;?trol Ll(Jnm:irgaol)A
Age [years] 5522 +14.83 612941643
Mean £5D
EA'\Q‘aE]kgi/S VBQJ 22334311 2358 +241
Il\(l;f) stage Tis, _ 6 (20.0)
IN(Q:) stage |, _ 8(26.7)
1!\(1012/1\) stage Il _ 12 (40.0)
EN(OIX)stage I, _ 4(13.3)
Il\(lgﬁ) stage IV, _ 0(0)

Luminal B
(n=46)

54.17 +13.56 58.18 £19.18 51.20+16.97
2326 +2.92 2493 +7.87 21.90 +4.33
122 2(87) 0(0)
9(19.6) 2(87) 2(11.0)
25 (54.3) 12(52.2) 10 (55.6)
6(13.0) 7(30.4) 6(33.3)

5(109) 0(0) 0(0)

SD - standard deviation; TN - triple negative type; TNM — tumor node metastasis; BMI — body mass index; Tis — tumor in situ; HER2 — human epidermal

growth factor 2.
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from healthy controls and patients with BC are shown
in Fig. 2. The score plots revealed significant metabolic
differences between the serum samples of the 4 MSs
and healthy controls. Metabolites with VIP >1 were sub-
jected to Student’s t test, and the results are summarized
in Table 2. Serum metabolic markers of the 4 MSs were
subsequently screened on the basis of the VIP values and
statistical analysis results. In the luminal A subtype co-
hort, metabolomic profiling revealed significant eleva-
tions in glutamate (t[83] = 3.49, FDR-p = 0.002), glutamine
(t[83] = 5.61, FDR-p < 0.001), citrate (t[83] = 3.75, FDR-
p = 0.001), phosphorylcholine/glycerophosphorylcholine
(PC/GPC; t[83] = 6.46, FDR-p < 0.001), glycine (t[83] = 3.78,
FDR-p < 0.001), threonine (t[83] = 4.23, FDR-p < 0.001),
choline (t[83] = 6.54, FDR-p < 0.001), creatine/phospho-
creatine (Cr/Pcr; t[83] = 4.70, FDR-p < 0.001), 1-methyl-
histidine (t[83] = 5.61, FDR-p < 0.001), and methionine
(t[83] = 4.00, FDR-p < 0.001) relative to controls.
Conversely, the luminal B subgroup exhibited distinct
metabolic patterns with increased lactate (t[99] = 3.37,
FDR-p = 0.003) and acetate (t[99] = 4.28, FDR-p < 0.001),
alongside significant reductions in citrate (t[99] = 5.27,
FDR-p < 0.001), phosphorylcholine/glycerophosphoryl-
choline (PC/GPC) (t[99] = 7.74, FDR-p < 0.001), trimethyl-
amine oxide (TMAO)/taurine (t[99] = 3.21, FDR-p = 0.004),
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taurine (t[99] = 3.94, FDR-p = 0.0008), glucose (t[99] = 4.67,
FDR-p < 0.0008), choline (t[99] = 7.63, EDR-p < 0.001), Cr/
Pcr (t[99]=4.07, FDR-p < 0.001), and 1-methylhistidine
(t[99] = 5.34, FDR-p < 0.001) (Table 2).

HER2-positive tumors demonstrated characteris-
tic metabolic perturbations, marked by elevated lactate
(t[76] = 3.87, FDR-p < 0.001) and diminished levels of ci-
trate (t[76] = 3.37, FDR-p = 0.003), PC/GPC (t[76] = 5.31,
FDR-p < 0.001), choline (t[76] = 5.48, FDR-p < 0.001), Cr/
Pcr (t[76] = 3.27, FDR-p = 0.004), and 1-methylhistidine
(t[76] = 4.01, FDR-p < 0.001).

The TNBC cohort displayed the most pronounced meta-
bolic dysregulation, featuring increased lactate (t[71] = 2.24,
FDR-p = 0.043) alongside decreased concentrations of glu-
tamine (t[71] = 2.22, FDR-p = 0.045), PC/GPC (t[71] = 3.13,
FDR-p = 0.005), taurine (t[71] = 3.11, FDR-p = 0.005), glu-
cose (t[71] = 3.02, FDR-p = 0.007), threonine (t[71] = 2.12,
FDR-p = 0.043), and choline (t[71] = 3.25, FDR-p = 0.004).

Venn diagram of metabolic markers
related to molecular subtypes

Figure 3 shows that choline and the phosphocholine/glyc-
erophosphocholine (PC/GPC) ratio was significantly dysregu-
lated across all BC subtypes. In the hormone-receptor-positive

4

E .‘\ | | b
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Fig. 1. Representative Carr-Purcell-Meiboom-Gill (CPMG) nuclear magnetic resonance (NMR) 'H spectra of sera from different participants.

A. Representative NMR 'H spectra of sera from healthy controls; B. Representative NMR 'H spectra of sera from luminal A breast cancer (BC) patients;

C. Representative NMR 'H spectra of sera from luminal B BC patients; D. Representative NMR 'H spectra of sera from human epidermal growth factor 2
(HER2) BC patients; E. Representative NMR 'H spectra of sera from triple-negative breast cancer (TNBC) patients. The metabolites identified in the spectrum
are labeled as follows: 1. lipids, 2. leucine/isoleucine, 3. valine, 4. lactate, 5. alanine, 6. acetate, 7. N-acetyl compound, 8. methionine, 9. glutamate,

10. acetoacetate, 11. glutamine, 12. citrate, 13. creatine/Pcr, 14. choline, 15. phosphocholine/glycerophosphocholine, 16. trimethylamine N-oxide/taurine,
17.taurine, 18. glycine, 19. myo-inositol, 20. threonine, 21. glucose, 22. creatinine, 23. tyrosine, 24. 1-methylhistidine
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Fig. 2. Orthogonal partial least squares discriminant analysis (OPLS-DA) score plots for 'TH-NMR spectra of sera and variable importance in projection (VIP)
values of metabolites between healthy controls and 4 subtypes of breast cancer (BC) patients. A. OPLS-DA score plot and VIP values of metabolites for
healthy controls and luminal A BC patients, R?X = 0.327, R?Y = 0.82, @’ = 0.650; B. OPLS-DA score plot and VIP values of metabolites for healthy controls and
luminal B BC patients, R?X = 0.360, R%Y = 0.801, Q? = 0.669; C. OPLS-DA score plot and VIP values of metabolites for healthy controls and human epidermal
growth factor 2 (HER2) BC patients, R?X = 0.526, R?Y = 0.724, Q> = 0.515; D. OPLS-DA score plot and VIP values of metabolites for healthy controls and triple-
negative breast cancer (TNBC) patients, R?X = 0.27, R?Y = 0.838, Q* = 0.518

R?X - explained variance in the predictors; R?Y — explained variance in the responses; Q° - model's predictive ability.
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Table 2. Univariate analysis of potential serum biomarkers between 4 subtypes of breast cancer patients and healthy controls

Luminal A vs healthy controls

Luminal B vs healthy controls

HER2 vs healthy controls

TNBC vs healthy controls

Metabolites SMD adjusted SMD adjusted SMD adjusted SMD adjusted
Lactate (0.3?'7f 20 0003 (0.2%‘,617' o) 0003 0. 4%?ﬁ 46) <0001 (0'02'1518_ 09 0043
Glutamate “ ‘2_50"7_%3 " 0.002 (_0_9_2‘5_31 7 0.009 (—0.23%,35. 13) 0.167 “ ’]_2'6_%_05) 0.046
Glutamine “ '7‘31"2_882) <0.001 “ .1‘2'7_837) <0.001 (—052,48. 02) 0078 “ .]_2"6_%'0 6 0.045
Citrate Ciaooos | 0% e I L 064,045 0744
TMAO/taurine “ 5 10"77%.30) 0.003 o 62’632 4 0.004 = .62'57303) 0053 “ E)%f‘g 08) 0.121
Taurine “ .68"6_‘(‘).1 8 0011 “ .1‘;),'7_%_39) <0.001 (_0;?"4&09) 0.125 “ ';gfi;g 0 0.005
Glycine “ 5 10"%% 40) <0.001 (—0.53,15—%41 3 0014 (—0%%,13. 37) 0648 (_O;%?g 50) 0.885
Glucose “ '2‘2"?%‘3 5 0.002 “ '3‘2'?35 4 <0.001 (—o;?',%. 08) 0.122 “ ,3_2,%,28) 0.007
Threonine “ _;10,‘9_%5 " <0.001 “ ']‘10"7_%‘32) 0001 (_O;;"gg 1) 0.158 “ '1_3'5_803) 0043
choline Ciopaoy | OO | 9%y | 000 | Ty | <000 | 0%y | 0o
Creatine/Pcr “ 5’21% 61) <0.001 o 2’10?10 ) <0.001 = 5 ?‘?832) 0.004 “ ’1255 03) 0052
1-Methylhistidine . (1)"2_%.8 0 <0.001 “ .;61,'%_ 67) <0.001 “ ‘;91"(3%. 50) <0.001 “ o g ‘6_%. 12) 0028
Methionine “ ‘3_3‘9_]0’ 45) <0.001 (_O;%?(; 13) 0.208 (_0}3,23 %) 0358 “ ;)%/43 09) 0123
fetate (—0.28%.53) o (0.4%,8 15 25) <000t (—0.2.61,4(‘).63) ooe! (—o;%,3 5.1 9) 0219

TNBC - triple-negative breast cancer; SMD - standardized mean difference; 95% Cl — 95% confidence interval; PC/GPC — phosphorylcholine/
glycerophosphorylcholine; TMAQO - trimethylamine oxide; Pcr — phosphocreatine; p-values were adjusted using the Benjamini-Hochberg procedure
to control the false discovery rate.
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luminal A and B tumors, we additionally
observed consistent alterations in citrate,
creatine/phosphocreatine and 1-methyl-
histidine levels alongside PC/GPC and
choline, reflecting a shared metabolic phe-
notype in endocrine-responsive cancers.
However, each subtype presented distinct
metabolic patterns. Luminal A is charac-
terized by unique alterations in glutamate,
glutamine, glycine, threonine, and methio-
nine, whereas luminal B displays specific
changes in lactate, TMAO, taurine, glucose,
and acetate. In the HER2-enriched and TN
subtypes, we observed consistent elevations

Fig. 3. Venn diagram of the serum metabolic markers
of luminal A, luminal B, human epidermal growth
factor 2 (HER2), and triple-negative breast cancer

Luminal B (TNBC)
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Table 3. Pathway alteration in different molecular subtypes of breast
cancer

Matched
Pathway name . Molecular subtype
Y ‘ metabolites yp
Glycerophospholipid PC/GPC luminal A, luminal B,
metabolism choline HER2, TN
citrate
Glyoxylate and Ivcine
dicarboxylate gy luminal A, luminal B, HER2
k glutamate
metabolism ¢
glutamine
Citrate cycle citrate luminal A, luminal B, HER2
Arginine and proline creatine/Pcr ) )
9 ) P / luminal A, luminal B, HER2
metabolism glutamate
Primary bil i ) ) )
. ary b gac d glycine luminal A, luminal B, TN
biosynthesis
) glutamate
Alanine, aspartate and ) )
) glutamine luminal A, TN
glutamate metabolism )
citrate
Taurine and hypotaurine : )
) P taurine luminal B, TN
metabolism
rch an T )
starch a .d SUCrose glucose luminal B, TN
metabolism
Galactose metabolism glucose luminal B, TN
choline
Glycin ine and lyci )
ycine, serine and gycine luminal A
threonine metabolism threonine
creatine/Pcr
. ) ) lutam )
Arginine biosynthesis glutamate luminal A
glutamine
: ) lycine )
Glutathione metabolism gy luminal A
glutamate
Cysteine and methionine . )
Y ) methionine luminal A
metabolism
Lipoic acid metabolism glycine luminal A
) lactate :
Pyruvate metabolism luminal B
acetate
Glycolysis, lactat )
ycolysis/ ) actate luminal B
gluconeogenesis acetate

PC/GPC - phosphorylcholine/glycerophosphorylcholine; TN - triple-
negative; Pcr — phosphocreatine; HER2 — human epidermal growth factor 2.

in lactate alongside dysregulated choline metabolism,
as evidenced by altered PC/GPC ratios and choline levels.
Moreover, HER2-enriched tumors exhibited unique per-
turbations in citrate, creatine/phosphocreatine and 1-meth-
ylhistidine, whereas TNBC were distinguished by altered
levels of glutamine, taurine, glucose, and threonine.

Diagnostic discrimination of metabolic
markers related to molecular subtypes

The predictive value of metabolic markers for BC mo-
lecular subtypes was assessed through ROC curve anal-
ysis (Fig. 4). For the luminal A subtype, the combined
metabolite panel exhibited outstanding discrimination,
with an AUC of 0.983 (95% confidence interval (95% CI):
0.918-0.997), while the subset of subtype-specific
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metabolites also showed strong predictive performance
(AUC = 0.858; 95% CI: 0.766—0.950). For the luminal
B subtype, the combined metabolite panel similarly
demonstrated excellent discrimination, with an AUC
of 0.967 (95% CI: 0.908-0.989), while the subtype-
specific marker set achieved an AUC of 0.770 (95% CI:
0.678-0.842). Similar strong predictive performance
was observed for the HER2 (AUC = 0.970; 95% CI:
0.898-0.992) and TN (AUC = 0.846; 95% CI: 0.744—
0.912) subtypes.

Pathway analysis of metabolic markers
related to molecular subtypes

As demonstrated in Fig. 5 and Table 3, KEGG pathway
enrichment of subtype-associated metabolites revealed
glycerophospholipid metabolism to be a common altera-
tion across all BC molecular subtypes. In the hormone-
responsive luminal A and B subtypes, additional shared
pathways included glyoxylate and dicarboxylate metabo-
lism, the citrate (TCA) cycle, arginine and proline metabo-
lism, and primary bile acid biosynthesis.

We found that luminal A tumors uniquely engage mul-
tiple amino acid-related pathways — namely alanine, as-
partate and glutamate metabolism; glycine, serine and
threonine metabolism; and arginine biosynthesis — along-
side enriched glutathione metabolism as well as cysteine,
methionine and lipoic acid metabolic routes. In contrast,
the luminal B subtype was characterized by distinctive
alterations in energy-related pathways, including taurine
and hypotaurine metabolism, starch and sucrose metab-
olism, galactose metabolism, pyruvate metabolism, and
glycolysis/gluconeogenesis. For HER2-positive tumors,
the dominant metabolic signatures involved glyoxylate
and dicarboxylate metabolism, the TCA cycle, and argi-
nine and proline metabolism.

The TN subtype is characterized by involvement in pri-
mary bile acid biosynthesis; alanine, aspartate and gluta-
mate metabolism; taurine and hypotaurine metabolism;
starch and sucrose metabolism; and galactose metabolism.

Serum metabolic markers related to ER
and HER2 receptor expression

To assess how ER and HER2 receptor status shapes
the metabolic landscape in BC, we applied OPLS-DA
to the serum metabolomic profiles of patients stratified
by ER and HER2 expression. Metabolites with high VIP
scores and statistically significant differences accord-
ing to t-test were deemed differentially abundant (Fig. 6;
Table 4). With respect to ER status, glutamine, citrate,
the PC/GPC ratio, the TMAQO/taurine ratio, choline, cre-
atine/phosphocreatine, and 1-methylhistidine were consis-
tently dysregulated between ER-positive and ER-negative
groups (Fig. 7). Some metabolites were uniquely altered
by group: Taurine, glucose and creatinine were specific
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Table 4. Univariate analysis of potential serum biomarkers between different receptor status of breast cancer patients and healthy controls

ER-positive vs healthy

controls

Metabolites o adjusted

ooy | prake
Valine “ _63‘6_%.30) <0.001
Lactate (0‘615‘,010.35) <0.001
Glutamine 1 '2710"%%51) <0.001
Citrate “ '3‘2‘9_%. 62) <0.001
PC/GPC “ .5;51,‘5—?.1 5 <0.001
TMAO/taurine “ 6]0"67%31) <0.001
Taurine “ .(;;)"7_%37) <0.001
Glucose “ ‘2_;)"%%52) <0.001
Choline a0y | <000
Creatinine (0,0%%03,78) 0.019
Creatine/Pcr “ ‘2_2‘%52) <0.001
1-methylhistidine (71;31"?%73) <0.001

ER-negative vs healthy

controls

SMD adjusted

(95% Cl) fzrvtal:st
(—o.z;g,'z_w) 0028
(0-3%,7W5J6) <0.001
(*0.973,'55),14) 0.011
(—0.9_10,'5—%‘09) 0.021
-1 5_61 1—i)‘74) <0.001
(—o.gl?, 5,%1 2 0014
(1 .62, '6_%_22) 0004
10 ?,‘6_%‘20) 0.005
15007 | <000
(‘O<§i2,%.61) 0337
1 _1_2 '7_%‘34) <0.0071
(-1 ,;2 9%5” <0001

HER2-positive vs healthy

HER2-negative vs healthy

controls controls

SMD ad_juslted SMD ad_juslted

oo | g | o |
(1 .1_2,'7—%.3 n 0001 (_0,9_2’ '5_%'20) 0003
(0,4%,8 11.23) <0001 (0,2%,6 399) <0001
1 ,£§, '%%.45) <0001 . ;2 Z) ) | <0007
Ciesos | OO | (igigsy | <000
0912y | 00 | e | <00
Cia6 04y | OO (s org | 0004
-1 .1_2'7—%130) 0.001 & ,62 '7_1),36) <0.001
G039 | 00 (1070 | <0001
<72,1j,'7721 3y | <0oor .67111'27%91) <0001
o107 0183 009,079 0016
1 .;3],.(3161) <0001 1_2 '7_2_42) <0001
“ A;&’i‘é%) <0001 - 2’3 ‘97‘(;5 9 <0001

ER - estrogen receptor; HER2 — human epidermal growth factor 2; SMD - standardized mean difference; 95% Cl — 95% confidence interval;

PC/GPC - phosphorylcholine/glycerophosphorylcholine; TMAO - trimethylamine oxide; Pcr — phosphocreatine; p-values were adjusted based
on Benjamini-Hochberg false discovery rate correction.
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Fig. 6. Orthogonal partial least squares discriminant analysis (OPLS-DA) score plots for 'H-NMR spectra of sera and variable importance in projection

(VIP) values of metabolites between healthy controls and breast cancer (BC) patients with different estrogen receptor (ER) and human epidermal growth
factor 2 (HER2) expression statuses. A. OPLS-DA score plot and VIP values of metabolites for healthy controls and BC patients with ER+, R?X = 0.387,

R?Y =0.747,and Q? = 0.641; B. OPLS-DA score plot and VIP values of metabolites for healthy controls and BC patients with ER—, R?X = 0.575, R%Y = 0.635, and
Q?=0.532; C. OPLS-DA score plot and VIP values of metabolites for healthy controls and BC patients with HER2+, R*X = 0.312, R%Y = 0.796, and Q* = 0.637;
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R?X — explained variance in the predictors; R?Y — explained variance in the responses; Q> - model’s predictive ability.
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Fig. 7. Venn map of the serum metabolic markers of breast cancer (BC) patients with different estrogen receptor (ER) and human epidermal growth factor 2
(HER2) expression statuses. A. Venn map of the serum metabolic markers of BC patients who are ER positive or ER negative; B. Venn map of the serum

metabolic markers of HER2 positive or HER2 negative BC patients

to the ER-positive group, and lactate was unique to the ER-
negative group. Similarly, common metabolic changes
in the HER2-positive and HER2-negative groups, including
glutamine, citrate, PC/GPC, TMAQO/taurine, choline, cre-
atine/Pcr, and 1-methylhistidine, were observed for HER2
receptor status. Changes specific to groups were observed:
valine was specific for the HER2-positive group, and lac-
tate, taurine and glucose were specific for the HER2-neg-
ative group.

ER and HER2 receptor-related
metabolomic pathway analysis

The functions and biological pathways predicted and
significantly enriched by the KEGG pathway analysis are
presented in Fig. 8 and Table 5, which indicate the meta-
bolic pathways related to ER and HER2 receptor status
in BC patients. In ER-luminal patients, the most signifi-
cantly enriched pathways were taurine and hypotaurine
metabolism; starch and sucrose metabolism; alanine, as-
partate and glutamate metabolism; the citrate cycle; glyc-
erophospholipid metabolism; galactose metabolism; glyox-
ylate and dicarboxylate metabolism; arginine and proline
metabolism; and primary bile acid biosynthesis. Estrogen
receptor-negative patients presented similar pathway en-
richment patterns, except that taurine and hypotaurine
metabolism, starch and sucrose metabolism, galactose
metabolism, and primary cholic acid biosynthesis were
not significantly affected in this group. The top enriched
pathways for HER2-positive individuals were alanine,
aspartate and glutamate metabolism; the citrate cycle;
glycerophospholipid metabolism; glyoxylate and dicarbox-
ylate metabolism; and arginine and proline metabolism.
The HER2-negative patients included all the pathways de-
tected in the HER2-positive patients, with further enrich-
ment in taurine and hypotaurine metabolism, starch and
sucrose metabolism, galactose metabolism, and primary
bile acid biosynthesis.

Table 5. Pathway alteration in breast cancer with different ER and HER2
receptor expression

Matched
Pathway name metabolites Molecular subtype

Alanine, aspartate a}nd quFamlne ER+ ER- HERD+ HERD—
glutamate metabolism citrate
G\yoxyla.te and dicarboxylate otrat_e ER+ ER- HER2+ HERD—
metabolism glutamine
Glycerophosphollpld PC/QPC ER+ ER— HER2+ HERD-
metabolism choline
Citrate cycle (TCA cycle) Citrate ER+ ER- HER2+ HER2-

Arginine and proline creatine/Pcr | ER+ ER- HER2+ HER2-

metabolism

Starch and sucrose metabolism glucose ER+ HER2-
Primary bile acid biosynthesis taurine ER+ HER2-
Eg&iﬁ?ﬁ hypotaurine taurine FR+ HER2-
Galactose metabolism glucose ER+ HER2-

PC/GPC - phosphorylcholine/glycerophosphorylcholine;
Pcr - phosphocreatine; HER2 — human epidermal growth factor 2;
ER - estrogen receptor.

Discussion

Breast cancer exhibits pronounced molecular heteroge-
neity, which critically influences both therapeutic response
and prognosis. Current molecular classification hinges
on immunohistochemical assessment of ER, PR, HER2,
and Ki-67; however, intratumoral heterogeneity means that
biopsy specimens may not fully capture the complexity
of the entire tumor. Metabolomics has recently emerged
as a powerful tool for probing the tumor microenviron-
ment — an important determinant of disease progression
and treatment efficacy.?? By profiling dynamic fluctua-
tions in metabolites, this approach integrates information
on tumor biology, genetic alterations and environmental
exposures, offering a more comprehensive view of cancer
behavior than static tissue markers alone.
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In this study, we investigated the serum metabolic
profiles of 4 molecular subtypes of BC patients and com-
pared them with those of healthy controls, confirming
that the identified metabolic signatures can discriminate
among subtypes with high predictive performance. Re-
ceiver operating characteristic curve analyses confirmed
that these serum metabolic signatures exhibited excellent
discriminatory and predictive performance for molecular
typing. Moreover, we discovered metabolic markers linked
to ER and HER2 receptor status, revealing varying meta-
bolic profiles between the receptor-positive and receptor-
negative cohorts. Pathways related to energy metabolism,
amino acid metabolism and phospholipid metabolism were
significantly different in terms of the metabolic heteroge-
neity of each BC subtype.

The 4 molecular subtypes presented different metabolite
compositions. Distinct metabolic signatures were identi-
fied for each subtype as promising biomarkers. Previous
studies have shown that serum levels of amino acids in less
aggressive luminal A cancers are lower than those in more
aggressive TNBCs.?>2* Our results corroborate these re-
ports, as the luminal A-specific metabolic alterations
mainly included amino acids, indicating subtype-specific
amino acid metabolism.

Importantly, excessive acetate accumulation was specifi-
cally observed in luminal B patients, suggesting a distur-
bance in the level of acetate-acetyl-CoA conversion. All
4 subtypes had decreased glucose levels and increased lac-
tate levels, with HER2-positive tumors having the greatest
increase in lactate. This finding is consistent with our re-
cent work showing an increased Warburg effect in HER2-
positive BC cells,?>2¢ emphasizing the metabolic hetero-
geneity between molecular subtypes.

Common alterations in phospholipid metabolism, par-
ticularly with respect to PC/GPC and choline, were pres-
ent across all subtypes. Other studies have shown similar
phenomena in several types of cancer, implying that phos-
pholipid metabolism plays a vital role in cancer develop-
ment.?~2? Notably, BC cells showed reduced "13C-labeled
choline and phosphocholine levels relative to normal mam-
mary epithelial cells, suggesting an enhanced metabolic
flux from membrane phosphatidylcholine toward free
choline and phosphate in malignancy.*°

In luminal BC, we identified 7 metabolic pathways that
were uniquely and highly enriched: glycine, serine and
threonine metabolism; arginine biosynthesis; glutathione
metabolism; cysteine and methionine metabolism; lipoic
acid metabolism; pyruvate metabolism; and glycolysis/
gluconeogenesis.

Tumors stratified by ER status (luminal vs non-luminal)
exhibited distinct metabolic signatures, with significant
enrichment in pathways such as starch and sucrose me-
tabolism, protocholic acid biosynthesis, taurine and hypo-
taurine metabolism, and galactose metabolism.

However, hormone receptor-positive BC cells are
typically more differentiated and exhibit higher levels

M. Xu et al. Metabolic markers in breast cancer via NMR

of proliferation-associated metabolites than hormone re-
ceptor-negative TNBC cells.?'-2* We also identified distinct
metabolite accumulation patterns in HER2-positive BC
patients compared to healthy controls, implicating path-
ways such as glycerophospholipid metabolism, glyoxylate
and dicarboxylate metabolism, the TCA cycle, and argi-
nine and proline metabolism. Notably, these same path-
ways were enriched in luminal B tumors, likely reflecting
the subset of luminal B cancers that co-express HER2 and
thus share similar metabolic phenotypes.3*

The serum metabolic characteristics of these molecu-
lar subtypes may provide a noninvasive diagnostic tool
to complement immunohistochemical typing, especially
when tumor tissue is limited or heterogeneous. These find-
ings indicate that our subtype-specific metabolic signa-
ture can be used for targeted therapy development, e.g.,
by targeting amino acid metabolism in luminal subtypes
and inhibiting the glycolysis pathway in HER2-positive
patients. Furthermore, longitudinal profiling of these
metabolic biomarkers may enable real-time monitoring
of therapeutic response and disease trajectory, facilitating
the early detection of emerging drug resistance or tumor
recurrence. Markers correlated with ER and HER2 status
may also predict responsiveness to endocrine or HER2-
targeted therapies, enabling more personalized treatment
strategies.

Interestingly, we observed a strong overlap between
the metabolic pathways distinguishing HER2-positive
from HER2-negative patients and those differentiating
ER-positive from ER-negative cases; notably, these shared
pathways include starch and sucrose metabolism, primary
bile acid biosynthesis, taurine and hypotaurine metabo-
lism, and galactose metabolism. This novel finding indi-
cates potential crosstalk between receptor signaling and
metabolic regulation,® which needs to be further investi-
gated at the molecular level.

Limitations

Despite these promising results, several limitations
warrant consideration. First, our relatively small, single-
center cohort limits statistical power and the generaliz-
ability of our findings to broader patient populations.
Second, the cross-sectional design prevents us from
drawing causal inferences about how metabolic altera-
tions evolve with disease progression or in response
to therapy; longitudinal sampling would be required
to capture these dynamics. Third, although we detected
a wide range of metabolites, current analytical platforms
may have missed other relevant compounds, and the high
cost of metabolomic assays poses practical challenges for
large-scale validation. Finally, unmeasured confounders,
such as variations in diet, concomitant medications and
comorbid conditions, were not fully controlled and could
have influenced the observed metabolic signatures. Future
studies should address these issues by enrolling larger,
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multicenter cohorts, incorporating longitudinal designs
and standardizing preanalytical variables to confirm and
extend our findings.

Conclusions

In this study, we utilized 'H NMR metabolomics to iden-
tify serum metabolic signatures in patients with various
molecular subtypes of BC. Through comprehensive me-
tabolomic profiling, we explored the distinct metabolic
features and pathways linked to each subtype, as well
as the relationship between serum metabolites and the ex-
pression levels of ER and HER2 receptors. Our findings
contribute to a deeper understanding of subtype-specific
metabolic reprogramming in BC and may help uncover
novel biomarkers for molecular-based classification.

Our analysis identified distinct serum metabolomic
signatures corresponding to BC molecular subtypes and
receptor profiles, demonstrating metabolomics’ prom-
ise as a noninvasive tool for tumor classification. These
subtype-specific metabolic patterns offer complemen-
tary insights to conventional diagnostics and could guide
the personalization of therapy. The markers we describe
warrant further validation for enhancing patient stratifica-
tion and optimizing treatment selection.

The next steps toward clinical translation include validat-
ing these metabolic markers in larger, multicenter cohorts,
establishing population-specific cutoff values, and assess-
ing their ability to predict treatment response in prospec-
tive clinical trials. Ultimately, metabolic profiling could
offer powerful, noninvasive insights for BC diagnosis, real-
time treatment monitoring, and the identification of novel
therapeutic targets, thereby enriching patient care.
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Abstract

Background. Abdominal aortic aneurysm (AAA) is a cardiovascular condition characterized by the abnormal
dilation of the abdominal aorta.

Objectives. A circular RNA (circRNA) microarray was utilized to identify differentially expressed circRNAs
in angiotensin Il (Ang II)-stimulated AAA mice.

Materials and methods. Male apolipoprotein E-deficient (apoE~~) mice were randomly assigned to
2 groups and subjected to 28 days of infusion with either Ang Il or saline. At the end of the experiment,
the mice were euthanized via exsanquination under anesthesia. The periadventitial tissues were carefully
removed from the aortic wall to measure the maximal external diameter of the suprarenal aorta, and then
stored for further analysis. Samples from both the control and AAA groups were used for circRNA expression
profiling. The R package Bioconductor was employed to perform Gene Ontology (GO) analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. Arraystar’s proprietary miRNA
target prediction software, integrating miRanda and TargetScan, was used to predict the circRNA/miRNA
interactions. Reverse transcription quantitative polymerase chain reaction (RT-gPCR) was employed to confirm
the reliability of the microarray results.

Results. A total of 13,103 circRNAs were detected. Compared to the control group, 90 circRNAs were uprequ-
lated and 234 were downrequlated in the Ang ll-induced AAA group. Gene Ontology analysis indicated that
the target genes associated with the differentially expressed circRNAs were involved in a variety of biological
processes. The KEGG pathway analysis revealed that the differentially expressed circRNAs influenced several
critical pathways, including the MAPK signaling pathway, insulin signaling pathway, Ras signaling pathway,
and autophagy. The results of RT-qPCR showed that the expression levels of circRNA_30395, circRNA__30398
and circRNA_012594 were significantly increased in AAA, while circRNA_006097 and circRNA_009932 were
notably decreased. The top 5 miRNAs related to each validated circRNA were identified through bioinformatic
analysis. Among these differentially expressed circRNAs, miR-136-5p was predicted to be the target gene
of circRNA_30398 with high probability.

Conclusions. The differential expression of various circRNAs identified in AAA suggests that the circRNA-
miRNA-mRNA axis may serve as a potential molecular requlatory mechanism for AAA.

Key words: gene expression profiling, circular RNA, abdominal aortic aneurysm, angiotensin Il, mmu_cir-
RNA_30398
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Highlights

« Significant circRNA expression changes in abdominal aortic aneurysm (AAA): A total of 324 circRNAs were dif-
ferentially expressed in angiotensin (Ang) II-induced AAA mice (90 upregulated, 234 downregulated), suggesting
a strong molecular response associated with aneurysm development.

« Pathway involvement identified: Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
analyses revealed that these circRNAs are involved in crucial biological and signaling pathways, including MAPK,
insulin, Ras signaling, and autophagy.

« Validation of key circRNAs: RT-qPCR confirmed significant expression changes in several circRNAs — cir-
cRNA_30395, circRNA_30398 and circRNA _012594 were upregulated, while circRNA_006097 and circRNA_009932
were downregulated.

« Potential circRNA-miRNA interaction identified: Bioinformatics predicted miR-136-5p as a likely target of cir-
cRNA_30398, supporting the hypothesis that the circRNA-miRNA-mRNA axis may play a regulatory role in AAA

J. Lou et al. Study of Ang Il-mediated AAA

pathogenesis.

Background

Abdominal aortic aneurysm (AAA) is an asymptomatic
and potentially life-threatening cardiovascular disorder,
characterized by a localized dilation of the abdominal aor-
tic wall that exceeds 1.5 times its normal diameter or sur-
passes 3 cm.! It typically progresses asymptomatically and
slowly until rupture occurs. Globally, the prevalence of as-
ymptomatic AAA ranges from 4% to 8%, with rupture
occurring at a rate of 4—13 cases per 100,000 individuals
annually.? The condition predominantly affects elderly
individuals, particularly those with a history of smoking.®
Once rupture occurs, it can lead to massive internal bleed-
ing, with mortality rates approaching 90%.*

To prevent rupture, surgical repair — either through
endovascular aneurysm repair (EVAR) or open repair
— is commonly employed. However, both approaches carry
considerable perioperative risks and a high rate of post-
operative re-intervention.® From both an economic and
clinical standpoint, monitoring and managing small aneu-
rysms to delay or avoid surgical intervention is of greater
importance. Based on experiments in rodent models
of AAA, successful intervention targets include tissue
remodeling, vascular inflammation, lipid metabolism,
and blood pressure regulation.” Although certain clini-
cal studies suggest the possibility of stabilizing growing
AAAs through medical intervention, these findings have
not been confirmed in larger, controlled trials. Currently,
there is no approved pharmacological treatment to slow
the progression of small AAAs.®

Circular RNAs (circRNAs) are a class of non-coding
RNAs produced through the back-splicing of precursor
mRNA exons.” CircRNAs, with their circular structure
and absence of free ends, are more stable than linear RNAs
in extracellular plasma, making them well-suited as di-
agnostic biomarkers.® Emerging evidence suggests that
a subset of circRNAs can act as sponges for microRNAs
(miRNAs) due to their miRNA response elements (MREs),

thereby preventing miRNAs from binding to their mRNA
targets.”!% This mechanism is referred to as the compet-
ing endogenous RNA (ceRNA) theory.!! Nuclear-resident
circRNAs have been shown to influence gene expression
at both the transcriptional and splicing levels.!? Recent
research has uncovered diverse biological functions of cir-
cRNAs in the cardiovascular system, including angiogene-
sis, vascular smooth muscle cell (VSMC) apoptosis, VSMC
proliferation, and endothelial cell migration.!*-!” Given
the growing evidence linking circRNAs to cardiovascular
regulation, it is plausible that they also play a significant
role in the development and progression of AAA.

Notably, the angiotensin II (Ang II)-induced AAA mouse
model is the most widely used in vivo system for investigat-
ing AAA pathogenesis.'®

Objectives

This study aimed to identify differentially expressed
circular RNAs (circRNAs) in Ang II-induced AAA mouse
models using a circRNA microarray platform. The expres-
sion levels of selected circRNAs were further validated by re-
verse transcription quantitative polymerase chain reaction
(RT-qPCR). Additionally, a custom bioinformatics tool, inte-
grating the miRanda and TargetScan algorithms, was used
to predict potential circRNA/miRNA interaction networks.

Materials and methods
Study design and participants
Models of mice
Thirty male apoE~~ mice (12 weeks old, C57BL/6 back-

ground) were obtained from GemPharmatech Co., Ltd.
(Nanjing, China). All animals were housed under specific
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pathogen-free (SPF) conditions at the Zhejiang Academy
of Medical Sciences (Hangzhou, China). Experimental
procedures and animal handling were performed in ac-
cordance with the Guide for the Care and Use of Lab-
oratory Animals issued by the U.S. National Institutes
of Health (NTH Publication number 85-23, revised 1996:
National Institutes of Health (NIH), Bethesda, USA),
as well as the guidelines approved by the Laboratory Ani-
mal Welfare and Ethics Committee of the Zhejiang Acad-
emy of Medical Sciences.

Throughout the experiment, the mice were monitored
daily for signs of distress, including changes in behavior,
body weight and mobility. The mice were randomly as-
signed to 2 groups. In the AAA group, the mice received
a subcutaneous implantation of an Alzet osmotic mini-
pump (model 2004; ALZET Scientific Products, Mountain
View, USA) delivering Ang II at a rate of 1,000 ng/kg/min
(Sigma Chemical Co., St. Louis, USA) for 28 consecutive
days.!® In contrast, mice in the control group received nor-
mal saline in the pumps.

Minipump implantation

The procedure for micropump implantation was per-
formed as previously described by Lu et al.'® Prior to im-
plantation, each mouse was weighed, and the midpoint body
weight was calculated for each animal to determine the ap-
propriate dosage of AngII, based on its release rate. The to-
tal volume of Ang Il required for all mice was subsequently
calculated. During the implantation procedure, the mice
were anesthetized with isoflurane (Yipin, Shijiazhuang,
China), and an incision approx. 1 cm long was made per-
pendicular to the tail, behind the ear, over the shoulder
blade of the foreleg. A subcutaneous pocket was created
by inserting the tip of a hemostat toward the tail. The pre-
loaded Alzet osmotic minipump was then carefully inserted
into the pocket and advanced fully. The incision was closed
with sutures to ensure complete wound closure.

Following surgery, the mice were placed in individual
cages with unrestricted access to food and water. Analge-
sics were provided as needed to manage pain, and the inci-
sion site was inspected daily for signs of infection or im-
proper healing. Behavioral assessments were performed
regularly to detect any postoperative complications. Mice
exhibiting signs of significant distress or health deteriora-
tion were evaluated by a veterinarian. Upon confirmation
of recovery, the mice were returned to standard housing
conditions, and daily welfare checks continued throughout
the 28-day Ang II infusion period.

Sample collection

Upon completion of the research, the mice were anes-
thetized with isoflurane, and blood samples were collected
from the right ventricle for subsequent analysis. Following
systemic perfusion with cold saline, the aortic tissues were
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dissected from the ascending aorta to the iliac bifurcation.
The gross appearance of the aortic tissues was captured
through digital photography after peripheral fat was care-
fully removed. Immediately thereafter, the cleaned aortic
tissues were snap-frozen in liquid nitrogen and stored
at —80°C until further analysis.

Data sources and measurement
Total RNA separation and microarray hybridization

Three aortic tissue samples from each of the AAA and
sham groups were selected for RNA extraction. Total RNA
was isolated using Trizol reagent (Invitrogen Life Tech-
nologies, Carlsbad, USA), following the manufacturer’s
instructions. RNA concentration and purity were quanti-
fied using the NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, USA). Subsequent
microarray hybridization and sample preparation were
conducted according to the standard protocols provided
by Arraystar (Rockville, USA). Briefly, the total RNA sam-
ples were treated with RNase R (Epicentre, Inc, Madison,
USA) to remove linear RNAs and enrich for circRNAs.
The enriched circRNAs were then reverse-transcribed
and amplified into fluorescently labeled complementary
RNA (cRNA) using the random priming method provided
in the Arraystar Super RNA Labeling Kit. The labeled
cRNAs were hybridized to the Arraystar Mouse circRNA
Array V2 (8 x 15K; Arraystar). After washing, the microar-
ray slides were scanned using the Agilent Scanner G2505C
(Agilent Technologies, Santa Clara, USA).

Identification of differentially expressed circRNAs

The acquired array images were processed and analyzed
using Agilent Feature Extraction software (v. 11.0.1.1; Agilent
Technologies). Quantile normalization and statistical analy-
sis were performed using the limma package in R software
(R Foundation for Statistical Computing, Vienna, Austria).
A p <0.05 and a fold change >1.5, estimated through a t-
test, were used to identify differentially expressed circRNAs
between the 2 groups. Discernible circRNA expression pat-
terns among the specimens were visualized via hierarchical
clustering.

Real-time polymerase chain reaction validation

To validate the circRNA expression profiles obtained
from the microarray analysis, fluorescence-based RT-qPCR
was performed using the C1000 system (Applied Biosys-
tems, Waltham, USA). A total of 3 downregulated and 3 up-
regulated circRNAs were selected for analysis. GAPDH was
used as the internal reference gene. The specific primer
sequences used for RT-qPCR are listed in Supplementary
Table 1. Relative expression levels were calculated using
the 2722 method.
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Computational bioinformatics analysis

The interactions between differentially expressed cir-
cRNAs and their potential target miRNAs were predicted
using an in-house miRNA target prediction tool, which
integrates both miRanda and TargetScan algorithms.
A circRNA/miRNA interaction network involving 5 puta-
tive miRNA partners and circRNAs was established based
on the predicted miRNA binding sites. To further explore
the functional implications of the dysregulated circRNAs,
Gene Ontology (GO; https://geneontology.org) enrichment
analysis was performed using Bioconductor packages in R,
with annotations categorized into biological process, cellu-
lar component and molecular function. Additionally, Kyoto
Encyclopedia of Genes and Genomes (KEGG; https://www.
genome.jp/kegg) pathway enrichment analysis was con-
ducted to identify relevant biological pathways associated
with the parental genes of the dysregulated circRNAs.

Statistical analyses

The Shapiro—Wilk test was used to assess the normal-
ity of data distribution. For comparisons between groups,
an unpaired t-test was applied to datasets with a normal
distribution. A p < 0.05 was considered statistically sig-
nificant. All statistical analyses were performed using IBM
SPSS v. 23.0 (IBM Corp., Armonk, USA).

Results

Expression profiles of circRNA in mouse
tissues of AAA

The Ang II-infusion AAA mouse model closely re-
sembles human AAA in several key pathological features,
including medial degeneration, atherosclerosis, increased
endothelial permeability, thrombus formation, leukocyte
and phagocyte extravasation, and matrix sensitivity to pro-
teolysis.?’ In this study, AAA was induced via continuous
Ang Il infusion in apoE~~ mice to examine the circRNA
expression profiles (Fig. 1). In the AAA group, 7 mice de-
veloped typical AAA (with 1 case of rupture-related death),
4 mice exhibited arterial dilation without meeting AAA
diagnostic criteria, and 4 mice showed minimal abdominal
aorta dilation. In total, 13,103 circRNAs were detected
across all samples.

Differentially expressed circRNAs between the Ang II-
induced AAA group and the control group were identi-
fied using Student’s t-test and fold-change filtering (fold

J. Lou et al. Study of Ang Il-mediated AAA

change >1.5; p < 0.05), resulting in 90 upregulated and
234 downregulated circRNAs. The volcano plot and hier-
archical clustering revealed the circRNA expression pro-
files between the AA A group and the control group (Fig. 1).

Analysis of GO and KEGG pathways
in differentially expressed circRNAs

Previous studies have demonstrated that circRNAs can
act as miRNA sponges to modulate gene expression. Based
on this regulatory mechanism, we performed a bioinfor-
matics analysis using miRanda (https://www.microrna.org)
and TargetScan (https://www.targetscan.org) to predict
potential miRNA targets of the differentially expressed
circRNAs. Subsequently, the predicted target genes were
subjected to GO and KEGG pathway enrichment analyses.
Gene Ontology enrichment analysis of the upregulated
target genes revealed significant enrichment in several
processes, including cellular macromolecule metabolism
and nitrogen compound metabolism (Fig. 2A). Regard-
ing cellular components, these genes were primarily as-
sociated with intracellular membrane-bounded organelles
and the nucleus (Fig. 2B). The most enriched molecular
functions were carbohydrate derivative binding and ATP
binding (Fig. 2C).

In contrast, the downregulated target genes were primar-
ily enriched in primary metabolic processes and the estab-
lishment of localization (Fig. 2D). In the cellular compo-
nent category, they were enriched in membrane-bounded
organelles and membranes (Fig. 2E), while molecular func-
tions were enriched in cation binding and heterocyclic
compound binding (Fig. 2F). The KEGG pathway analysis
further revealed that 39 pathways were associated with
the upregulated mRNAs and 127 pathways with the down-
regulated mRNAs. Notably, several crucial pathways, such
as the insulin signaling pathway, Ras signaling pathway,
MAPK signaling pathway, and autophagy, were potentially
influenced by the altered circRNAs (Fig. 3).

gRT-PCR confirmation of circRNAs’
differential expression

To validate the microarray results, 6 notably altered
circRNAs, including circRNA_006097, circRNA_002457,
circRNA 009932, circRNA 30395, circRNA_ 30398,
and circRNA_012594, were assessed using RT-qPCR
(Fig. 4). The results demonstrated that the expression
levels of cir- cRNA_006097 and circRNA_009932 were
markedly downregulated (Tables 1,2, Supplementary Ta-
bles 2-5). Conversely, circRNA_30395, circRNA_30398

Table 1. Unpaired t-test results for group comparisons of circRNA_006097 mRNA expression. The results are presented as n, Me (min—-max) in Fig. 4A

3,0.0001 (0.0001-0.0002)

3,0.0003 (0.0002-0.0003)

3.85 0.018 4

AAA - abdominal aortic aneurysm; n — number of observation; Me (min-max) — median (min—-max); t - t-statistic; df — degrees of freedom.
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AAA — abdominal aortic aneurysm.

and circRNA_012594 were significantly upregulated significant difference in expression between the AAA
inthe AAA group (Tables 3—5, Supplementary Tables 6-11). and control groups (Table 6, Supplementary Table 12,13)
Conversely, circRNA_006097 and circRNA_009932 were Overall, the RT-qPCR results were consistent with the mi-
markedly downregulated (Tables 1,2, Supplementary croarray data, supporting the reliability of the expression
Tables 2-5). In contrast, circRNA_002457 showed no profiles obtained from the circRNA microarray analysis.
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Table 2. Unpaired t-test results for group comparisons of circRNA_009932 mRNA expression. The results are presented as n, Me (min—-max) in Fig. 4C

3,0.000049 (0.000044-0.000077)

3,0.000060 (0.000040-0.000070)

4.77 0.009 4

AAA - abdominal aortic aneurysm; n — number of observation; Me (min-max) — median (min-max); t - t-statistic; df — degrees of freedom.

Table 3. Unpaired t-test results for group comparisons of circRNA_30395 mRNA expression. The results are presented as n, Me (min-max) in Fig. 4D

3,0.0014 (0.0012-0.0017)

3,0.0004 (0.0003-0.0005)

6.93 0.002 4

AAA - abdominal aortic aneurysm; n — number of observation; Me (min-max) — median (min—-max); t - t-statistic; df — degrees of freedom.

Table 4. Unpaired t-test results for group comparisons of circRNA_30398 mRNA expression. The results are presented as n, Me (min-max) in Fig. 4E

AAA | Sham
| 3,0000121 (0000092-0000139)

3,0.000039 (0.000039-0.000049)

| t |

530 0,006 4 \

p-value | df

AAA - abdominal aortic aneurysm; n — number of observation; Me (min-max) — median (min—-max); t - t-statistic; df — degrees of freedom.

Table 5. Unpaired t-test results for group comparisons of circRNA_012594 mRNA expression. The results are presented as n, Me (min-max) in Fig. 4F

3,0.000360 (0.000238-0.000382)

3,0.000099 (0.000092-0.000113)

4.93 0.008 4

AAA — abdominal aortic aneurysm; n — number of observation; Me (min—max) — median (min—max); t — t-statistic; df — degrees of freedom.

Table 6. Unpaired t-test results for group comparisons of circRNA_002457 mRNA expression. The results are presented as n, Me (min-max) in Fig. 48

3,0.00006 (0.000053-0.000078)

3,0.00006 (0.000062-0.000063)

0.18 0.867 4

AAA - abdominal aortic aneurysm; n — number of observation; Me (min—-max) — median (min—-max); t — t-statistic; df — degrees of freedom.

Competing endogenous RNA (ceRNA)
network construction

To further elucidate the potential regulatory mechanisms
of the validated circRNAs, a circRNA-miRNA-mRNA
interaction network was constructed using Cytoscape
software (https://cytoscape.org) (Fig. 5). This network was
based on predicted miRNA binding relationships and in-
cluded the top 5 miRNA candidates associated with each
confirmed circRNA, as summarized in Supplementary
Table 14.

Discussion

Advancements in RNA-sequencing technologies have
revealed that circRNAs constitute a distinct class of non-
coding RNA molecules expressed across a wide range
of mammalian tissues.?! Recent studies have highlighted
their potential roles as both therapeutic agents and disease
biomarkers in various pathological conditions.?? Acting
as miRNA sponges, circRNAs can modulate post-transcrip-
tional gene regulation by preventing miRNAs from binding
to their target mRNAs. In addition to their interactions
with RNA molecules, circRNAs are also capable of bind-
ing specific proteins, thereby influencing their localization

or activity. Moreover, some circRNAs regulate transcrip-
tion within the nucleus, serve as templates for transla-
tion, and even compete with linear mRNA splicing.?? Due
to their covalently closed-loop structure, circRNAs exhibit
enhanced stability compared to linear RNAs, further sup-
porting their potential as circulating biomarkers. Accu-
mulating evidence suggests that circRNAs play important
roles in cardiovascular biology and disease.?2?*

Given the absence of effective pharmacological treat-
ments for AAA, surgical interventions (either open or en-
dovascular) remain the only available options. Developing
effective medical therapies for small AA As or for patients
unsuitable for AAA repair would significantly enhance
the existing approach to patient management. In this study,
we established an AAA mouse model through continu-
ous subcutaneous infusion of Ang II in apoE~'~ mice and
systemically profiled circRNA expression in the aorta us-
ing circRNA microarray technology. Ninety circRNAs
were found to be upregulated and 234 downregulated
in the AAA group compared with controls. The predicted
target genes of these differentially expressed circRNAs
were functionally annotated through GO and KEGG path-
way enrichment analyses.

Gene Ontology analysis revealed the involvement
of differentially expressed circRNAs in diverse biologi-
cal processes, such as nitrogen compound metabolism


https://cytoscape.org

Adv Clin Exp Med. 2026;35(2):307-318 315

L
RS

h //‘_, mE— R N\ > S

X “‘a/‘v e S mmiEISHETE- 5p \v‘\\~\~‘0‘<’
SRR RSRELA 7 o PSS\

06097
Cflar

Mtmri4
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miRNAs and the blue nodes represent mRNAs

RT-gPCR - reverse transcription quantitative polymerase chain reaction.

and the establishment of localization. Meanwhile, KEGG Autophagy, a critical cellular mechanism for degrading
analysis highlighted enrichment in key pathways, includ- dysfunctional organelles and proteins, contributes to cellu-
ing the MAPK, Ras, insulin signaling, and autophagy lar homeostasis?® and has been increasingly linked to AAA
pathways. Among these, the MAPK signaling pathway pathogenesis.” Associations between autophagy and estab-

was notably associated with the upregulated circRNAs lished AAA risk factors, such as senescence,® gender®! and
in AAA. Jun amino-terminal kinases (JNK1/2/3), a ma- cigarette smoking,*? have been documented. Furthermore,
jor kinase in the MAPK family, have been implicated both pharmacological agents**** and genetic interventions®3¢
in AAA formation. Previous studies demonstrated that targeting autophagy have shown efficacy in small animal
JNK inhibition attenuates AAA formation induced models of AAA. In the current study, 6 candidate circRNAs
by Ang II or calcium chloride in mouse models.?>2¢ Ad- were selected for RT-qPCR verification. The results demon-
ditionally, extracellular signal-regulated kinases (ERK), strated that the expression levels of mmu_circRNA_30395,

another key kinase in the MAPK family, have been mmu_circRNA_30398, mmu_circRNA_012594, mmu_cir-
shown to be elevated in human A A A tissues, as reported cRNA_006097, and mmu_circRNA_009932 were significantly
by Groeneveld et al.?” dysregulated, in accordance with the microarray analysis.
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To identify the most informative candidates, the 5 vali-
dated circRNAs were used to construct a comprehensive
ceRNA regulatory network. As mentioned earlier, au-
tophagy plays a significant role in AAA pathogenesis, so
we focused on autophagy-related target genes. Further
bioinformatics analysis revealed that the target genes
of mmu_circRNA_30398, mmu_circRNA_006097 and
mmu_circRNA_30395 were predominantly enriched
in the autophagy pathway. The downstream target genes
of circRNAs involved in autophagy in this ceRNA network
include Birc5, Cflar, Ikbke, Mtmr14, and Lampl.

Further inspection of the ceRNA network revealed ad-
ditional axes likely involved in AAA progression. Matrix
metalloproteinases (MMPs), particularly MMP-2, are
known contributors to extracellular matrix (ECM) deg-
radation®” and AAA pathogenesis.?® Elevated MMP-2 ac-
tivity in the aorta has been linked to Ang II and CaCl2
stimulation.?® Notably, Liu et al. reported that circ. MMP-2
promotes hepatocellular carcinoma metastasis by spong-
ing miR-136-5p, resulting in MMP-2 upregulation.*’ Our
analysis identified miR-136-5p as a likely target miRNA
of circRNA_30398, supporting the hypothesis that
mmu_circRNA_30398 may facilitate AAA progression
via the circRNA_30398/miR-136-5p/MMP-2 axis.

Additionally, miR-448-3p, miR-337-3p and miR-432 were
predicted as potential targets of circRNA_006097. Notably,
miR-448-3p has been shown to be dysregulated in intracra-
nial aneurysms, suggesting a role in vascular pathogenesis.!
The AAA development is also closely linked to VSMC apop-
tosis and phenotypic changes, processes in which circRNAs
are increasingly recognized as regulators.*? Structural de-
terioration of the arterial wall, including ECM degradation
and VSMC loss, is a primary cause of aortic dilation and
rupture. Several studies have highlighted the involvement
of circRNAs in VSMC apoptosis and proliferation.*34* For
instance, miR-432 has been shown to suppress PI3K/AKT/
mTOR signaling by downregulating P55PIK, inhibiting
myoblast proliferation and differentiation.*®

Similarly, miR-337-3p modulates myosin 10 expression,
impacting pulmonary artery smooth muscle cell prolifera-
tion.*® These findings suggest that circRNA_006097 may
influence AAA formation by regulating VSMC function.?
Moreover, circRNA_009932 may exert similar effects
through its predicted target, miR-222-5p, which inhibits
smooth muscle cell differentiation by suppressing ROCK2
and a-smooth muscle actin expression.

Limitations

This study has several limitations. First, the construction
of the circRNA-miRNA-mRNA interaction network was
based solely on bioinformatics analysis, which requires
further experimental validation. Second, although RT-
qPCR confirmed the differential expression of selected
circRNAs, their functional roles in AAA pathogenesis
were not assessed through knockdown or overexpression

J. Lou et al. Study of Ang Il-mediated AAA

experiments. Such mechanistic investigations are essen-
tial to establish causal relationships. Finally, emerging
evidence suggests that circRNAs may also interact with
RNA-binding proteins or serve as templates for transla-
tion, aspects that were not explored in the current study.

Conclusions

In this study, circRNA expression profiles in AAA were
characterized based on an Ang II-induced mouse model.
Five circRNAs were selected and verified with RT-qPCR.
Our findings provide evidence that the circRNA-miRNA-
mRNA axis may play a critical role in the molecular patho-
genesis of AAA. Further experimental research is needed
to elucidate the regulatory mechanisms of the cir-
cRNA_30398/miR-136-5p/MMP-2 axis. Understanding
these mechanisms could reveal potential therapeutic tar-
gets for AAA.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.15744894. The package includes
the following files:

Supplementary Table 1. Primers used for RT-qPCR.

Supplementary Table 2. Shapiro—Wilk test results for
circRNA_006097 mRNA expression in the AAA and sham
groups (see Fig. 4A).

Supplementary Table 3. F-test for equality of variances
for circRNA_006097 mRNA expression in the AAA and
sham groups (see Fig. 4A).

Supplementary Table 4. Shapiro—Wilk test results for
circRNA_009932 mRNA expression in the AAA and sham
groups (see Fig. 4C).

Supplementary Table 5. F-test for equality of variances
for circRNA_009932 mRNA expression in the AAA and
sham groups (see Fig. 4C).

Supplementary Table 6. Shapiro—Wilk test results for
circRNA_30395 mRNA expression in the AAA and sham
groups (see Fig. 4D).

Supplementary Table 7. F-test for equality of variances
for circRNA_30395 mRNA expression in the AAA and
sham groups (see Fig. 4D).

Supplementary Table 8. Shapiro—Wilk test results for
circRNA_30398 mRNA expression in the AAA and sham
groups (see Fig. 4E).

Supplementary Table 9. F-test for equality of variances
for circRNA_30398 mRNA expression in the AAA and
sham groups (see Fig. 4E).

Supplementary Table 10. Shapiro—Wilk test results for
circRNA_012594 mRNA expression in the AAA and sham
groups (see Fig. 4F).

Supplementary Table 11. F-test for equality of variances
for circRNA_012594 mRNA expression in the AAA and
sham groups (see Fig. 4F).
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Supplementary Table 12. Shapiro—Wilk test results for

circRNA_002457 mRNA expression in the AAA and sham
groups (see Fig. 4B).

Supplementary Table 13. F-test for equality of variances

for circRNA_002457 mRNA expression in the AAA and
sham groups (see Fig. 4B).

Supplementary Table 14. The top 5 predicted targets

of RT-qPCR confirmed dysregulated circRNAs.
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Abstract

Background. Pancreatic cancer (PC) is among the most aggressive and lethal malignancies, characterized
by development within a complex tumor microenvironment (TME) that includes a desmoplastic stroma
composed of extracellular matrix (ECM) and various cellular components.

Objectives. This study aims to elucidate the cellular and molecular mechanisms regulating PC progression
through an integrated analysis of single-cell pseudotime trajectories and intercellular communication.

Materials and methods. We constructed pseudotime trajectories using single-cell RNA sequencing
(scRNA-seq) data from PC tissues to trace the developmental progression of cancer cells. Transitional cell
states and critical genes involved in the shift from early-to-advanced disease stages were identified. Through
a comprehensive analysis, we pinpointed key transcription factors and signaling pathways implicated in tumor
progression. Expression of stemness-associated genes in pancreatic stellate cells (PSC) was validated using
immunofluorescence and transmission electron microscopy (TEM). Additionally, cell—cell communication
analysis was performed to examine interactions within the TME, with particular emphasis on ligand—recep-
tor pairings.

Results. Our analysis identified key transcription factors and signaling pathways that drive the cellular
transitions associated with cancer progression. The findings revealed extensive intercellular crosstalk between
cancer cells, stromal fibroblasts, and diverse immune cell subpopulations. Notably, the study underscored
the distinct functional contributions of these cell populations to tumor development, immune evasion and
metastatic dissemination.

Conclusions. The study uncovers the complex cellular diversity and intercellular crosstalk in PC, providing
novel avenues for therapeutic interventions and early predictive markers in diagnosis. These findings support
the potential for more targeted, personalized treatment strategies in combating PC.

Key words: pancreatic cancer, core genes, SCRNA-seq, cell communication
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Highlights
cancer (PC).

cells, highlighting druggable signaling hubs.
niche within the tumor stroma.

sion treatment of PC.

« Single-cell RNA sequencing (scRNA-seq) exposes fine-scale cellular heterogeneity and lineage routes in pancreatic

+ Pseudotime trajectory analysis spots the genes that drive PC progression from early lesions to invasive disease.
+ High-resolution tumor-microenvironment mapping reveals cross-talk among malignant, stromal and immune

+ Immunofluorescence and TEM confirm stemness markers in pancreatic stellate cells (PSC), validating a stem-like

« The resulting single-cell atlas uncovers novel biomarkers and therapeutic targets for earlier diagnosis and preci-

Background

Pancreatic cancer (PC) is associated with one of the high-
est mortality rates due to its aggressive nature and poor
overall prognosis. The 5-year survival rate for patients
with PC remains approx. 9%, with minimal improvement
over recent decades. This is partly attributed to late detec-
tion and a tumor microenvironment (TME) that supports
cancer progression and therapy resistance. Understand-
ing the cellular and molecular events associated with
the emergence of PC is crucial for developing more effec-
tive diagnostic and therapeutic strategies.!~

Emerging technologies, such as Single-cell RNA se-
quencing (scRNA-seq), have dramatically transformed
our ability to uncover the complexity of cancer in detail.
Unlike bulk RNA sequencing, which averages gene expres-
sion profiles over a large population of cells, scRNA-seq
allows for the analysis of gene expression at the individual
cell level. This technology has revealed the diversity of cel-
lular composition and states within tumors, highlighting
the functional roles that various cell types play throughout
cancer progression.*~’ Clinically, these insights are vital for
tailoring personalized treatment approaches and enhanc-
ing early detection methods. By understanding the unique
cellular interactions and resistance mechanisms in PC,
researchers and clinicians can develop targeted therapies
that more effectively disrupt tumor growth and dissemina-
tion. This could potentially lead to improved survival rates
and enhanced quality of life for patients.

This catalog aims to provide a molecular atlas for the cel-
lular heterogeneity and intercellular communication that
characterize PC. To achieve this, scRNA-seq approaches
were employed to analyze PC tissues at single-cell resolu-
tion to define developmental trajectories in this study,
enhancing understanding of how various cell populations
within the TME interact. By utilizing pseudotime trajec-
tories, the evolution of individual cancer cells from early
to late stages of the disease was traced. This method iden-
tified key transitional states and the genes driving these
transitions, elucidating the hierarchical organization and
temporal dynamics of tumor evolution.®*! In addition,

a cell communication analysis was conducted to examine
interactions between cancer cells and stromal and immune
cells. Various cell types are known to affect tumor progres-
sion and inhibition through immune evasion, metastasis
and therapy resistance in the TME. The analysis of ligand—
receptor interactions uncovered widespread intercellular
crosstalk and emphasized the intricate signaling networks
that maintain the TME.12-1°

To further support our single-cell analysis, we com-
bined immunofluorescence and transmission electron
microscopy (TEM) to identify the expression of stemness
genes in pancreatic stellate cells (PSC). These methods
confirmed and spatially contextualized our findings, high-
lighting the role of stemness in PC pathogenesis.

These discoveries offer additional therapeutic targets
and biomarkers for early detection and treatment. These
discoveries emphasize the critical role that single-cell tech-
nologies can play in advancing our understanding of can-
cer biology and driving precision oncology.

Objectives

The study aims to elucidate the cellular and molecular
features regulating PC progression through an integrated
analysis of single-cell pseudotime and cell communication.

Materials and methods
Patients

The study included PC patients sourced from public da-
tabases (such as The Cancer Genome Atlas (TCGA) https://
www.cancer.gov/ccg/research/genome-sequencing/tcga,
Gene Expression Omnibus (GEO) https://www.ncbi.nlm.
nih.gov/geo, GSM8541021, GSM8541020). Inclusion cri-
teria comprised confirmed cases of PC with documented
patient characteristics, including age, sex, geographic loca-
tion, and stage at diagnosis. Exclusion criteria encompassed
patients with incomplete clinical or demographic data.1°-1#
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Specimen characteristics

Gene expression data from PC patients were collected
from the GEO database. Control samples were obtained
from the same datasets, consisting of non-cancerous tissue
from PC patients. The datasets used were publicly available
and underwent quality control in their respective stud-
ies. Data storage complied with open-source data-sharing
standards.

Gene expression analysis

RNA-seq and microarray data were utilized for expres-
sion profiling. Data were processed with normalization
techniques to account for batch effects and technical
variability. The analysis focused on differentially ex-
pressed genes (DEGs) related to PC. All assays were con-
ducted blinded to clinical endpoints, ensuring unbiased
interpretation.

Study design

The study was retrospective and utilized data from
the GEO database. The analysis concentrated on im-
mune infiltration and intercellular communication in PC.
The primary endpoint focused on exploring gene expres-
sion differences in the TME using single-cell sequencing
data. The secondary endpoint centered on intercellular
communication pathways. Variables initially considered
included gene expression levels, selected based on their
relevance in PC prognosis. A large dataset from the GEO
database was used to ensure adequate statistical power.

Statistical analyses

The clustering and annotation process for single-cell
data was performed as follows: First, the Seurat package
(v. 4.4.0; https://github.com/satijalab/seurat) was used
to filter, perform quality control, normalize, reduce dimen-
sionality, and cluster the single-cell data from GSM 854102
and GSM8541020. The steps involved are outlined below:

1. Data preprocessing: The CreateSeuratObject function
was employed to filter the single-cell sequencing data, re-
taining genes expressed in at least 3 cells and cells detect-
ing more than 350 genes (parameters set to min.cell = 3
and min.features = 350).

2. Mitochondrial and ribosomal gene scoring: The Per-
centageFeatureSet function was utilized to calculate
the mitochondrial and ribosomal gene scores based
on the expression data of mitochondrial and ribosomal
genes, respectively. A robust gene expression window was
established, excluding cells with fewer than 200 or more
than 2,500 unique genes. This approach mitigated the risk
of including cell doublets and excluded low-quality cells
that could compromise subsequent analyses. Furthermore,
mitochondrial gene expression was assessed, and cells with

3

more than 5% mitochondrial transcript expression were
systematically removed. This step helped identify and
exclude cells potentially undergoing stress or apoptosis,
which could distort analytical outcomes. Only cells with
mitochondrial and ribosomal gene scores below 20% were
retained for analysis.

3. Data normalization and variable gene identification:
The SCTransform function was used to normalize the data
and identify the top 3,000 highly variable genes (variable.
features.n = 3000).

4. Principal component analysis and dimensionality
reduction: Principal component analysis (PCA) was per-
formed, and an elbow plot was generated to determine
the optimal number of dimensions. Principal compo-
nents up to the inflection point were selected for further
analysis. The first 15 principal components were cho-
sen, and batch effects were removed using the Canonical
Correlation Analysis (CCA) method in Seurat. The Find-
Neighbors and FindClusters functions were then used
for unsupervised cluster analysis of the data, following
batch removal. The optimal resolution parameter was
determined using the “clustree” function to assess cluster
stability across different resolutions. In this study, the op-
timal resolution was set to 0.7, resulting in the identifica-
tion of 26 clusters. Uniform manifold approximation and
projection (UMAP) visualization was employed for cluster
representation. Cells were annotated based on reference
marker genes provided by CellMarker,'? and the propor-
tions of annotated cells were computed and visualized
using ggplot2.19-22

5. Cell communication analysis: To assess cell com-
munication, the interaction between ligands and recep-
tors, along with the activation of specific cell signaling
pathways, was analyzed. The CellChat package was used
to predict differences in cell communication between
groups with high and low Miiller ratings. Ligand-receptor
pairs were selected for analysis, with a threshold p-value
of less than 0.05 considered statistically significant. Only
membrane-bound ligand-receptor pairs were analyzed,
and the expression of these pairs in different cell types
was evaluated.

6. Immunofluorescence: Cells were fixed using either
pre-warmed 4% paraformaldehyde (PFA) or cold methanol
for 20 min. The PFA-fixed cells were then permeabilized
with 0.1% Triton X-100 in phosphate-buffered saline (PBS)
for 8 min. A pre-boiled ethylenediaminetetraacetic acid
(EDTA) solution (1 mM EDTA) was added to the PFA-
fixed cells in a LabTek 8-well chambered coverglass and
incubated for 10 min at room temperature. This procedure
was repeated 3 times. Following fixation and permeabi-
lization, cells were blocked with 3% bovine serum albu-
min (BSA) in PBS for 30 min. Primary antibodies were
incubated at 4°C overnight, diluted 1:500 in 3% BSA/PBS.
After washing, secondary antibodies (also diluted 1:500)
were incubated for 1 h at room temperature. Nuclear DNA
was stained using DAPI (4',6-diamidino-2-phenylindole;
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1 pg/mL). Samples were then analyzed using an LSM800
GaAsP laser scanning confocal microscope with Zen soft-
ware (Carl Zeiss AG, Jena, Germany).?3-2

All statistical analyses were performed using R v. 4.0.3
(R Foundation for Statistical Computing, Vienna, Austria).
Differences were considered statistically significant when
the p-value was less than 0.05, unless otherwise specified.

Results

Analysis of single-cell RNA sequencing
data comparing normal and tumor cells

Figure 1 presents a comprehensive analysis of sScRNA-
seq data comparing normal and tumor cells. Panels A-D
display density plots of various metrics, whereas panels E,
F present results from PCA. The density plot illustrates
the distribution of total RNA counts per cell for normal
(blue) and tumor (red) cells, revealing a broader and higher
distribution of RNA counts in tumor cells, indicative
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of increased transcriptional activity (Fig. 1A). This plot
demonstrates the distribution of the number of detected
genes per cell, with tumor cells exhibiting a higher number
of detected genes, suggesting increased gene expression di-
versity (Fig. 1B). The density plot depicting mitochondrial
gene expression percentage shows a similar distribution
for both normal and tumor cells, although tumor cells
exhibit a slight shift towards higher mitochondrial gene
expression, potentially indicating altered metabolic states
(Fig. 1C). The plot representing hemoglobin gene expres-
sion percentage shows overlapping distributions for nor-
mal and tumor cells, with tumor cells displaying slightly
higher hemoglobin gene expression (Fig. 1D). The scree
plot illustrates the variance explained by each principal
component, with the first few principal components ac-
counting for the majority of variance in the data. Although
p-values are provided for each principal component, they
indicate statistical significance rather than effect mag-
nitude. The relative importance of principal compotents
is better assessed by the proportion of variance they ex-
plain, as visualized in the scree plot (Fig. 1E). The scatter
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Fig. 1. Analysis of single-cell RNA sequencing (scRNA-seq) data comparing normal and tumor cells. A, B. Tumor cells exhibit higher RNA content and
transcriptional diversity compared to normal cells; C. A slight increase in mitochondrial gene expression in tumor cells; D. Marginally higher hemoglobin
gene expression in normal cells; E. Significant principal components that capture variance in the data; F. Transcriptional profiles of normal and tumor cells,
emphasizing the separation between these 2 groups
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Fig. 2. Principal component analysis and dimensionality reduction techniques. A. The principal component analysis (PCA) scree plotillustrates that

the initial principal components account for the majority of the variance in the data, indicating that these components are adequate for subsequent
analysis; B. The uniform manifold approximation and projection (UMAP) plot displays a clear separation of cells into varied clusters, revealing

the heterogeneity and different cellular states or types within the dataset; C. The t-SNE plot supports the UMAP findings, offering an additional visualization
of the cell clusters and their interrelations. The dot plot conveys the expression patterns of key genes across different cell types. Genes such as Pdgfrf3, Sox9,
Nanog, and Vim demonstrate varied expression across the clusters, highlighting their roles in various cellular states or types

plot visualizes the PCA results, with cells plotted according
to their scores on the first 2 principal components. Nor-
mal (blue) and tumor (red) cells formed distinct clusters,
indicating substantial differences in their gene expression
profiles. The separation along principal compotent 1 and
principal component 2 suggests that these principal com-
ponents capture the major sources of variation between
normal and tumor cells (Fig. 1F).

Principal component analysis and
dimensionality reduction techniques

The scree plot (Fig. 2A) illustrates the standard de-
viation (SD) of the principal components, indicating that
the first few principal components capture the most vari-
ance. As the number of principal components increases,
the SD decreases, suggesting that later principal components
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Fig. 3. The expression of specific genes across different cell populations in single-cell RNA sequencing. A. Sox9 reveals distinct clusters of high expression,
signifying its role in stem cell maintenance and differentiation; B. Cdkn2a exhibits scattered high expression, emphasizing its role in cell cycle regulation;
C. Collal demonstrates strong expression in specific clusters, highlighting its significance in extracellular matrix formation; D. Vim is broadly expressed

in mesenchymal cells, indicating its role in cellular integrity and motility; E. Acta2 shows high expression in clusters associated with muscle contraction;

F. Cxcr4 displays scattered high expression, suggesting its role in cell migration and signaling

contribute less to overall variance (Fig. 2A). The UMAP plot
visualizes the scRNA-seq data in a 2-dimensional space,
where each dot represents a single cell colored based on as-
signed clusters (0—8). The distinct clusters indicate different
cell populations, with spatial separation suggesting differ-
ences in gene expression profiles (Fig. 2B). The t-distributed
stochastic neighbor embedding (t-SNE) plot also visualizes
the scRNA-seq data in 2 dimensions. Similar to the UM AP
plot, cells are colored by clusters (0-8), further confirming
the separation of cell populations and highlighting hetero-
geneity within the dataset (Fig. 2C). The dot plot displays
expression levels of selected genes across different cell types,
where the size of each dot represents the percentage of cells
expressing the gene, and the color indicates the average

expression level. Notable observations show that certain
genes are highly expressed in specific cell types, as indi-
cated by larger and darker dots (Fig. 2D). For example, Sox2
and Prom1 show high expression in cell type 7, whereas
Egfr and Vegfa are broadly expressed across multiple cell
types. The differential expression patterns provide in-
sights into the functional roles of these genes in various
cell populations.

Figure 3 presents t-SNE plots illustrating the expres-
sion of specific genes across various cell populations
in a scRNA-seq dataset. The t-SNE plot for Sox9 gene
expression reveals that Sox9 is present in multiple, yet
discrete clusters. The staining intensities vary among clus-
ters, with some clusters exhibiting higher levels of Sox9
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expression (Fig. 3A). The visualization of Cdkn2a expres-
sion in the t-SNE plot indicates a more cluster-specific ex-
pression pattern, suggesting a cell-type-dependent expres-
sion profile. Each major group of genes (MGA-D, MGB-E
and 2GGs) is ordered by peak expression time within each
cluster, with shades of gray representing expression levels.
Gene Ontology (GO) term analysis was performed for each
functional map, consistently applying a threshold or flag-
based criteria at the boundaries of the last exons.

Figure 3C displays the expression of Collal, which is
concentrated in specific regions of the dataset, indicat-
ing that Collal is expressed at lower levels throughout
much of the brain, suggesting that Col/la promoter-driven
Cre recombinase primarily exists in specific cell popula-
tions, such as those producing extracellular matrix (ECM;
Fig. 3C). The t-SNE plot for Vim demonstrates broad ex-
pression across various clusters, with several regions exhib-
iting higher expression levels. The lower cluster is enriched
with cell types similar to mesenchymal cells, characterized
by the expression of their derived marker, Vim (Fig. 3D).
The Acta2 expression plot indicates that Acta2 is concen-
trated in specific clusters, suggesting predominant expres-
sion in certain cell populations, potentially smooth muscle
cells or myofibroblasts, due to its role in actin filament
formation (Fig. 3E). The expression of Cxcr4 is depicted
in the t-SNE plot, showing scattered and relatively low
expression across the clusters, indicating that this gene
is expressed at lower levels or in fewer cell populations
compared to the other genes illustrated (Fig. 3F).

The proportions of different cell types
in each group

The t-SNE plot (Fig. 4) visualizes the distribution of nor-
mal cells within a 2-dimensional space, with each dot rep-
resenting a single cell. The clustering pattern illustrates
the presence of distinct cell populations within the nor-
mal tissue, with spatial separation suggesting heterogene-
ity among normal cells (Fig. 4A). Another t-SNE plot dis-
plays the distribution of tumor cells, where each dot again
represents a single cell. The clustering pattern indicates
the presence of various cell populations within the tumor
tissue. In comparison to normal cells, tumor cells appear
more densely packed and less dispersed, indicating altera-
tions in cellular composition and gene expression profiles
(Fig. 4B). A bar plot compares the proportions of differ-
ent cell types across the total, normal, and tumor groups.
The cell types are color-coded as follows: activated stellate
cells (orange), cancer-associated fibroblasts (CAF) (green),
embryonic stem cell-like cells (cyan), endothelial cells (blue),
immune cells (purple), other mesenchymal cells (brown),
PC cells (dark pink), pancreatic progenitor cells (light blue),
and PSC (pink). In the normal group, PSC and other cell
types are well-represented. Conversely, in the tumor group,
PC cells dominate, accompanied by a noticeable increase
in CAF and a decrease in other cell types such as PSC.
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Using pseudotime trajectories to explore
cellular differentiation and transitions

Figure 5 presents visualizations of cell type distribu-
tions along pseudotime and comparisons between normal
and tumor cells. This plot displays the pseudotime tra-
jectory of cells, color-coded by cell types. The trajectory
is represented in a 2-dimensional space, with components
1 and 2 indicating the PC. The cell types are color-coded:
activated stellate cells (orange), CAF (green), embryonic
stem cell-like cells (cyan), endothelial cells (blue), immune
cells (purple), other mesenchymal cells (brown), PC cells
(dark pink), pancreatic progenitor cells (light blue), and
PSC (pink). The trajectory suggests a progression from one
cell type to another, implying a potential differentiation
pathway or cellular transition process (Fig. 5A).

A subsequent plot shows the same pseudotime trajec-
tory as in panel A, with cells colored according to their
pseudotime values, ranging from 0 to 50 (light to dark
blue). Key transition points (1, 2 and 3) are marked along
the trajectory, indicating significant stages in the progres-
sion of cellular states (Fig. 5B). Additional plots compare
the pseudotime trajectories of normal and tumor cells,
with cells colored by their respective types. The left plot
illustrates the trajectory for normal cells, whereas the right
plot depicts the trajectory for tumor cells. Observed dif-
ferences in the trajectories suggest varying differentiation
pathways or cellular transitions between normal and tu-
mor cells. Notably, tumor cells exhibit a more pronounced
clustering of PC cells and CAF (Fig. 5C). This combined
plot presents pseudotime trajectories for both normal and
tumor cells in a single view, with cells colored by their
types. The trajectories are aligned to emphasize the dif-
ferences and similarities in the progression of cell states
between normal and tumor conditions. The transitions
and clustering patterns provide insights into how cellular
states evolve differently within the TME compared to nor-
mal tissue (Fig. 5D).

Using pseudotime analysis to understand
the progression and differentiation
of various cell types

The UMARP plot (Fig. 6A) illustrates the distribution
of cells in 2-dimensional space, color-coded by cell type.
The pseudotime trajectory is overlaid, demonstrating
the progression of cells through various states. The cell
types are color-coded as follows: activated stellate cells (or-
ange), CAF (green), embryonic stem cell-like cells (cyan),
endothelial cells (blue), immune cells (purple), other mes-
enchymal cells (brown), PC cells (dark pink), pancreatic
progenitor cells (light blue), and PSC (pink). The trajectory
lines connect different clusters, suggesting pathways of cel-
lular differentiation or transition. This plot also depicts
the density of various cell types along the pseudotime
axis, with each cell type represented by a different color,
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Fig. 4. The proportions

of different cell types in each
group. A. The t-distributed
stochastic neighbor embedding
(t-SNE) plot of normal cells
reveals distinct clusters,
indicating the presence

of various subpopulations within
the normal cell population;

B. The t-SNE plot of tumor cells
also shows distinct clusters, albeit
with different patterns compared
to normal cells. This suggests
significant transcriptional
heterogeneity within the tumor
cell population, reflecting

the complexity of tumor biology;
C. The bar plot of cell type
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consistent with those in Fig. 6A. The density peaks indicate
where specific cell types are most prevalent along the pseu-
dotime trajectory. For instance, PC cells (dark pink) and
cancer-associated fibroblasts (CAFs; green) exhibit dis-
tinct expression peaks, suggesting critical transition points
in their progression. These plots illustrate the expression
levels of 4 genes (Lyplal, Mrpl15, Sox17, and Tceal) over
pseudotime, with each dot representing a single cell col-
ored by its state (1-7) (Fig. 6B). The black line represents
the smoothed trend of gene expression over pseudotime.
Key observations include: Lyplal shows high expression
early in pseudotime, decreasing as pseudotime progresses;
Mrpll5 exhibits peak expression around the midpoint

' proportions reveals differences
' in the composition of cell types
T T T among the total, normal and
0 3 60 tumor groups
{SNE 1
Cell Type

. Activated Stellate Cells

. Cancer-Associated Fibroblasts (CAF)
. Embryonic Stem Cell-like Cells

B Endotrea Cels

. Immune Cells

. Other Mesenchymal Cells

. Pancreatic Cancer Cells

. Pancreatic Progenitor Cells

l Pancreatic Stellate Cells (PSC)

of the pseudotime trajectory; Sox17 displays a distinct
peak in expression later in pseudotime, indicating its role
in a specific state; Tceal has high expression early in pseu-
dotime, followed by a gradual decrease (Fig. 6C).

UMAP plots illustrating the expression
of specific genes across different

cell populations in a single-cell RNA
sequencing dataset

Asshown in Fig. 7, each UM AP plot demonstrates the dis-
tribution of cells in 2-dimensional space, with gene expres-
sion levels indicated by color intensity. The color gradient
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Fig. 5. Pseudotime trajectories used to explore cellular differentiation and transitions. A. The trajectory plot illustrates the differentiation path of cells,
with distinct clusters representing different cell types; B. The pseudotime plot highlights the temporal progression of cells along the differentiation path,
with key transition points marked; C. The separate trajectory plots for normal and tumor cells reveal differences in their differentiation paths, reflecting
the altered progression in tumor cells; D. The linear trajectory plot simplifies the visualization of the differentiation process, showing the sequential
progression of cells along the trajectory

ranges from purple (low expression) to green (high expres- Col3al (collagen type III alpha 1 chain) shows expression
sion), representing the percentage of maximum expression in the same clusters as its paralog in certain regions (75),
for each gene. Areas of high expression (green) exhibit indicating an association with the ECM and connective

a punctate pattern, implying roles in specific cell types. tissue. Decorin (Dcn) exhibits scattered expression across
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Fig. 6. Pseudotime analysis used to understand the progression and differentiation of various cell types. A. The uniform manifold approximation

and projection (UMAP) plot with trajectory inference displays the differentiation path of cells, with distinct clusters representing different cell types.

The trajectory line indicates the progression and transitions between these cell types; B. The density plot reveals the distribution of cell types along
pseudotime, highlighting key transition points where certain cell types are more prevalent; C. The gene expression trends over pseudotime illustrate how
selected genes are regulated during the differentiation process. Each gene exhibits unique expression patterns, reflecting their specific roles at different

stages of cell differentiation

multiple clusters, with some regions showing higher levels,
highlighting its role in collagen fibrillogenesis and ECM
organization. Serpingl (decreased expression in cluster
L10 but similar levels to P7) displays a highly restricted
expression pattern, with high fractional spike-ins limiting
its detection. Csf1r (colony stimulating factor 1 receptor)
is expressed in existing clusters, indicating its associa-
tion with specific cell types likely associated with mac-
rophage differentiation and function. Clgc (complement
Clq C chain) is uniquely expressed, with clear enrich-
ment in clusters associated with immune response and
the complement system.

Surface markers of PSC and
its differentiation characteristics

Figure 8 presents a comprehensive list of marker expres-
sion in PSC and their differentiation capacity. The top
immunofluorescence images depict specific markers in-
dicating co-expression in PSC (Vimentin and GFAP), cor-
responding to embryonic stem cell markers (Oct4, Nanog
and CDI133) and pancreatic progenitor cell markers (Ngn3
and Sox9) (Fig. 8). The extent to which PSC differentiate
into osteogenic, adipogenic, hepatic, and chondrogenic
lineages is illustrated through phase-contrast microscopy
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Fig. 7. The uniform manifold approximation and projection (UMAP) plots illustrati

ng the expression of specific genes across different cell populations

in a scRNA-seq dataset. The UMAP plots provide a comprehensive visualization of the expression patterns of key genes across various cell populations
in the scRNA-seq dataset. Each gene exhibits a unique distribution, reflecting its specific roles and functions within the tissue

images, which show the morphological changes associ-
ated with each differentiated state (Fig. 8). Collectively,
these analyses provide valuable insights into the cellu-
lar heterogeneity within PSC and their differentiation
potential.

Discussion

Pancreatic cancer is among the most lethal forms of can-
cer, characterized by a dismal prognosis and aggressive
behavior. Despite some advancements in medical research,
the 5-year relative survival rate for individuals diagnosed
with PC remains only 7%.26-28

The scRNA-seq of pancreatic ductal adenocarcinomas
was conducted to provide an extensive analysis of cellular
heterogeneity and intercellular communications within
the TME. The application of scRNA-seq is rapidly yielding
unprecedented insights into cellular dynamics, reveal-
ing potential advancements and druggable targets in PC.
The construction of pseudotime trajectories has been es-
sential for tracing the developmental pathways of indi-
vidual cancer cells, identifying critical intermediate states
and key regulatory genes that drive these transitions. This
has provided a profound understanding of the temporal
dynamics of tumor evolution — an essential concept for
comprehending the progression of PC from early stages
to advanced malignancy. Immunofluorescence studies
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200 pm

DAPI/CD133/Vimentin

corroborate the spatial context of scRNA-seq data, par-
ticularly regarding the examination of stemness genes.
The co-expression of vimentin and GFAP, markers char-
acteristic of PSC, with embryonic stem cell markers (Oct4,
Nanog and CDI133) and pancreatic progenitor markers
(Ngn3 and Sox9), suggests an unrecognized pluripotent
potential in these cells. These findings highlight the role
of stemness in tumor activity, with implications for vari-
ous aspects such as cancer recurrence and therapeutic
resistance. Pseudotime analysis is pivotal in scRNA-seq
studies, as it illuminates the developmental trajectories
of cancer cells, identifies key intermediate states, and re-
veals essential genes that govern these transitions. This
analytical framework provides unprecedented insights
into the temporal dynamics of tumor evolution, which
is crucial for understanding the progression of PC from
early disease to advanced malignant states. The selection
of parameter settings is critical for validating the results
of pseudotime analysis. Several factors must be considered,
including biological variability, technical biases and inter-
sample variability. For example, methods based on PCA,
such as scran and Seurat, perform competitively with de-
fault parameters, whereas more sophisticated models like
ZinbWave, DCA, and scVI demonstrate enhanced per-
formance with parameter optimization. This indicates
that parameter adjustment is a crucial step in optimizing
results for various analytical approaches.

CellChat offers ligand-receptor databases for humans
and mice, containing extensive validated molecular in-
teraction data essential for understanding and predict-
ing intercellular communication. By comparing ligand
and receptor expression across different cell populations
or conditions, key molecules related to specific biological

DAPI/CD133/Sox9 DAPI/Oct4/Nanog

Fig. 8. The expression of specific markers in different cell types and
their differentiation potential. The immunofluorescence images (top
section) emphasize the co-expression of specific markers, indicating
the presence of cells with distinct characteristics such as glial, neural,
progenitor, epithelial, and mesenchymal properties. The phase-
contrast microscopy images (bottom section) demonstrate

the differentiation potential of cells into osteocytes, adipocytes,
hepatocytes, and chondrocytes, showing morphological changes
and specific features associated with each differentiated state

processes can be identified. This differential analysis may
reveal changes in cell states and variations in intercellular
communication.

Our investigation of cell communication has elucidated
complex interactions among cancer cells, the stromal com-
partment, and immune cells within the TME. The find-
ings have illuminated the roles of various cell populations
that contribute to tumorigenesis, immune suppression
and metastasis by identifying significant signaling cross-
talk through ligand-receptor interactions. Understand-
ing the functions of these diverse cell types is critical for
developing targeted therapies that address the complexi-
ties of the TME. By dissecting cellular heterogeneity, re-
searchers can pinpoint specific cellular interactions and
pathways that drive cancer progression, leading to more
effective and personalized treatment strategies. Although
mutations in genes such as KRAS, TP53 and SMAD4 are
prevalent in PC, the specific mutation patterns and their
interactions can differ significantly from those in other
cancers.

The identification of critical transcription factors and
signaling pathways controlling cellular transitions offers
potential therapeutic targets. Furthermore, our research
has identified disease markers that may facilitate early
detection of PC, thereby significantly enhancing patient
survival. The findings highlight the efficacy of single-cell
technologies in elucidating cancer characteristics and their
contribution to precision oncology. These technologies
provide a more detailed understanding of the TME, which
is essential for personalized treatment approaches.

The integration of these findings into clinical prac-
tice will rely on validation in larger cohorts and through
clinical trials. A prerequisite for employing this concept,



Adv Clin Exp Med. 2026;35(2):319-332

even in its preliminary form, will likely require defin-
ing specific genes or pathways modified by these critical
drivers (and perhaps several additional alterations) so
that targeted agents can be developed. The identification
of biomarkers and therapeutic targets has the potential
to enable precision diagnostics, prognostics and treat-
ment strategies that could significantly improve patient
care. Ultimately, such advances may contribute to in-
creased survival rates and enhanced quality of life for
individuals affected by PC.

Limitations

Despite the intriguing results of the study, several limita-
tions exist. Single-cell transcriptome analyses yield highly
detailed data but may not capture the dynamic and time-
resolved nature of cellular interactions within the TME.
Although we identified individual cells as representing
fresh and aged states, more dynamic studies must incor-
porate longitudinal sample collections to map transitions
between cellular states.

Conclusions

This study contributes to the growing body of knowledge
on PC and demonstrates the potential of single-cell tech-
nologies in elucidating, with remarkable clarity, the fea-
tures that underlie its biology. Immunofluorescence data
confirmed the stem-like properties of PSC, revealing their
pluripotent potential in tumor dynamics. Analyzing key
cellular transitions and intercellular communication pro-
vides a foundation for developing innovative therapeutic
strategies and underscores the need for further studies
to translate these insights into clinically relevant out-
comes.. Continued research is essential to validate findings
related to personalized treatment and prognostic biomark-
ers, with the goal of advancing clinical applications and
improving patient selection, particularly in the effective
management of cancer. This ongoing research is essential
for transforming scientific discoveries into effective clini-
cal solutions.

Data Availability Statement

The datasets supporting the findings of this study are
openly available in Figshare at https://figshare.com/s/
d51989569cd0bf8a0fce.
Consent for publication

Not applicable.

Use of Al and Al-assisted technologies

Not applicable.

331

ORCID iDs

Chengming Ni @ https://orcid.org/0009-0006-7277-2108
Xiaohang Wang @ https://orcid.org/0000-0003-2111-9601
Zhensheng Cai © https://orcid.org/0000-0003-2964-0565
Yang Chen @ https://orcid.org/0009-0000-5258-6662
Huan Wang © https://orcid.org/0009-0009-7343-0478
Qiangian Wang @ https://orcid.org/0009-0001-9098-1062
Hao Lin @ https://orcid.org/0000-0001-7981-7707
Yunting Zhou @ https://orcid.org/0000-0002-1385-3841
Yang Yuan @ https://orcid.org/0000-0003-2873-1262

Bo Sun @ https://orcid.org/0009-0001-5483-0910

Zilin Sun @ https://orcid.org/0000-0001-7936-0196

References

1. Jiang J, Krishna SG. Early detection of concomitant pancreatic can-
cer during intraductal papillary mucinous neoplasms surveillance.
Gland Surg. 2024;13(9):1659-1661. d0i:10.21037/gs-24-158

2. KinoshitaS, Terai T, Nagai M, et al. Clinical significance and therapeu-
tic implication of CD200 in pancreatic cancer. Pancreatology. 2024;
24(8):1280-1287. d0i:10.1016/j.pan.2024.10.007

3. LiR, LiuR, XuY, et al. Suppressing pancreatic cancer survival and
immune escape via nanoparticle-modulated STING/STAT3 axis reg-
ulation. Bioconjugate Chem. 2024;35(11):1815-1822. doi:10.1021/acs.
bioconjchem.4c00379

4. DingS,YiX, GaoJ, et al. Prognostic risk model of LIHC T-cells based
on scRNA-seq and RNA-seq and the regulation of the tumorimmune
microenvironment. Discov Oncol. 2024;15(1):540. doi:10.1007/512672-
024-01424-z

5. LouZ WeiX,HuY,HuS, WuY,Tian Z. Clustering scRNA-seq data with
the cross-view collaborative information fusion strategy. Brief Bioinform.
2024;25(6):bbae511. doi:10.1093/bib/bbae511

6. Tang M, Xiong L, Cai J, et al. Comprehensive analysis of scRNA-Seq
and bulk RNA-Seq reveals transcriptional signatures of macrophages
in intrahepatic cholestasis of pregnancy. J Inflamm Res. 2024;17:
6863-6874. doi:10.2147/JIR.S471374

7. Wang H, Torous W, Gong B, Purdom E. Visualizing scRNA-Seq data
at population scale with GloScope. Genome Biol. 2024;25(1):259.
doi:10.1186/513059-024-03398-1

8. Caol,Zhangs, Yao D, et al. Comparative analyses of the prognosis,
tumor immune microenvironment, and drug treatment response
between left-sided and right-sided colon cancer by integrating
scRNA-seq and bulk RNA-seq data. Aging. 2023;15(14):7098-7123.
doi:10.18632/aging.204894

9. GuoG,ZhouZ,ChenS§,etal.Characterization of the prognosis and tumor
microenvironment of cellular senescence-related genes through
scRNA-seq and bulk RNA-seq analysisin GC. Recent Pat Anticancer
Drug Discov. 2024;19(4):530-542. d0i:10.2174/0115748928255417230
924191157

10. Lin Z, Li X, Shi H, et al. Decoding the tumor microenvironment
and molecular mechanism: Unraveling cervical cancer subpopula-
tions and prognostic signatures through scRNA-Seq and bulk RNA-
seq analyses. Front Immunol. 2024;15:1351287. doi:10.3389/fimmu.
2024.1351287

11. ZhongJ,SunY,Wu$, etal. Theimpact of the Hedgehog signal path-
way on the tumor immune microenvironment of gastric adenocar-
cinoma by integrated analysis of scRNA-seq and RNA-seq datas-
ets. Funct Integr Genomics. 2023;23(3):258. doi:10.1007/s10142-023-
01187-w

12. Jiang X, Chen N, Wei Q, et al. Single-cell RNA sequencing and
cell-cell communication analysis reveal tumor microenvironment
associated with chemotherapy responsiveness in ovarian cancer.
Clin Trans| Oncol. 2024;27(3):1000-1012. doi:10.1007/512094-024-03655-6

13. Lyu N, Wu J, Dai Y, et al. Identification of feature genes and molecu-
lar mechanisms involved in cell communication in uveal melanoma
through analysis of single-cell sequencing data. Oncol Lett. 2024;
28(5):503. doi:10.3892/01.2024.14636

14. Xie S, Xu J, Chen L, Qi Y, Yang H, Tan B. Single-cell transcriptomic
analysis revealed the cell population changes and cell-cell com-
munication in the liver of a carnivorous fish in response to high-
carbohydrate diet. J Nutr. 2024;154(8):2381-2395. doi:10.1016/j.tjnut.
2024.06.016


https://figshare.com/s/d51989569cd0bf8a0fce
https://figshare.com/s/d51989569cd0bf8a0fce
https://www.doi.org/10.21037/gs-24-158
https://www.doi.org/10.1016/j.pan.2024.10.007
https://www.doi.org/10.1021/acs.bioconjchem.4c00379
https://www.doi.org/10.1021/acs.bioconjchem.4c00379
https://www.doi.org/10.1007/s12672-024-01424-z
https://www.doi.org/10.1007/s12672-024-01424-z
https://www.doi.org/10.1093/bib/bbae511
https://www.doi.org/10.2147/JIR.S471374
https://www.doi.org/10.1186/s13059-024-03398-1
https://www.doi.org/10.18632/aging.204894
https://www.doi.org/10.2174/0115748928255417230924191157
https://www.doi.org/10.2174/0115748928255417230924191157
https://www.doi.org/10.3389/fimmu.2024.1351287
https://www.doi.org/10.3389/fimmu.2024.1351287
https://www.doi.org/10.1007/s10142-023-01187-w
https://www.doi.org/10.1007/s10142-023-01187-w
https://www.doi.org/10.1007/s12094-024-03655-6
https://www.doi.org/10.3892/ol.2024.14636
https://www.doi.org/10.1016/j.tjnut.2024.06.016
https://www.doi.org/10.1016/j.tjnut.2024.06.016

332

20.

. Zhao Z, Wu Y, Geng X, Yuan C, Yang G. Single-cell analysis reveals

histone deacetylation factor guide intercellular communication of
tumor microenvironment that contribute to colorectal cancer pro-
gression and immunotherapy [published online as ahead of print on
April 18, 2024]. Biochem Genet. 2024. doi:10.1007/s10528-024-10730-8

. Shen C, Geng R, Zhu S, et al. Characterization of tumor suppressors

and oncogenes evaluated from TCGA cancers. Am J Clin Exp Immunol.
2024;13(4):187-194. d0i:10.62347/XMZW6604

Cheng X, Lin J, Wang B, Huang S, Liu M, Yang J. Clinical characteris-
tics and influencing factors of anti-PD-1/PD-L1-related severe car-
diac adverse event: Based on FAERS and TCGA databases. Sci Rep.
2024;14(1):22199. d0i:10.1038/541598-024-72864-4

. LinB,WangK, Yuan, etal. A novel approach to the analysis of overall

survival (OS) as response with progression-free interval (PFI) as con-
dition based on the RNA-seq expression data in The Cancer Genome
Atlas (TCGA). BMC Bioinformatics. 2024;25(1):300. d0i:10.1186/512859-
024-05897-1

. Ding Q, Yang W, Xue G, et al. Dimension reduction, cell clustering,

and cell-cell communication inference for single-cell transcriptomics
with DcjComm. Genome Biol. 2024;25(1):241. d0i:10.1186/513059-024-
03385-6

Pagnotta SM. Unsupervised single-cell clustering with asymmetric
within-sample transformation and per-cluster supervised features
selection. Methods Mol Biol. 2024;2812:155-168. doi:10.1007/978-1-
0716-3886-6_8

21.

22.

23.

24.

25.

26.

27.

28.

C. Ni et al. Pancreatic cancer single-cell study

Sun Y, Kong L, Huang J, et al. A comprehensive survey of dimen-
sionality reduction and clustering methods for single-cell and spa-
tial transcriptomics data. Brief Funct Genomics. 2024;23(6):733-744.
doi:10.1093/bfgp/elae023

Yao Z, Li B, Lu Y, Yau ST. Single-cell analysis via manifold fitting:
A framework for RNA clustering and beyond. Proc Nat/ Acad Sci US A.
2024;121(37):2400002121. doi:10.1073/pnas.2400002121

Hsieh Y, Chen S. Visualization and analysis of neuromuscular junc-
tions using immunofluorescence. Bio Protoc. 2024;14(1354):e5076.
doi:10.21769/BioProtoc.5076

Lin CCJ, Jaafar N, Tanzi RE. Protocol to characterize mouse dural
mast cells by flow cytometry and immunofluorescence. STAR Protoc.
2024;5(4):103364. doi:10.1016/j.xpro.2024.103364

Wang Y, Bai W, Wang X. Progress on three-dimensional visualizing
skin architecture with multiple immunofluorescence staining and tis-
sue-clearing approaches [published online as ahead of print on Sep-
tember 16, 2024]. Histol Histopathol. 2024. doi:10.14670/HH-18-815
Wang Q, Wang J, Xu K, Luo Z. Targeting the CSF1/CSF1R signaling
pathway: An innovative strategy for ultrasound combined with mac-
rophage exhaustion in pancreatic cancer therapy. Front Immunol.
2024;15:1481247. d0i:10.3389/fimmu.2024.1481247

Yang DH, Park SH, Yoon S. Differential diagnosis of pancreatic can-
cer and its mimicking lesions. J Korean Soc Radiol. 2024;85(5):902.
doi:10.3348/jksr.2023.0100

Yee KX, Lee YC, Nguyen HD, et al. Uncovering the role of FXYD3 as
a potential oncogene and early biomarker in pancreatic cancer.
Am J Cancer Res. 2024;14(9):4353-4366. d0i:10.62347/LUDE7524


https://www.doi.org/10.1007/s10528-024-10730-8
https://www.doi.org/10.62347/XMZW6604
https://www.doi.org/10.1038/s41598-024-72864-4
https://www.doi.org/10.1186/s12859-024-05897-1
https://www.doi.org/10.1186/s12859-024-05897-1
https://www.doi.org/10.1186/s13059-024-03385-6
https://www.doi.org/10.1186/s13059-024-03385-6
https://www.doi.org/10.1007/978-1-0716-3886-6_8
https://www.doi.org/10.1007/978-1-0716-3886-6_8
https://www.doi.org/10.1093/bfgp/elae023
https://www.doi.org/10.1073/pnas.2400002121
https://www.doi.org/10.21769/BioProtoc.5076
https://www.doi.org/10.1016/j.xpro.2024.103364
https://www.doi.org/10.14670/HH-18-815
https://www.doi.org/10.3389/fimmu.2024.1481247
https://www.doi.org/10.3348/jksr.2023.0100
https://www.doi.org/10.62347/LUDE7524

Reviews

Basic sciences; nursing

Enhancing professional outcome in nursing and midwifery:
A systematic review of competency-based education’s impact
on performance, self-confidence and anxiety reduction

Gaxue Jiang"*-F, Ligiong Hou?A-¢EF

' Department of Cardiology, The First Hospital of Lanzhou University, China
2 Department of Rheumatology and Immunology, The First Hospital of Lanzhou University, 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(2):333-342

Address for correspondence
Ligiong Hou
E-mail: chuandahouligiong@163.com

Funding sources
None declared

Conflict of interest
None declared

Received on August 6, 2024
Reviewed on February 3, 2025
Accepted on February 18, 2025

Published online on February 9, 2026

Citeas

Jiang G, Hou L. Enhancing professional outcome in nursing
and midwifery: A systematic review of competence-based
education’simpact on performance, self-confidence,

and anxiety reduction. Adv Clin Exp Med. 2026;35(2):333-342.
doi:10.17219/acem/202001

DOI
10.17219/acem/202001

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

(linical skills refresher courses focusing on competence are essential for enhancing the clinical performance
of healthcare providers. These courses play a pivotal role in nursing and midwifery education, offering students
initial exposure to clinical environments and preparing them for subsequent internships. This systematic
review aimed to assess the effectiveness of clinical skills refresher courses on clinical performance, particularly
focusing on competency-based supplementary clinical skills courses.

A comprehensive literature search was conducted across articles published in the last 15 years, utilizing
PubMed, Embase, Cochrane Library, Web of Science, and Cumulative Index of Nursing and Allied Health Litera-
ture (CINAHL) databases with specific keywords. This extensive search yielded 1,751 records, of which 13 were
selected based on strict inclusion and exclusion criteria. Of these, 5 studies examined the effect of competency-
based education (CBE) on the quality of clinical skills, 5 studies assessed clinical skills in detail, and 3 studies
discussed other variables related to nursing skills, such as anxiety. The results indicate that CBE significantly
enhances clinical skills and self-efficacy among nursing students, addressing gaps in practical training and
psychological readiness for clinical internships.

This review recommends the implementation of well-organized competency-based training courses
in nursing and midwifery education. By bridging the gap between theoretical knowledge and practical
experience, this approach equips nurses and midwives to effectively address contemporary healthcare chal-
lenges, ultimately improving patient outcomes, enhancing professional confidence and ensuring adherence
to healthcare standards.

Key words: nurses, midwives, clinical skills, competency-based education, refresher course
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Highlights

who receive traditional education.

« Clinical skill refresher courses effectively enhance clinical performance, alleviate anxiety and prepare nurses and
midwives for their ongoing professional performance.

» Competency-based education (CBE), focusing on short-term supplementary courses, emphasizes flexibility, per-
sonalized learning and individualized innovation, and aligns with professional demands.

+ The integration of theoretical knowledge and practical skills through competency-based training courses can
enhance healthcare outcomes and prepare nursing and midwife students for real-world challenges.

+ Simulating training courses in a competency-based way for nurses and midwives is crucial for mastery of clinical
skills, high-quality performance and confidence in healthcare demands.

« Students who receive CBE show higher motivation and performance in theoretical and practical courses than those

Introduction

Learning is the fundamental foundation of human prog-
ress in today’s world. Literacy improves people’s attitudes
and performance, and it is further enhanced through new,
practical methods in learning curriculum design. The cur-
riculum is a cornerstone of educational sciences, and its
pivotal role in educational practices cannot be overlooked.!
Improving the quality of education by aligning educational
goals with performance and activities is essential for de-
veloping educational programs that meet societal health
needs. To address these demands, both the theoretical and
practical components of an effective educational system
must be continuously updated.?*

The “Clinical Skills” foundational course is designed
to introduce nursing and midwifery students to real-world
clinical experiences. It is essential to assess both existing
practices and ideal benchmarks across theoretical, practi-
cal and clinical aspects of education within this course.
This serves as students’ initial exposure to the clinical
environment, helping to prepare them for future intern-
ships.>® Alternatively, nursing students receive clinical
skills training in the nursing school’s clinical laboratory
during their 15 semester. Following this, they participate
in a range of supervised exercises in hospitals and other
clinical settings. In preparation for their final year, students
engage in a 2-semester internship, in addition to part-time,
unsupervised classes. The goal of this internship program
is to help students transition from an academic setting
to a clinical setting.”

Unfortunately, some students do not fully experience
all the necessary clinical nursing abilities, and some may
gradually deviate from standard practice procedures due
to inadequacies and issues inherent in various clinical en-
vironments.® Accordingly, improper learning in clinical
courses was identified by Aein et al. as a major issue in clin-
ical nursing education programs.” Numerous studies from
Iran, China, Australia, and the UK have demonstrated that
nursing students lack psychological readiness for clinical

internships. Senior nursing students and recently gradu-
ated nurses are acutely aware of their clinical incapacity,
which causes them to feel anxious and lack confidence.
A student’s last year of study may be less educationally
beneficial if they join an internship program with such
uncertainty and worry.!0-12

To ensure a seamless transition into professional prac-
tice, final-year nursing students should enhance their
clinical skills by participating in competency-based supple-
mentary training courses. In other words, the final year
serves as a preparatory phase that helps nursing students
solidify their clinical abilities while cultivating favorable
work attitudes and professional traits. To support final-
year clinical students, several educational approaches and
initiatives have been proposed in the form of competency-
based supplementary courses. These instructional strate-
gies positively impact students’ approaches and clinical
abilities by reducing their sense of inadequacy.!3-1>

Short-term supplemental courses designed to enhance
clinical skills can help students feel less anxious before start-
ing their internships. The primary cause of stress among
newly graduated nurses is the perception of their clinical
incapacity to perform clinical duties.!® Throughout the fi-
nal year of the nursing bachelor’s program, feelings of inad-
equacy in performing professional nursing tasks, along with
associated anxiety, often lead to considerations of leaving
the profession. These emotions are frequently triggered when
students become aware of their limitations and upcoming
legal responsibilities.!” In many countries, nursing students
inevitably encounter unsuitable role models in clinical set-
tings. Therefore, it is crucial for students to have an oppor-
tunity to refresh their clinical knowledge before graduation.

Short, additional courses on clinical skills, based on
competence, can help nursing students become more pro-
ficient in the field, feel more confident in their abilities and
experience less anxiety.”!® Ongoing challenges in health-
care education, particularly those highlighted by emerg-
ing medical issues such as the COVID-19 pandemic, have
made competency-based education (CBE) a timely and
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relevant approach. Competency-based education addresses
many limitations of traditional educational models by em-
phasizing flexibility, personalized learning, alignment with
workforce demands, and mastery of skills.'” As healthcare
systems adapt to new realities, CBE provides a pathway
for preparing competent professionals to effectively meet
future challenges.

As mentioned above, CBE provides a valuable approach
that focuses on improving specific skills and competencies,
rather than adhering to a fixed curriculum or schedule.
This method is especially important in nursing and mid-
wifery, where the ability to apply theoretical knowledge
in real-world scenarios is essential for delivering high-
quality patient care.

Objectives

This study aims to examine the significance of CBE
for nurses and midwives by systematically analyzing re-
cent literature, with the goal of offering valuable insights
to educational administrators for improving healthcare
outcomes.

Materials and methods

An extensive literature review was conducted across
various databases covering the past 15 years, using targeted
keywords associated with CBE and clinical performance.
Out of 1,751 identified records, 13 studies were chosen
after applying stringent inclusion criteria.

Systematic preprocessing workflow

Data processing involved the following main steps: 1) ini-
tial search, 2) literature screening, 3) full-text evaluation,
4) initial data extraction, 5) quality assessment, and 6) data
synthesis. The final step, data synthesis, involved incorpo-
rating summaries of findings from the selected literature
and preparing them for interpretation.

Search strategy and initial preprocessing

The initial literature search included a primary screening
of the literature in the database based on search queries and
Boolean operators (AND, OR, and NOT). A comprehensive
literature search was performed on original English-lan-
guage research publications during the last 15 years from da-
tabases including PubMed, Embase, Cochrane Library, Web
of Science (WoS), and Cumulative Index of Nursing and
Allied Health Literature (CINAHL). Based on the predeter-
mined aim of the study and the Preferred Reporting Items
for Systematic Review (PRISMA) search strategy, literature
searching was initiated using the relevant search queries and
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keywords as follows (alphabetically ordered): “basic clinical

9« o«

skills”, “clinical performance”, “clinical practice”, “clinical
. ” o« . . . . ” o« ” o«
skills”, “clinical training”, “competency”, “competency en-
hancement”, “competency-based education”, “competency-
based training”, “health professional competence”, “midwife
” o« . . . ” o« o« s
competence”, “midwife education”, “nurse”, “nursing com-
petence”, “nursing education”, “professional development”,
“refresher course”, “self-efficacy”, and “skills”. Additionally,
mentioned search terms were used in combination with

Boolean operators such as “AND” and “OR”.

»” o«

Screening and article selection

Screening was conducted independently by 2 trained
authors in 2 steps. First, they assessed the titles and ab-
stracts of the searched articles for relevance to the study’s
aim. Second, they evaluated each article based on inclusion
and exclusion criteria, quality and relevance to the review’s
objectives. The abstract of each article was examined, and
the full text was obtained for any article that could not be
excluded based on the title or abstract. Duplicates were
identified and excluded.

Inclusion and exclusion criteria

Published literature, including original research ar-
ticles, quasi-experimental studies, case-control studies,
and cohort studies, were included in the study selection.
The focus was on evaluating the effectiveness of clinical
skills refresher courses by measuring clinical performance
and competency enhancement in nurses and midwives,
regardless of factors such as age, weight, etc. Studies that
assessed clinical skills and related parameters in evalu-
ating nurse education with an emphasis on competency
or the development of competence were also considered.

Articles that were not available in full text, including
editorials, review articles and those included into nurses
or midwives, or that did not evaluate refresher training
in clinical skills, competency development or clinical per-
formance in the targeted study population, were excluded
from the analysis. Additionally, studies that were not pub-
lished in full text were also excluded.

Full-data extraction

After screening, the full texts of the selected litera-
ture were downloaded, and the complete text and details
of the reviewed results were obtained. Articles that met
all inclusion criteria and were of sufficient quality were
chosen for final evaluation. The goal of the study and data
collection were determined using the PRISMA framework,
which included the analysis technique and interpretation
(Fig. 1). Data extraction was performed by 2 trained re-
viewers, focusing on study design, sample size, participant
ethnicity, outcome assessment, and key findings.
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References were
entered to the study
(n=1,751)

!

Records after
duplicates removed
(n =806)

!

Records screened
(n =806)

Identification

Screening

_| Records excluded (n = 642)
Outcome assessment
Main summarized findings

\4

Full-text articles excluded
with reasons (n = 58)

Full-text articles
assessed for eligibility
(n=164)

Eligibility

A\ 4

Studies included
in qualitative
synthesis
(n=13)

Included

Fig. 1. Article selection based on Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) diagram

Checking articles quality

Two academics with backgrounds in systematic re-
view research and nursing themes independently as-
sessed the quality of the downloaded publications.
The results were then addressed during meetings and
in situations where there were disagreements, the con-
versation continued until 2 evaluators came to a final
consensus. Quality assessment of resources was per-
formed using the Cochrane Risk of Bias tool, which
is an effective instrument for systematically evaluating
the robustness of included publications. It considers key
determinants of various biases, including selection, per-
formance, detection, attrition, and reporting.?’ In terms
of selection bias, the researcher evaluated the adequacy
of methodology in randomization to generate allocation
sequence as well as sufficient description in methodol-
ogy (random sequence generation (RSG)), and whether
the allocation sequence was concealed from partici-
pants (allocation concealment). Performance and de-
tection biases express the blindness of participants,
assessors or both. In attrition bias, the author searches
whether missing data were addressed well, and finally,
in reporting bias, the researcher checks if all achieved
data were reported in some of them removed selec-
tively (selective outcome reporting). All 6 parameters
were scored as “Low risk” and “High risk”. If it was not
reported in the main resource, then we put “Unclear.”
A lower summation of the risk of bias was favored for
evaluation.

G. Jiang, L. Hou. Clinical skills refresher boosts competency

Results

In the initial search, 1,751 records were obtained by ex-
amining the article text, inclusion and exclusion criteria,
and subject relevance. A total of 13 studies were selected
for further examination (Fig. 1). Regarding study type,
12 semi-experimental articles and 1 randomized clini-
cal trial (RCT) were included, with all studies being case-
control ones (Table 1).721-32 Six studies were conducted
on Chinese nurses,?'?° 4 studies were conducted on Ira-
nian nursing students,”?=2° 2 studies were conducted
on Taiwanese nurses,?*3! and 1 study was conducted
on South Korean nurses.?? In 5 studies, attention was paid
to the effect of CBE on clinical skills.?>24273%31 The out-
comes of CBE were assessed using 2 main approaches:
first, through formal assessments of nurses and midwives,
enabling them to demonstrate their improvement and
performance; and second, through assessment tools such
as technical improvement evaluations, strategic examina-
tions and self-report questionnaires. In 5 studies, clinical
skills were examined alongside other variables.”2326:28:32
In 3 studies, other variables related to nursing skills were
also examined.??>?° In 10 studies, the effect of CBE on im-
proving clinical skills was reported.?2:28:30:32

Risk of bias in individual studies

The Cochrane Collaboration Risk of Bias scale was used
to assess the quality of the 13 articles included in the sys-
tematic review. Table 2 presents the quality evaluation
results of these articles.”?-32 According to the Cochrane
evaluation scale, 3 studies had a risk of bias in 3 areas, while
5 studies had a risk of bias in 1 area. The remaining studies
did not show clear evidence of risk in the areas of selection,
performance, reporting, or other forms of bias.

Discussion

This study suggests that clinical skills refresher courses
can significantly improve clinical performance, reduce
anxiety and better prepare nurses and midwives for their
ongoing professional roles. Therefore, it is strongly rec-
ommended to implement integrated short-term refresher
programs that focus on competency to enhance training
outcomes more effectively. Nursing education includes
both theoretical and clinical training, with the expectation
that graduates will possess the necessary competencies for
professional nursing practice. Additionally, participating
in clinical skills enhancement courses can increase nurses’
self-confidence and improve their clinical proficiency.??
The results indicate that emphasizing supplementary
training on nursing competence can significantly influ-
ence the development of clinical skills over time'$; however,
the scope of this matter remains highly significant.
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Table 1. Articles reviewed

Measurement

Summarized key findings

Outcome assessment

Type of study, population,

Authors and

Anxiety, clinical self-
efficacy and clinical
skills

General clinical
knowledge;
satisfaction level

Performance

Cooperation and
clinical skills of nurses

Performance

Comprehensive
knowledge,
interpersonal ability,
community and
nurses' point of view

Clinical nursing
skills and clinical
competence

Performance

Clinical nursing
skills and clinical
competence

Clinical nursing skills

Performance

Performance

Self-confidence
and clinical nursing
skills and clinical
competence

The undergraduate nursing curriculum
can be enhanced with a basic clinical
skills course. This training course
can bridge the theory—practice gap
and provide a better transition from
the role of student to nurse.

The level of comprehensive
knowledge and satisfaction improved.

Clinical skills of nurses were improved.

The communication ability of nurses
was improved.

Levels of comprehensive knowledge,
interpersonal security skills, clinical
nursing care improved after
the training course.

Comprehensive knowledge improved
in nurses under training.

The performance in the health
information collection, physical
assessment and communication

in the experimental group were higher.

The clinical performance
of experimental group students was
higher both in terms of specific clinical
performance and skill.

Clinical skills and cognitive skills
were higher in the group receiving
competency-based education.

The clinical performance
of experimental group students was
higher both in terms of specific clinical
performance and skill.

A significant increase in the average
nursing competency scores was
observed in both groups from the pre-
test to the post-test.

Students who received competency-
based training had higher
performance in course and practical
course of medical-surgical nursing.

The mean scores in self-confidence
and clinical competence were higher
in the experimental group than
in the control group.

The intervention was a 3-day refresher
course directed by nurse instructors
for intervention group focused
on 10 basic nursing procedures
in the clinical skill lab.

General clinical knowledge and level
of satisfaction were investigated
in 2 groups under competence
training and control.

Nurses were examined in terms
of clinical skills during a period
of 2 training and control groups.

After a course of clinical skills training
of nurses, focusing on competency
in nurses'communication ability, this
skill was investigated.

After standardized training for new
nurses, variables related to nurses’
efficiency were evaluated based
on job competence.

After the training model
of professional nurses oriented
by core nursing competence,
comprehensive knowledge,
the interpersonal and community
abilities of nurses were evaluated.

The students who had received
the nursing core competence
standard training were selected
as the experimental group.

The control group received
conventional education and
the experiment group received
competency-based education for
their CCU course.

The experimental group received
competency-based education and
the control group received traditional
instruction in a medical-surgical
nursing course.

The experimental group received
competency-based education and
the control group received traditional
instruction in a medical-surgical
nursing course.

The experimental group experienced
the competency-based lesson
plan, while the control group was
only subjected to lectures based
on routine training

The experimental group received
competency-based education and
the control group received traditional
instruction in a medical-surgical
nursing course.

During the course, students
repeatedly practiced the 20 items
that make up the core basic nursing
skills using clinical scenarios. Their
clinical competence with these skills
was measured using the Core Clinical
Nursing Skills checklist.

country

A quasi-experimental study;
160 nursing students
Iran

A quasi-experimental design;
84 nursing students
China

A quasi-experimental design;
88 nursing students
China

A quasi-experimental design;
63 nursing students
China

A quasi-experimental design;
120 nursing students
China

A quasi-experimental design;
120 nursing students
China

A quasi-experimental design;
73 nursing students
China

A quasi-experimental post-
test study;
34 nursing students
Iran

A quasi-experimental study;
28 nursing students
Iran

A quasi-experimental study;
26 nursing students
Iran

Randomized clinical
trial (RCT);
213 nursing students
Taiwan

A quasi-experimental design;
312 nursing students
Taiwan

A quasi-experimental study;
162 senior nursing students
South Korea

reference

Shahsavari
etal, 20177

Alietal,
20242

Danting and
Yinyu, 20182

Hangin et al,
20247

Wang et al.,
2025%

Fengetal,
2016%

Wuetal,
2014%

Soheiliet al,,
2015

Nadery et al,
2012%

Valizadeh
et al,, 2009%°

Hsu et al,
2016%°

Fan et al,
20153

Park, 201732
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Table 2. Study quality scores (Cochrane Collaboration Risk of Bias)

Selective bias

Authors, year, reference

Participants
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Incomplete Selective outcome

outcome date

RSG AC
Shahsavari et al,, 20177
Ali et al, 20242
Danting and Yinyu, 2018%
Hangin et al,, 20207
Wang et al, 20172
Feng etal, 2016%
Wu et al, 20142
Soheili et al, 2015 %/
Nadery et al,, 201228
Valizadeh et al,, 2009%°
Hsu et al,, 2016
Fanetal, 201537
Park, 201732

r - - - Cc cCc - - — - C —
CcC C C Cc € Cc Cc Cc Cccccocc

blinding

‘ Assessor

blinding reporting

(e

c —m O — - C CcCc r— - - Cc C

r - Cc —r Cc Cc cCc - - - — — —
c —m - - - - - - - — = C —
-r - - - - - - — = — = — —

U - unclear; L - low; H - high; RSG - random sequence generation; AC — allocation concealment.

In nursing and midwifery practice, CBE plays a crucial
role in improving patient safety and healthcare qual-
ity. This approach ensures that healthcare professionals
acquire essential skills, enhance their clinical decision-
making abilities and adhere to standardized protocols.
As a result, patients experience better outcomes, health-
care services become more efficient and overall satisfac-
tion increases. Additionally, this educational model fosters
professional growth and helps practitioners meet regula-
tory requirements.

This study highlights the importance of CBE and its ef-
fective implementation in real-world clinical training. Sev-
eral key strategies can support the successful application
of this educational model.® First, it is essential to deter-
mine whether the training course is appropriate and built
upon a well-structured curriculum. A curriculum should
be designed around a set of competencies that encompass
clinical skills, critical thinking and effective communi-
cation essential for nurses and midwives. Incorporating
real-world experiences, maintaining continuous assess-
ment and fostering collaboration with clinical institutes
are also critical steps. Practical exposure in healthcare
settings allows well-trained students to gain valuable ex-
perience. Instructors can use simulated competency-based
training to engage students in unrealistic situations that
reflect patient care expertise. Finally, evaluating the train-
ing program and collecting feedback through structured
questionnaires can help educators refine and improve their
training method.?*

The present systematic study was conducted to investi-
gate the effectiveness of competency-based clinical skills
supplementary courses on nurses’ clinical performance.
In the reviewed studies, the impact of CBE on improv-
ing clinical skills was confirmed. Shahsavari et al. dem-
onstrated the positive effect of a clinical skills refresher

course on clinical skills, although the focus of the course
was not specifically on merit. They suggested that the un-
dergraduate nursing curriculum could be strengthened
with a supplementary course on basic clinical skills. This
training course can bridge the gap between theoretical
knowledge and practical application, providing a smoother
transition from a student’s role to that of a nurse.” An-
other study reported that students who received CBE had
higher performance in theoretical and practical courses
in medical-surgical nursing.?! They were better in terms
of clinical performance.?” Additionally, based on another
semi-experimental study, it was found that clinical and
cognitive skills were higher in the group receiving CBE.?

This systematic review strongly emphasizes the impor-
tance of incorporating a competency-based approach into
nursing education. Given the critical role that nurses and
midwives play in patient care outcomes, such an approach
is likely to enhance their professional performance and
increase their self-confidence in clinical practice.

There are serious gaps between theoretical learning and
its clinical applications in healthcare educational systems.
A well-identified approach to overcoming these faults can
increase the integration and frequency of practical expe-
riences, reinforce theoretical knowledge through train-
ing courses, enhance critical thinking, problem-solving
and emergency management, and acknowledge CBE.36:”
The results highlight the crucial role of supplementary
clinical training in undergraduate nursing programs.
Newly graduated nurses often experience significant stress
due to a lack of confidence in their clinical abilities. Among
the various challenges faced in nursing, anxiety is closely
linked to perceived clinical incompetence, which emerges
as a key concern affecting professional readiness.’*38 Nurs-
ing educators and curriculum developers play a crucial
role in easing students’ anxiety during training. Therefore,
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strategies aimed at reducing or managing this distress-
ing experience should be thoughtfully implemented.” Re-
search by Valizadeh et al.?’ indicates that CBE enhances
both cognitive and behavioral skills in nursing students.
Their findings showed that students in the experimental
group demonstrated notable improvements in these areas.
Moreover, these students exhibited higher levels of clinical
competence compared to those taught through traditional
methods. Their study concludes that outcome-focused
educational approaches are more effective in building es-
sential nursing competencies than conventional teaching
strategies.?’

It has been observed in various surveys that focusing
on competence in the training courses can have a posi-
tive effect on nurses’ competence.?’ In the meantime, pa-
tient safety competence is a critical issue, as nurses are
responsible for patient care 24 h a day.** On the other hand,
the implementation of supplementary courses and educa-
tion types in advanced countries has made the skills and
self-confidence of nurses acceptable. A study in Italy re-
ported the competence of nursing students in the patient
safety field at a high level.*® In her review, Park consid-
ered the effectiveness of additional clinical skills courses
on clinical practice to be important. She stated that learn-
ing clinical skills provides an opportunity for students
to improve their clinical and communication skills by us-
ing a variety of teaching aids, models and mannequins.
In fact, the clinical skills center creates a link between the-
oretical content and practical skills.3? In a study by Danting
etal., it was found that competency training has a positive
effect on nurses’ ability, innovation, performance and clini-
cal performance.?

Harvey et al. conducted an in-depth study to design
a foundational training program tailored for nurses, mid-
wives and other healthcare professionals. The initiative
included an 8-day course, with its effectiveness assessed
through participant feedback, as well as evaluations
of knowledge, skill development and confidence. The pro-
gram featured clearly articulated learning goals and was
designed to allow participants to implement what they
had learned between sessions. Emphasizing a strengths-
based approach, it built on participants’ existing capa-
bilities and integrated both theoretical instruction and
hands-on practice.*!

Evidence suggests that simulation-based training and
supplementary courses are among the most effective strat-
egies for maintaining clinical skills. However, drawing firm
conclusions about other types of interventions is challeng-
ing due to inconsistencies in research quality and design.
The existing literature shows considerable variability, lim-
iting the generalizability of the findings. Therefore, well-
designed RCTs are urgently needed to identify the most
effective methods for resuscitation training and long-term
skill retention.*? A study in Iran showed that emergency
nurses’ knowledge was at a relatively high level, whereas
the skills, attitudes and overall patient safety competence
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of nurses working in emergencies were at a relatively fa-
vorable level. They reported that a basic understanding
of competence and nurses’ working skills in the emer-
gency room is important for improving nursing quality,
and additional clinical skills courses designed in the field
of nurses’ safety competence based on evaluations can
enhance treatment quality.*> A study conducted in Iran
highlighted that professional self-efficacy among nursing
students falls within a moderate range, indicating a need
to revise nursing graduate curricula. Emphasis should be
placed on fostering clinical and professional competen-
cies, and these elements should be actively incorporated
into nursing assessments. Our systematic review supports
the idea that competency-based refresher programs can
significantly improve nurses’ practical abilities, knowledge
and professional outlook. Overall, the evidence suggests
that CBE plays a vital role in enhancing the clinical per-
formance of healthcare practitioners.'®

Another systematic review examining the impact
of the CBE model in training newly graduated nurses found
that emphasizing competency development in educational
programs significantly enhances various professional abili-
ties. These include improved clinical care performance,
stronger critical thinking and innovation, better inter-
personal communication, greater professional growth, in-
creased knowledge, and more refined personal attributes.
Furthermore, the benefits of competency-based training
have also been observed among physicians, where such
programs have been shown to enhance clinical skills and
overall professional effectiveness.**~%” Continuing profes-
sional development (CPD) should be implemented to en-
hance nursing competence. However, attention must also
be given to the challenges encountered in clinical skills
training. The findings identified 2 key obstacles in this
area: the lack of effective clinical education facilitators
and the presence of various barriers that hinder practical
learning experiences.84

Recent research has demonstrated the substantial im-
pact of CBE in improving clinical performance among
nursing students. Those who engaged in CBE exhibited
improved clinical abilities and greater self-confidence
compared to those trained through conventional meth-
ods. This study emphasizes the value of CBE in equipping
nursing students to face real-world clinical scenarios ef-
fectively.”®°! Similarly, refresher programs have proven
successful in increasing nurses’ skills while also attenuat-
ing the anxiety levels linked with clinical responsibilities.
These findings support the conclusions of our review and,
further advocate for the integration of CBE in nursing cur-
ricula to better prepare students for real-world clinical
challenges.”® Furthermore, existing literature suggests
that ongoing professional development combined with
CBE is essential for ensuring that nurses remain equipped
to handle the evolving demands of modern healthcare.
Through the implementation of these educational strate-
gies, institutions can foster both clinical performance and
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confidence of current and upcoming nursing students,
ultimately contributing to improved patient care.
Numerous studies have reported that nursing students
and recent graduates often experience heightened anxi-
ety, self-doubt and feelings of inadequacy as they transi-
tion into clinical practice and hospital internships.!® One
widely recognized approach to alleviating this anxiety in-
volves incorporating curriculum models that emphasize
hands-on clinical skill development. Simulated clinical
environments, in particular, have been shown to enhance
practical skills while also reducing anxiety levels.” Inte-
grating such approaches within a CBE framework may
further enhance the effectiveness of clinical skill acquisi-
tion. Learning is an ongoing and dynamic process through
which individuals gain knowledge, refine skills and shift
their attitudes and performance. A central goal of nursing
education is to continuously enhance its programs by in-
troducing innovative and practical strategies. By partici-
pating in supplementary courses that focus on competency
development, nurses can improve their knowledge base,
attitudes and professional performance, ultimately con-
tributing to higher levels of clinical competence.

Limitations

Reanalyzing the data presented several challenges, primar-
ily due to insufficient resources for constructing a robust CBE
model. Additionally, the limited number of studies focused
on a single competency framework, combined with vari-
ous confounding factors such as differences in foundational
clinical skills, cognitive abilities and procedural expertise,
made the interpretation of the findings more complex. A key
limitation of the current systematic review was the scarcity
of research specifically targeting competence. Furthermore,
we lacked detailed insight into the students’ training envi-
ronments, which may have introduced variables that influ-
enced the outcomes. However, the strength of our study lies
in the critical evaluation of article quality and the quasi-
experimental designs employed, which enhanced the cred-
ibility of the findings. Another limitation was the limited
focus on the long-term retention and practical application
of competencies acquired through follow-up programs.

Conclusions

This study provides a deeper understanding of the im-
portance of training improvement in healthcare providers,
especially nurses and midwives, owing to their crucial role
inresponding to patients by highlighting the beneficial out-
comes of CBE as a good approach. Although the current re-
search provides a systematic review of publications in this
field, the heterogeneity in the study details of the selected
articles made it impossible to perform a meta-analysis.

Performing comparative studies in future cohort studies
with more detail and distinct categorization in participants

G. Jiang, L. Hou. Clinical skills refresher boosts competency

is beneficial to confirm the results. This study highlights
several innovative elements of the proposed CBE model
for nurses and midwives. These include the integration
of theoretical knowledge with hands-on experience, con-
sideration of personalized learning styles to address spe-
cific skill gaps, the use of simulation-based interventions
to enhance practical abilities, and emphasis on developing
core competencies to improve patient care.

Our study strongly advocates for the adoption of struc-
tured competency-based training programs by nursing
educators and healthcare professionals aimed at ad-
dressing the specific professional gaps commonly ob-
served among nursing students. Competency-based edu-
cation bridges the gap between academic learning and
clinical applications, equipping students to effectively
navigate the dynamic challenges of today’s healthcare
landscape.
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Abstract

Background. Basket trials are an innovative type of clinical trial primarily used in oncology. A distinctive
feature of these studies is the grouping of patients based on specific molecular characteristics, such as genetic
mutations or immunological subtypes, rather than traditional criteria like the type of cancer.

Materials and methods. This review was conducted in accordance with the Preferred Reporting ltems
for Systematic Reviews and Meta-Analyses (PRISMA) quidelines. Medical databases were searched for
studies published between 2014 and 2024. The inclusion criteria focused on basket trials as a clinical trial
model in oncology.

Objectives. This work aims to outline the principles of conducting basket trials in oncology, analyze basket
trials from the past decade, and highlight the emerging trends in this type of trial.

Results. The analysis of 76 articles meeting the inclusion criteria revealed that most of these studies are
conducted as phase Il clinical trials. The average duration of the basket trials in the analysis was 5.9 years
(mean = 5.05), with an average recruitment target of 326 patients (mean = 123.5). Most of these studies
were conducted in the USA, and the majority of basket trials focused on patients with solid tumors.

Conclusions. The systematic review confirms that basket trials have significant potential as a clinical trial
model, as evidenced by the increasing number of basket trial projects being conducted.

Key words: cancer clinical trials, basket trials, basket and umbrella trials
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Highlights

vancing precision medicine.

metrics.

basket trials.

regional expertise in precision oncology.

+ Molecularly driven basket trials in oncology group patients by shared biomarkers rather than tumor origin, ad-
« Systematic review of 76 basket trials (2014—2024) reveals design trends, patient selection strategies and outcome

« Phase II studies dominate, with a primary focus on solid tumors, validating biomarker-guided therapeutic approaches.
+ Average trial duration of 5.9 years and 326-patient recruitment targets highlight the scale and timelines of modern

+ USA-based leadership in basket-trial research — the majority of studies are conducted in the USA, showcasing

Background

Basket trials are an innovative type of clinical trial pri-
marily used in oncology. A key feature of these studies
is the grouping of patients based on specific molecular
characteristics, such as genetic mutations or immu-
nological subtypes, rather than traditional criteria like
the type of cancer.! The growing use of precision medicine
to identify and develop effective targeted therapies defines
the current landscape of pharmaceutical drug develop-
ment. This innovative approach aims to enhance treatment
effectiveness by tailoring therapy to the patient’s unique
molecular profile, rather than relying on standard treat-
ment regimens designed for patients with cancer in a par-
ticular location, such as lung or colorectal cancer.

Innovations in biotechnology, clinical trials and advanced
computational tools have the potential to accelerate the dis-
covery and development of new targeted therapies. One ex-
ample of methodological innovation is the design of master
protocols? — studies that simultaneously assess the effects
of multiple investigational drugs across various cancer types
within a single overarching framework. The main protocols
in oncology enable the identification of specific signaling
pathways closely associated with gene variants responsible
for tumor development, growth, and progression of cancer
cells.? Designs of these master protocols, such as basket tri-
als or umbrella trials, facilitate the personalization of patient
therapy, which may lead to improved clinical outcomes and
better optimization of available drugs.

Basket trials aim to use therapies targeting specific mo-
lecular changes in cancer patients, regardless of the tumor’s
origin in the body.* One example of a basket trial is the use
of imatinib across various histological subtypes of advanced
sarcoma,” or vemurafenib in the treatment of cancers other
than melanoma that harbor the BRAF V600 mutation.®

Basket trials represent the next stage in the evolution
of precision medicine, enabling clinicians to select effective
treatments based on a patient’s genetic, environmental, and
lifestyle factors. As precision medicine advances, the role
of artificial intelligence (AI) has become increasingly im-
portant. Al-based solutions can enhance cancer treatment

and management, which is why their use is recommended
in various areas, including personalized medicine.” Despite
these advancements, significant gaps remain in under-
standing the broader implications of basket trial designs
in clinical practice. While numerous studies have dem-
onstrated the potential of basket trials in specific tumor
types, comprehensive reviews addressing their overall ef-
ficacy, methodological challenges and emerging trends
in oncology remain limited.

Basket trial study model

A basket trial design selects patients based on specific
molecular biomarkers, grouping them according to com-
mon molecular characteristics, and then treating all pa-
tients in a given group with the same therapy or a set of dif-
ferent drugs. Basket trials can be single-arm or multi-arm,
where each arm represents a separate ‘basket’ that, regard-
less of the disease type, brings together patients to test
a specific treatment based on their shared genetic char-
acteristics.®? The term ‘basket’ thus refers to the grouping
of potentially different cancers into one unified disease
at the molecular level (Fig. 1).

A @

Fig. 1. Basket trial model

Objectives

This study aims to address these gaps by conducting
a systematic review of basket trials published between Jan-
uary 2014 and June 2024. Specifically, it seeks to provide
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an overview of the methodological principles underlying
basket trials in oncology, as well as analyze the scope, ef-
fectiveness and geographical distribution of these trials
to identify trends and areas requiring further exploration,
and highlight the role of Al and technological advance-
ments in enhancing the design and outcomes of these
trials. By examining the evolving landscape of basket tri-
als, this study aims to provide critical insights into their
potential as a cornerstone of precision oncology, while
contributing to the advancement of molecular profiling
applications in clinical practice.

Methods

In March 2024, a systematic review of basket studies con-
ducted between January 2014 and June 2024 was performed
following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. A to-
tal of 241 records were identified (Fig. 2). The review was
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conducted across four major databases (PubMed, Scopus,
Web of Science, and Google Scholar) as well as the clinical
trial registry ClinicalTrials.gov.

Eligibility criteria

The study analyzed relevant publications from January
2014 to June 2024. The inclusion criteria were as follows:
1) the basket trial model was clearly described in the ab-
stract or title of the publication, 2) the study involved can-
cer clinical trials and 3) the publication was in English.

Search strategy

The database search strategy was defined using keywords
in the title or abstract, including “basket trials”, “clini-
cal trials”, “basket trial”, and “basket study”. The concept
of a basket study had to be clearly defined in the title or ab-

stract of the study. The results were filtered by language,

Fig. 2. Preferred Reporting
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and Meta-Analyses (PRISMA)
diagram

Records removed
before screening:
Duplicate records removed
(n=66)
Records marked as ineligible
by automation tools (n = 10)
Records removed for other
reasons (n = 90)

Records excluded**
(n=165)

Reports not retrieved
(n=44)

Reports excluded:
Reason 1 (n = 0)
Reason 2 (n = 0)
Reason 3 (n = 0)
etc.

[ Identification of studies via databases and registers
)
(=
L
- . .
s Records identified from*:
= Databases (n = 287) >
b= Registers (n = 120)
[}
S
v
Records screened >
(n =241)
A4
Reports sought for retrieval
= (n = 120) >
e
7}
g
v
Reports assessed for eligibility _
(n=76) i
—
\ 4
)
E Studies included in review
B| | 0=0)
T Reports of included studies
£ | (=76




346

M. Bartoszkiewicz, J. Kufel-Grabowska, P. Burchardt. Model of basket trial in clinical trials

M Basket trials

42

21
20

16

13
13
13
12
11

number of clinical trials
11

6
5

us
UK
FRANCE
SPAIN
CANADA
ITALY
GERMANY
CHINA == 3
AUSTRIA === 3

NETHERLANDS

SOUTH KOREA
JAPAN === 3

TAIWAN == 3

BRAZIL == 3
RUSSIAN FEDERATION === 3

BELGIUM

ISREAL
SWEDEN === 4
SWITZERLAND === 4
NORWAY === 4
POLAND === 4

AUSTRALIA
DENMARK === 5

Fig. 3. Basket trials by countries

and only studies published in English were included. Four
databases were used: PubMed, Scopus, Web of Science,
and Google Scholar, as well as the clinical trial registry
database ClinicalTrials.gov. The same keywords were used
to search for publications across each database.

The articles found in the databases were initially
screened by reviewing their titles and abstracts. The au-
thors assessed the inclusion criteria to select publications
that could meet these criteria. Articles deemed relevant
to the proposed topic were then read in full. Below, basket
studies conducted among patients with the most common
and rare cancers will be briefly summarized.

Results

The analysis identified 76 basket studies that met the cri-
teria for inclusion in the systematic review. The majority
of these studies were phase II trials (n = 45, 76%), with
nearly 1/5 (n = 15, 19%) being early extended phase I/II
studies. The remaining studies included phase I trials
(n = 6, 7.6%) and phase III trials (n = 2, 2.6%). One study
(n =1, 1.3%) was observational. Most of the studies were
conducted in an open-label model (n = 70, 92.1%), and 9.2%
were performed as academic research.

CHILE = 1

PERU == 2
COLOMBIA = 1

IRELAND == 2
TURKEY == 2
SOUTH AFRICA == 2
PUERTO RICO = 1
GREECE = 1
HUNGARY = 1
ROMANIA = 1
PORTUGAL = 1
FINLAND = 1
SERBIA = 1

NEW ZEALAND = 1
CZECHIA = 1
CROATIA =1
ARGENTINA = 1
PHILIPPINES = 1
MEXICO = 1
SLOVAKIA = 1
SLOVENIA = 1

The average duration of basket trials in the included
analysis is 5.9 years (mean = 5.05), while the average re-
cruitment target is 326 patients (median = 123.5). On aver-
age, approx. 3 countries were involved in conducting each
basket trial. Additionally, an average of 3.1 treatments were
used in the studies. The USA accounted for the largest
number of basket studies in the analysis (n = 42, 55.2%),
followed by the UK (n = 21, 27.6%) and France (n = 20,
26.3%). The chart below shows all countries where basket
trials in oncology have been conducted (Fig. 3).

In basket studies, there is typically no fundamental divi-
sion of cancer based on the location of the primary tumor.
Therefore, the table below includes the cancer types listed
as inclusion criteria in the basket study. Most basket trials
are focused on patients with solid tumors (n = 69, 90%)
(Fig. 4). The trend of the basket trial model in oncology
was also analyzed. In 2023, 0.9% of oncology studies were
conducted using the basket model. Since 2020, the number
of studies conducted in the basket model has averaged 10.2
per year in oncology (Fig. 5).

One example of a basket study in the above analysis
is the NCT02693535 study. The Targeted Agent and Pro-
filing Utilization Registry (TAPUR) study is a non-ran-
domized clinical trial designed to determine the safety and
effectiveness of commercially available targeted anticancer
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drugs in the treatment of patients with advanced cancer
that has a potentially actionable genomic variant.

The TAPUR trial aims to analyze U.S. Food and Drug
Administration (FDA)-approved targeted therapies de-
veloped by collaborating pharmaceutical companies,
catalog clinical oncologists’ molecular profiling test se-
lections, and generate hypotheses for additional clini-
cal trials. The study’s recruitment goal is 3,791 patients,
the largest number of patients in any basket study included
in this analysis. The study is scheduled to last 9 years and
6 months. Fisher et al. presented partial results from
the TAPUR trial for patients with advanced breast can-
cer, non-small cell lung cancer, and ovarian cancer using
cetuximab therapy. Patients with breast cancer (n = 10),
non-small-cell lung cancer (n = 10) and ovarian cancer
(n = 29) were enrolled in the study between June 2016
and September 2018. No objective responses or disease
stabilization for at least 16 weeks were observed in any
cohort of patients without KRAS, NRAS, or BRAF muta-
tions (Table 1).10-14

Chung et al. presented partial results from the KEY-
NOTE-158 phase II basket trial, which recruited patients
with advanced cervical cancer who had previously un-
dergone therapy due to tumor dissemination. The study
included 90 patients who received pembrolizumab 200 mg
every 3 weeks for up to 2 years or until progression, in-
tolerable toxicity, or discontinuation by the physician
or patient. Pembrolizumab monotherapy demonstrated
durable antitumor activity and manageable safety in pa-
tients with advanced cervical cancer. Based on these re-
sults, FDA granted accelerated approval of pembrolizumab
for patients with PD-L1-positive advanced cervical cancer
who progressed during or after chemotherapy.!? The to-
tal recruitment target for the NCT02628067 Advanced
Solid Tumor Basket Study is 1,609 patients, and the study
is scheduled to last 10 years and 10 months.

Another example of a basket study of advanced solid tu-
mors is the study by Sweeney et al., which focused on can-
cer patients with HER2 amplification, overexpression,
and/or activating variants. The study (NCT02091141)
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Table 1. Solid tumors basket trials

CT number Author Type of cancer

| Phase| Blinding | Screened

M. Bartoszkiewicz, J. Kufel-Grabowska, P. Burchardt. Model of basket trial in clinical trials

Duration | Countries | Intervention

NCT02693535 Yang, et al." advanced solid tumors Il
NCT02628067 Chung, et al.”” advanced solid tumors Il
NCT02091141 | Sweeney et al.”® advanced solid tumors I

solid tumors harboring somatic

NCTO01953926 HER2 or EGFR exon 18 mutations

Hyman, et al.™

open-label 3791 952?(;;3;3 1 1
open-label 1609 1100yr?1ac2f1:;sd 23 2
open-label 346 grisniﬁd 1 8
open-label 582 1110y§qa(;taﬁj 13 3

CT - clinical trial.

included 346 patients. The study demonstrated that
pertuzumab + trastuzumab had activity in various can-
cers with HER2 amplification and/or overexpression
and wild-type KRAS, with a range of efficacy depending
on the tumor type. However, it also showed limited activ-
ity in patients with KRAS variants, variants in the HER2
gene, or in those with HER2-low (Score 1+) or ultra-low
(Score 0) status.'®

Oaknin et al. also presented partial results of a study
on variants in the HER2 gene in this case of cervical cancer.
The SUMMIT trial (NCT01953926) is a phase II study eval-
uating the efficacy and safety of neratinib as monotherapy
or in combination with other therapies in participants with
solid tumors with a variant in the HER gene (EGFR, HER?2).
The study included 16 patients with cervical adenocarci-
noma. Neratinib monotherapy showed activity in previ-
ously intensively treated patients with cervical cancer with
avariant in the HER2 gene.'> The overall recruitment goal
of the SUMMIT study is 582 patients. The SUMMIT trial
was terminated at the beginning of 2023.

Others basket trials
Pediatric cancers

One example of a basket study in a pediatric group
is the NCT03363217 study described by Perreault et al. This
is a phase II study of trametinib in patients with pediatric
glioma or plexiform neurofibroma, specifically those with
treatment-resistant tumors and activation of the MAPK/
ERK: TRAM-0 pathway. The main objective of the study
is to determine the objective response rate to trametinib
as a single agent in the treatment of progressive/refrac-
tory cancers with MAPK/ERK pathway activation.!®

Table 2. Others basket trials

The recruitment target is 114 patients, and the study
is planned to last 9 years. A clinical trial is ongoing.

Rare cancers

Rare cancers pose a significant challenge for accurate
diagnosis and treatment. While there is no universal defi-
nition, the American Cancer Society (ACS) defines rare
cancers as those with an incidence of fewer than 6 cases
per 100,000 people per year.!” Basket trials present an op-
portunity to identify appropriate molecularly targeted
treatments for patients with rare cancers.

In the phase II study NCT02721732, patients with ad-
vanced rare cancers who had progressed on standard ther-
apies within the last 6 months were enrolled in 9 cohorts
of cancer patients, with a 10" cohort for those diagnosed
with other rare lesions. The study included 127 patients
who received pembrolizumab at a dose of 200 mg intra-
venously every 21 days. The favorable toxicity profile and
antitumor activity observed in patients diagnosed with
cutaneous squamous cell carcinoma, adenoid cystic car-
cinoma, cancer of unknown primary, and paraganglioma-
pheochromocytoma support further evaluation of pem-
brolizumab in this patient population.!®

Hematological cancers

Another group of cancers in which the basket model
ofaclinical trial is used is hematological cancers. The phase II
trial NCT00866047, published by Pro et al., evaluated
the safety and efficacy of brentuximab vedotin in patients
with relapsed or refractory (R/R) systemic anaplastic large
cell lymphoma (ALCL). Fifty-eight patients were included
in the study; brentuximab was administered to patients every

CT number Type of cancer

pediatric glioma or plexiform

NCT03363217 Perreault, et al.'®

neurofibroma
NCT02721732 How, et al.'® rare tumors Il
NCT00866047 Pro etal.”® large cell lymphoma Il

| Phase | Blinding | Screened | Duration | Countries | Intervention

9 years and

open-label 114 = months 1 1
9 years and

open-label 127 4 months 1 1
7 years and

open-label 58 3 months 5 1

CT - clinical trial.
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three weeks as a 30-min intravenous infusion for a maxi-
mum of 16 treatment cycles. The results showed a high rate
of resolution of peripheral neuropathy symptoms and durable
remissions in the subgroup of patients with R/R systemic
ALCL, indicating that brentuximab vedotin monotherapy
may be a potentially effective therapeutic option (Table 2).

Discussion

The master protocol is a project tool designed to de-
velop a clinical trial that can evaluate multiple research hy-
potheses and, most importantly, enhance the effectiveness
of the clinical trial. The study above focused on one type
of primary protocol, a basket trial, in which the efficacy and
safety of targeted therapies are assessed in cancer patients
with a specific molecular target, regardless of the tumor’s
primary origin. In addition to identifying therapeutic op-
tions, precision oncology tracks tumor response to inter-
vention at the molecular level and detects drug resistance
and the mechanisms underlying its development.?°-2

The USA, France, and the UK are the countries where
the largest number of basket trials in oncology are con-
ducted, reflecting the global trend in new research initia-
tives. The USA leads in the total number of clinical trials
globally, while France is the leader in Europe. The fact
that these trials typically involve 3 or more countries
(on average) underscores the global nature of oncology
research and the international collaboration required
to address complex, rare and diverse cancer types. Most
basket studies are early-phase I/II trials, highlighting
that master protocol models are still relatively new con-
cepts in clinical research. Pharmaceutical companies aim
to expand the scope of implementing a single project
across multiple therapeutic areas while reducing the costs
of conducting clinical trials through master protocol re-
search models.

The basket studies included in the systematic review
primarily focus on solid cancers. Ongoing studies have
defined “baskets” specific to particular molecular tar-
gets, aiming to determine the effectiveness of drugs act-
ing on specific molecular pathways, including those used
to treat other diseases. A basket study, which incorporates
multiple independent, two-stage designs (1 per basket),
is characterized by a higher false-positive rate compared
to a typical phase II trial (i.e., there is a greater chance
that a drug will be found effective in at least one basket,
even ifit is actually ineffective). The ability of basket trials
to identify molecular subtypes across different solid tu-
mors is particularly valuable, as demonstrated by the vari-
ous targeted therapies evaluated in the reviewed trials,
including those aimed at HER2 amplification, PD-L1 ex-
pression and MAPK/ERK pathway activation.

The success of such trials is exemplified by studies like
KEYNOTE-158, which investigated pembrolizumab for
advanced cervical cancer. The results of this trial led
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to FDA approval, underscoring the basket trial model’s
potential to quickly translate genomic discoveries into
clinical applications. Similarly, the study on pertuzumab
and trastuzumab for HER2-positive cancers further high-
lights the importance of targeting specific molecular aber-
rations, regardless of tumor site.

Another significant finding was the inclusion of rare and
pediatric cancers in the basket trial model. These popu-
lations, which often have limited treatment options due
to small patient numbers and heterogeneous genetic pro-
files, stand to benefit from the precision medicine approach
offered by basket trials. For example, the NCT03363217
study evaluating trametinib in pediatric glioma and plexi-
form neurofibroma highlights how basket trials can ad-
dress the unmet need for effective therapies in younger
populations with rare tumor types.

Basket trials have become a prominent approach in on-
cology, providing a valuable opportunity for patients who
do not respond to standard anticancer therapies. The focus
on molecular drug delivery targets differs from the tradi-
tional approach, which centers on the location of the pri-
mary tumor. The concept of molecular tumor profiling
will enable cancer patients with specific molecular path-
way alterations, regardless of tumor histology, to benefit
from modern targeted therapies or immunotherapies.
The growing trend of basket trials in oncology is promis-
ing, but further refinement in trial methodology, patient
selection and biomarker-driven therapeutic development
is essential to fully realize their potential.

For basket trials to be more effectively implemented
in clinical practice, advancements are needed in patient
selection, regulatory frameworks, data sharing, statisti-
cal analysis, and patient education. By improving access
to diagnostics, fostering collaboration across disciplines
and refining methodologies, basket trials can enable more
targeted, personalized treatments across a wide range
of diseases. With these improvements, basket trials have
the potential to revolutionize clinical practice and reshape
the broader landscape of precision medicine?3.

Limitations

Our study has several limitations. The systematic re-
view included only clinical trials from recent decades,
and the articles were searched exclusively in English. Ad-
ditionally, some basket clinical trials may not have been
registered in the ClinicalTrials.gov database.

Conclusions

The systematic review confirms that basket trials have
significant potential as a clinical trial model, as evidenced
by the increasing number of basket trial projects being con-
ducted. Their effective use could lead to a deeper under-
standing of the pathogenesis of cancer, better assessment
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of therapy effectiveness, and more personalized patient
care. These trials have shown considerable promise in im-
proving outcomes across a variety of cancer types, from
common solid tumors to rare cancers and pediatric ma-
lignancies. However, for basket trials to reach their full
potential, continuous efforts are needed to refine trial de-
signs, standardize methodologies, and ensure broad global
participation. With the ongoing expansion of molecular
profiling and targeted therapies, basket trials are poised
to play an increasingly crucial role in the future of cancer
treatment. Further methodological refinements and global
collaboration are essential to fully realize the potential
of basket trials in advancing personalized cancer care.
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Abstract

Breast cancer (BC) remains a leading cause of cancer-related mortality worldwide, underscoring the need
for novel, more effective therapies. Neoantigen-based immunotherapy — which hamesses tumor-specific
somatic mutations to boostimmune recognition — has emerged as a particularly promising strategy. Advances
in next-generation sequencing and computational immunopeptidomics now allow systematic mapping
of the tumor mutanome and rapid identification of immunogenic neoantigens, enabling personalized vaccine
design and more precise deployment of immune-checkpoint blockade. However, intratumor heterogeneity,
immune-escape mechanisms and the often-limited intrinsic immunogenicity of individual neoepitopes
continue to constrain clinical efficacy. This review synthesizes the current landscape of neoantigen-targeted
immunotherapies in BC, outlines the principal obstacles to their broader impact and highlights emerging solu-
tions —including improved epitope-prediction algorithms, multi-epitope vaccine constructs and synergistic
combination regimens. A deeper understanding of the immunogenic mutanome is expected to translate into
more durable and widely applicable treatments for patients with breast cancer.

Key words: breast cancer, personalized immunotherapy, neoantigens, tumor mutanome, tumor mutational
burden (TMB)
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Highlights

diversity to achieve durable responses.

» Tumor heterogeneity, mutational burden and immune modulation dictate neoantigen immunogenicity, steering
both treatment success and immune escape in breast cancer.
+ Neoantigen vaccines and adoptive T cell therapies show promise but must overcome antigen loss and intratumoral

+ Dual-strategy treatments that pair neoantigen targeting with checkpoint inhibitors amplify antitumor immunity,
offering a path to stronger, more consistent clinical outcomes.

Introduction

Breast cancer (BC) is the most commonly diagnosed
cancer in women worldwide, accounting for nearly 25%
of all cancer cases.! Despite significant advancements
in early detection and treatment, BC remains a leading
cause of cancer-related mortality, particularly in cases
of metastatic or recurrent disease.! The heterogeneity
of BC, characterized by distinct molecular subtypes
such as hormone receptor-positive (HR+), human epi-
dermal growth factor receptor 2-positive (HER2+) and
triple-negative BC (TNBC), poses a major challenge for
the development of universally effective therapies.? While
targeted therapies and immunotherapies have shown
promise, resistance mechanisms and the immunosup-
pressive tumor microenvironment (TME) often limit
their efficacy.®

In recent years, the concept of the tumor mutanome
— the complete set of somatic mutations within a tu-
mor — has emerged as a critical determinant of tu-
mor immunogenicity.*~® Mutations in coding regions
of the genome can give rise to neoantigens, which are
novel peptides presented on the cell surface by major
histocompatibility complex (MHC) class I molecules.’
These neoantigens are recognized as foreign by the im-
mune system, eliciting a T cell-mediated anti-tumor re-
sponse.*”” The identification of neoantigens has opened
new horizons for personalized cancer immunotherapy
by offering the potential for highly specific and effica-
cious treatments.

The immunogenic mutanome is particularly relevant
in BC, where the mutational burden varies widely across
subtypes. For example, TNBC, which is associated with
a higher tumor mutational burden (TMB), has been shown
to harbor a greater number of neoantigens compared
to HR+ BC.%? This difference in mutational load may ex-
plain the observed variability in immune infiltration and
response to immunotherapy among BC subtypes. However,
the relationship between the mutanome and immunoge-
nicity is complex and usually influenced by factors such
as MHC diversity, T cell receptor (TCR) repertoire and
the composition of the TME.>~!!

Objectives

This review aims to examine the immunogenic muta-
nome of BC and its role in shaping neoantigen-targeted im-
munotherapy. Specifically, it: 1) Analyzes tumor-intrinsic
and host factors influencing neoantigen immunogenicity
and immune escape mechanisms; 2) Explores neoantigen-
based therapeutic strategies, including personalized vac-
cines, adoptive T cell therapy and immune checkpoint
inhibitors; 3) Identifies key challenges such as tumor
heterogeneity, antigen loss and limitations in neoantigen
prediction; 4) Discusses future directions involving an-
tigen discovery, multi-omics biomarker integration and
combination immunotherapy strategies.

Literature search strategy

This review was conducted as a narrative synthesis of re-
cent literature on the immunogenic mutanome of BC and
its implications for neoantigen-based immunotherapy.
Studies were selected for their relevance, scientific im-
pact, and contributions to neoantigen discovery, tumor
immunology and therapeutic applications. The authors
prioritized peer-reviewed original research, review and
translational articles published in high-impact journals
between 2017 and 2024. While no formal systematic search
or Boolean strategy was employed, efforts were made to in-
clude a representative range of perspectives and recent
advancements in the field. No statistical analyses were
conducted, as this is a narrative review based on previ-
ously published studies. This is not a systematic review;
however, we strived to incorporate diverse perspectives and
landmark studies shaping the field of neoantigen-directed
immunotherapy in BC.

The mutanome in breast cancer

Breast cancer’s genomic landscape is sculpted by diverse
mutational processes, including environmental exposures,
DNA-repair deficiencies and endogenous cellular mecha-
nisms.!>!® These processes contribute to the accumula-
tion of somatic mutations, which collectively constitute



Adv Clin Exp Med. 2026;35(2):351-359

the tumor mutanome.'?!3 The mutanome is highly variable
between patients, reflecting the unique genetic and envi-
ronmental factors that influence tumor development.!*1>

Breast cancer is traditionally stratified into molecular
subtypes according to the expression levels of hormone
receptors — estrogen (ER) and progesterone (PR) — and
the human epidermal growth factor receptor 2 (HER2).16
These subtypes exhibit distinct mutational profiles and
clinical behaviors.!”-!° For example, HR+ BCs, which ac-
count for approx. 70% of cases, are characterized by a lower
TMB and a predominance of mutations in genes such
as PIK3CA and GATA3.1% In contrast, TNBC, which
lacks expression of ER, PR and HER2, is associated with
a higher TMB and mutations in genes such as 7P53 and
BRCA1/2.2'-23 HER2+ BCs, which are driven by amplifi-
cation of the HER2 gene, exhibit intermediate TMB and
a unique mutational signature.?*

The mutational processes underlying these subtypes
are influenced by both intrinsic and extrinsic factors. En-
dogenous processes, such as errors in DNA replication
and repair, contribute to the accumulation of point muta-
tions and small insertions/deletions.?> Exogenous factors,
such as exposure to ultraviolet (UV) radiation or tobacco
smoke, can induce specific mutational signatures.?® In BC,
defects in DNA-repair pathways, especially homologous-
recombination deficiency (HRD), drive genomic instability
and increase TMB.27-%

Tumor mutational burden, defined as the total number
of somatic mutations per megabase of DNA, has emerged
as a key biomarker for predicting response to immuno-
therapy.?® A high TMB is linked to a larger neoantigen
repertoire and more robust immune infiltration, especially
in cancers such as melanoma and non-small-cell lung can-
cer (NSCLC).3132 In BC, the relationship between TMB and
immunogenicity is more complex, with TNBC exhibiting
higher TMB and greater immune infiltration compared
to HR+ BC.33-3%> However, even within TNBC, there is sig-
nificant variability in TMB and immune response, high-
lighting the need for more precise biomarkers.?3-3°

Neoantigen discovery starts with comprehensive so-
matic-mutation profiling by whole-exome sequencing
(WES) or whole-genome sequencing (WGS), which identify
single-nucleotide variants, insertions/deletions and struc-
tural rearrangements capable of generating tumor-specific
neoantigens. However, not all mutations are equally likely
to generate immunogenic neoantigens.>® The immuno-
genicity of a mutation depends on several factors, includ-
ing its genomic location, its impact on protein structure
and its capacity to be presented by MHC molecules.?”
Computational algorithms play a critical role in predict-
ing which mutations are likely to generate neoantigens.3®
These algorithms use sequence-based and structural-
based approaches to predict MHC binding affinity, pep-
tide processing and TCR recognition.®3 Commonly used
tools include NetMHC, NetMHCpan and MuPeXI, which
integrate genomic and transcriptomic data to prioritize
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neoantigens for experimental validation. Despite advances
in computational prediction, the accuracy of these tools
remains limited by the complexity of antigen processing
and presentation, as well as the diversity of MHC alleles
in the human population.

Experimental validation of neoantigens is a critical step
in the development of mutanome-based therapies. In vitro
assays, such as MHC-peptide binding assays and T cell
activation assays, are used to confirm the immunogenic-
ity of predicted neoantigens. The in vivo tumor models
including syngeneic mouse models and patient-derived xe-
nografts (PDXs), provide additional insights into the anti-
tumor activity of neoantigen-specific T cells. However,
these models have limitations, particularly in mimick-
ing the complexity of the human immune system and
the TME.

Neoantigen discovery
and validation

The discovery of neoantigens begins with the compre-
hensive genomic profiling of tumor tissue. Whole-exome
sequencing remains the standard approach for detect-
ing somatic mutations, given its focus on protein-coding
regions of the genome, where most neoantigens origi-
nate.?® However, WGS provides a more complete picture
of the mutational landscape, including non-coding regions
that may also contribute to neoantigen generation.4!

RNA sequencing (RNA-seq) is another vital tool
as it provides information on the levels of gene expression,
ensuring that only mutations in certain genes are included
for neoantigen prediction.*>* Additionally, proteomics-
based approaches, such as mass spectrometry, can directly
identify peptides presented on the cell surface by MHC
molecules, offering a more direct assessment of neoantigen
presentation. 44>

Despite advances in sequencing technologies, several
challenges remain in accurately predicting neoantigens.
One major challenge is the broad spectrum of MHC al-
leles in the human population.?® Each individual expresses
unique MHC molecules, which vary in their ability to bind
and present specific peptides. Computational tools must
account for this diversity, often requiring population-spe-
cific databases and algorithms.

Another challenge is distinguishing between clonal and
subclonal mutations. Clonal mutations, present in all tu-
mor cells, are more likely to generate neoantigens that can
elicit a broad anti-tumor response. In contrast, subclonal
mutations, present in only a subset of tumor cells, may
contribute to immune escape and therapeutic resistance.
Advanced algorithms, such as those incorporating tumor
phylogeny, are being developed to address this issue.

Experimental validation is a critical step in confirming
the immunogenicity of predicted neoantigens. To assess
the affinity of neoantigens for MHC molecules, in vitro
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approaches such as MHC—peptide binding assays are com-
monly utilized. T cell activation assays, including ELISpot
and intracellular cytokine staining, are used to measure
the ability of neoantigens to stimulate T cell responses.?’

Although syngeneic mouse models and PDXs have been
instrumental in evaluating neoantigen-specific T cell re-
sponses, they fall short in replicating the complexity of hu-
man immune—tumor interactions. Emerging humanized
mouse model platforms may offer more clinically relevant
insights into therapeutic efficacy in human settings.*® Hu-
manized mouse models, which are engrafted with human
immune cells, offer a more physiologically relevant system
for studying neoantigen immunogenicity.*

The therapeutic potential of neoantigen-based ap-
proaches in bladder cancer has been highlighted by sev-
eral studies. Notably, a phase 1b trial by Ott et al. assessed
the personalized neoantigen vaccine NEO-PV-01 com-
bined with nivolumab in patients with advanced mela-
noma, NSCLC and bladder cancer, demonstrating safety,
feasibility and immunogenicity. The study demonstrated
that the regimen was safe and capable of inducing robust
neoantigen-specific CD4* and CD8* T cell responses,
which persisted long-term and exhibited cytotoxic po-
tential.>® Vaccine-induced T cells successfully trafficked
to tumors, mediating tumor killing and triggering epitope
spreading, an indicator of vaccine-driven tumor destruc-
tion.>® Patients with epitope spreading had significantly
longer progression-free survival (PFS), and some achieved
major pathological responses (MPR), demonstrating sub-
stantial tumor reduction.”® Similarly, a recent clinical
study identified neoantigens in a patient with metastatic
TNBC and used them to generate personalized T cell
therapies.”! This study demonstrated that metastatic BC
is immunogenic, with most patients generating immune
responses to somatic tumor mutations.*! In this phase II
trial, adoptive transfer of tumor-infiltrating lymphocytes
(TILs) reactive to patient-specific neoantigens, combined
with pembrolizumab, led to objective tumor regression
in 3 of 6 patients, including 1 complete response lasting
over 5.5 years. The majority of neoantigen-reactive TILs
were CD4* T cells, highlighting a distinct immunogenic
profile in BC.”! Immune escape mechanisms, including
human leukocyte antigen (HLA) loss of heterozygosity
and downregulation of antigen presentation, were ob-
served in progressing tumors.”! These findings support
personalized TIL therapy as a promising approach for
treatment-refractory metastatic breast cancer (mBrCa) and
warrant further investigation to enhance response rates
and overcome immune resistance.’! These findings high-
light the potential of personalized neoantigen vaccination
to enhance anti-tumor immunity and synergize with PD-1
blockade, supporting its development as an effective im-
munotherapeutic approach for metastatic solid tumors.>°
Discussed studies highlight the potential of mutanome-
based therapies in BC and provide a framework for future
research.
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Immunogenicity of the breast
cancer mutanome

Factors influencing neoantigen
immunogenicity

The immunogenicity of neoantigens is governed by a dy-
namic interaction between tumor-intrinsic properties and
host immune factors, ultimately influencing the strength
and effectiveness of anti-tumor immune responses. Tumor-
intrinsic factors include the binding affinity of neoanti-
gens to MHC molecules, the stability of the peptide—-MHC
complex and the abundance of neoantigen presentation
— all of which influence the likelihood of T cell recogni-
tion.52% The efficiency of antigen processing, proteasomal
cleavage, and TAP-mediated transport further modulates
the availability of neoantigen peptides for immune recog-
nition.”* In addition, tumors may develop immune escape
mechanisms, such as MHC downregulation, antigen loss
variants and altered antigen-processing machinery (APM),
to evade immune detection.*® Host factors, including TCR
repertoire diversity, the presence of pre-existing T cell
clones and the composition of the TME, critically influ-
ence immune responses. A diverse TCR repertoire en-
hances the recognition of neoantigens, while pre-existing
T cell clones may provide a rapid and effective immune
response.” Nevertheless, TME exerts immunosuppressive
pressure through mechanisms including regulatory T cells,
myeloid-derived suppressor cells and immune checkpoint
expression, thereby impairing effective anti-tumor im-
munity and limiting tumor eradication.*® The interplay
between TMB and TME composition determines response
to immune checkpoint inhibitors and neoantigen-directed
immunotherapies.”* Mechanistically, high-affinity neo-
antigens and a permissive TME support strong T cell re-
sponses, while low immunogenicity and immune evasion
contribute to poor immune recognition and immunother-
apy resistance.>? Understanding these factors is essential
for optimizing neoantigen-based immunotherapies — such
as personalized neoantigen vaccines and adoptive T cell
therapies — to enhance immune recognition and overcome
treatment resistance.

The TME plays a critical role in modulating the immune
response to neoantigens. Immune-suppressive elements,
such as regulatory T cells (Tregs), myeloid-derived sup-
pressor cells (MDSCs) and inhibitory cytokines (e.g., tumor
growth factor beta (TGF-p) and interleukin 10 (IL-10)), can
dampen the anti-tumor immune response.”>°¢ Conversely,
the presence of TILs, particularly CD8* T cells, is associ-
ated with enhanced immunogenicity and improved clinical
outcomes.>’%0

The spatial distribution of immune cells within the TME
is also important. For example, the presence of tertiary
lymphoid structures (TLS), which are organized ag-
gregates of immune cells, is associated with increased
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neoantigen-specific T cell responses and better prognosis
in BC.*-%4 Understanding the spatial and temporal dynam-
ics of the TME is critical for optimizing neoantigen-based
therapies.

Immune escape mechanisms

Tumors employ a variety of mechanisms to evade im-
mune detection and destruction. One primary strategy
is the downregulation or complete loss of MHC class I mol-
ecules, which prevents the presentation of tumor neoanti-
gens to cytotoxic T lymphocytes (CTLs), thereby reducing
immune recognition. Some tumors also selectively alter
the APM, including defects in TAP1/TAP2 transport-
ers, B2-microglobulin (B2M) mutations and impaired
proteasomal processing, further diminishing neoantigen
display.1®¢>-67 Additionally, tumors upregulate immune
checkpoint molecules, such as programmed death ligand
1 (PD-L1), cytotoxic T cell antigen 4 (CTLA-4), TIM-3,
and LAG-3, which suppress effector T cell function by en-
gaging inhibitory receptors on T cells, leading to T cell
exhaustion and immune tolerance.1%¢°-¢

Beyond checkpoint regulation, tumors also secrete
immunosuppressive factors, including TGF-f3, IL-10 and
vascular endothelial growth factor (VEGF), which create
an immunosuppressive microenvironment by recruiting
Tregs and myeloid-derived suppressor cells (MDSCs),
both of which dampen anti-tumor immune responses.®®
Another major mechanism of immune evasion is im-
munoediting, where the immune system selectively
eliminates highly immunogenic tumor cells, leading
to the outgrowth of less immunogenic clones with re-
duced or altered neoantigen expression.®® This process,
which involves clonal selection under immune pressure,
results in tumors that become progressively more resis-
tant to immune attack and less responsive to neoantigen-
based therapies.®*~7!

Biomarkers of immunogenicity

Several biomarkers have been proposed to predict
the immunogenicity of the BC mutanome.”>”® These in-
clude TMB, which reflects the total number of somatic
mutations in a tumor, and PD-L1 expression, a key reg-
ulator of immune evasion that influences the response
to checkpoint blockade therapy.”>73 Additionally, the pres-
ence of TILs serves as a critical indicator of immune ac-
tivation and correlates with improved prognosis in BC.7*
However, these biomarkers have limitations; e.g., TMB
does not always correlate with the presence of highly im-
munogenic neoantigens, and PD-L1 expression is subject
to intratumoral heterogeneity, reducing its predictive
power.”> Emerging evidence suggests that a more com-
prehensive biomarker strategy is required, integrating
genomic, transcriptomic and proteomic data to better
characterize the immune landscape of BC.
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Therapeutic strategies exploiting
the mutanome

Neoantigen vaccines

Various neoantigen vaccine platforms are being ex-
plored — such as peptide-based, mRNA-based, DNA-based,
and dendritic cell-based approaches — each with unique
strengths and challenges. Peptide-based vaccines offer fa-
vorable safety and stability profiles but typically necessitate
the use of adjuvants to elicit a robust immune response.”®
mRNA-based vaccines have gained attention due to their
rapid and flexible manufacturing, but challenges remain
in ensuring efficient delivery and stability.”® DNA-based
vaccines offer durable antigen expression but have lower
immunogenicity and potential safety concerns related
to genomic integration.”® Dendritic cell-based vaccines
leverage the body’s antigen-presenting cells to elicit robust
T cell responses but are complex and expensive to pro-
duce.” Recent studies highlight the potential of combining
neoantigen vaccines with immune checkpoint inhibitors
or oncolytic viruses to enhance immunogenicity and sus-
tain anti-tumor responses.*”® Ongoing clinical trials are
assessing the safety and efficacy of these approaches in BC,
particularly in TNBC, which has a high mutational burden
and greater potential for neoantigen-targeted therapies.*
Mechanistically, the efficacy of neoantigen vaccines relies
on optimal antigen selection, MHC binding affinity and
T cell priming, emphasizing the need for personalized vac-
cine strategies to overcome immune evasion and enhance
therapeutic efficacy.”®””

Adoptive cell therapy

Adoptive cell therapy (ACT) involves the ex vivo ex-
pansion of neoantigen-specific T cells, which are then
reinfused back into the patient. This approach has shown
remarkable success in other cancers, such as melanoma,
and is now being explored in BC. Challenges include
the identification and validation of suitable neoantigens
and the optimization of T cell expansion protocols. A re-
cent study investigates the challenges associated with ex-
panding neoantigen-reactive TILs in solid epithelial can-
cers, including BC, where such cells are often rare and
exhibit an exhausted phenotype.”® Conventional TIL ex-
pansion protocols using anti-CD3 (OKT3) and high-dose
IL-2 were found to reduce the frequency of neoantigen-
reactive TILs, particularly in BC, due to the outgrowth
of bystander T cells and further differentiation toward
an exhausted state.”® To address this limitation, the study
introduces NeoExpand, a neoantigen-specific stimulation
method that selectively expands neoantigen-reactive CD4*
and CD8* TILs while preserving their stem-like memory
phenotypes, which are crucial for sustained anti-tumor
immunity.”® In BC-derived TILs, NeoExpand facilitated
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the recovery and enrichment of p53-reactive T cell clones,
which were lost during conventional expansion methods.”®
These findings highlight the potential of neoantigen-spe-
cific stimulation strategies to enhance the efficacy of adop-
tive TIL therapy in BC by improving the expansion, per-
sistence and functional capacity of tumor-reactive T cell
populations.

Immune checkpoint inhibitors

Immune checkpoint inhibitors (ICIs), such as anti-PD-1,
anti-PDL-1 and anti-CTLA-4 antibodies, have transformed
the treatment landscape for several cancers. In BC, ICIs
have shown efficacy in TNBC, particularly in patients with
high TMB or PD-L1 expression. Combining ICIs with
neoantigen-based therapies may enhance anti-tumor im-
munity and overcome resistance mechanisms. A study
explores the role of TMB as a biomarker for predicting
the response of BC to ICIs, emphasizing its limitations and
potential clinical utility. While TMB reflects the number
of somatic mutations per megabase, only a fraction of these
mutations generate immunogenic neoantigens, limiting
its predictive accuracy.®® Breast cancer generally exhibits
alow TMB, with only 5% of cases exceeding the threshold
(=10 mutations per megabase) associated with improved
ICI response.”” However, higher TMB in HER2-positive
and TNBCs suggests a greater likelihood of neoantigen
presentation, enhanced tumor immunogenicity and in-
creased TILs, which can potentiate responses to check-
point blockade.®-82 Mechanistically, the combination
of TMB with ICIs, particularly anti-PD-1/PD-L1 therapies
(e.g., pembrolizumab, atezolizumab), enhances T cell acti-
vation and tumor clearance.®® Despite these associations,
TMB alone is an imperfect predictor of immunotherapy
response, as factors such as neoantigen quality, HLA di-
versity, immune gene signatures, and the TME also influ-
ence outcomes.® These findings support the notion that
combining TMB with complementary immune biomark-
ers, including PD-L1 expression, TIL density and spatial
immune architecture, could refine patient selection and
optimize the therapeutic benefit of checkpoint inhibitors
in bladder cancer.

Limitations

Tumor heterogeneity, both within individual tumors
(intratumoral heterogeneity) and across different patients
(interpatient heterogeneity), adds another layer of com-
plexity in the identification of universal neoantigens.3*
This variability limits the treatment efficacy of shared off-
the-shelf neoantigen vaccines, necessitating highly person-
alized approaches. Additionally, clonal evolution under
immune pressure can lead to the emergence of antigen-loss
subclones, reducing the durability of neoantigen-targeted
therapies and enabling immune escape.®®
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Developing neoantigen-based therapies requires high-
throughput sequencing, computational neoantigen pre-
diction models and experimental validation, all of which
are time-consuming, costly and technically demanding.3®
Key limitations include inaccuracies in MHC-binding
predictions, variable tumor antigen presentation and lack
of robust preclinical models to validate neoantigen im-
munogenicity. These factors hinder the widespread clinical
translation of neoantigen-based vaccines and adoptive cell
therapies.

Additionally, the nature of neoantigen therapies as a per-
sonalized approach raises concerns regarding cost, scal-
ability and accessibility. Efforts to develop off-the-shelf
neoantigen vaccines based on publicly shared recur-
rent mutations and optimize mRNA-based neoantigen
platforms may help improve accessibility. Furthermore,
artificial intelligence (AI)-driven neoantigen discovery,
validations and advancements in bioinformatics pipe-
lines aim to streamline production to enhance patient
selection. Overcoming these challenges is critical to scale
up the clinical application of neoantigen-based cancer
immunotherapies.

Conclusions

The integration of Al and machine learning into neo-
antigen prediction algorithms and software holds great
promise for improving accuracy and efficiency.®® These
tools can analyze large datasets, identify patterns and pri-
oritize neoantigens for experimental validation. Combin-
ing genomic, transcriptomic and proteomic data provides
a more comprehensive understanding of neoantigen and
epitope presentation along with their immunogenicity.
Multi-omics approaches can identify novel neoantigens
and biomarkers, guiding the development of personal-
ized therapies. Furthermore, off-the-shelf neoantigen vac-
cines that target shared neoantigens expressed in multiple
patients, even across different cancer indications, offer
a more scalable and cost-effective alternative to per-
sonalized vaccines. These vaccines are being explored
in clinical trials and have the potential to revolutionize
BC immunotherapy.®’

The immunogenic mutanome of BC represents a rich
source of therapeutic targets with the potential to trans-
form BC treatment. By leveraging advances in genomics,
immunology and bioinformatics, significant strides are
being made in the development of personalized immuno-
therapies. While challenges remain, the continued explora-
tion of the mutanome and its interaction with the immune
system holds great promise for improving outcomes for
patients with BC. A multidisciplinary approach that in-
tegrates basic science, clinical data and technological in-
novation will be essential to fully exploit the immunogenic
potential of the BC mutanome.
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Abstract

Pulmonary arterial hypertension (PAH) is a rare and progressive syndrome that is frequently diagnosed
at an advanced stage due to the nonspecific nature of its symptoms. Current research aims to identify
novel diagnostic tools, including biomarkers, to facilitate earlier detection and differentiation of pulmonary
hypertension (PH) subtypes. Matrix metalloproteinases (MMPs) play a critical role in the pathogenesis of PAH
through extracellular matrix (ECM) remodeling, with their activity tightly requlated by tissue inhibitors
of metalloproteinases (TIMPs). This review summarizes existing studies on the potential of MMPs and TIMPs
as biomarkers for PAH. Our analysis highlights significant differences in MMP concentrations between PAH
patients and healthy controls. In particular, MMP-2, MMP-7 and MMP-9 exhibit promising prognostic value,
which could contribute to risk stratification and support clinical decision-making in the future. However,
large-scale, randomized prospective studies involving well-characterized patient cohorts are necessary
to confirm their clinical utility and clarify their mechanistic roles in PAH pathogenesis.

Key words: prognosis, biomarkers, pulmonary hypertension, tissue inhibitors of metalloproteinases, metal-
loproteinases


https://www.doi.org/10.17219/acem/204831

362

W.U. Koztowska et al. Role of MMP and TIMP in PAH

Highlights

« Late-stage pulmonary arterial hypertension (PAH) diagnosis delays treatment: Nonspecific symptoms often result
in advanced disease at presentation, worsening prognosis.

+ Matrix metalloproteinases (MMPs) and tissue inhibitors (TIMPs) as PAH biomarkers: Emerging evidence positions
MMP/TIMP profiling for early detection and prognostic assessment.

+ MMP-2, MMP-7 and MMP-9 show the strongest prognostic value in PAH: These specific MMPs outperform others
in predicting disease progression and patient outcomes.

« Significant biomarker concentration differences distinguish PAH from other pulmonary hypertension types:
Multiple studies confirm diagnostic specificity for MMP/TIMP levels.

« Prospective studies are crucial to validate MMP/TIMP profiling in PAH: Ongoing research aims to integrate these
biomarkers into clinical diagnostic and prognostic workflows.

Introduction

Pulmonary arterial hypertension (PAH) is a progres-
sive disorder marked by dysregulated endothelial-derived
vasoactive factors, chronic inflammation and structural
remodeling of the pulmonary vasculature.! These patho-
logical changes ultimately contribute to right ventricular
(RV) failure.? Hemodynamically, PAH is defined by a mean
pulmonary arterial pressure (mPAP) >20 mm Hg, pulmo-
nary vascular resistance (PVR) >2 Wood units and pulmo-
nary arterial wedge pressure (PAWP) <15 mm Hg, as de-
termined by right heart catheterization (RHC).3*

Despite the growing number of available treatment
options, the management of PAH remains a significant
clinical challenge worldwide. Identifying novel biomark-
ers is essential for enhancing diagnostic accuracy and
recognizing patient subgroups at higher risk of poor out-
comes. Among the various molecular pathways implicated
in PAH, matrix metalloproteinases (MMPs) and their
endogenous inhibitors — tissue inhibitors of metallopro-
teinases (TIMPs) — represent a promising area of ongoing
research. A deeper understanding of these molecules may
offer valuable insights into disease pathogenesis and help
guide the development of future therapeutic strategies.

Objectives

This review synthesizes current evidence on the role
of MMPs and TIMPs in PAH, with a focus on their impli-
cations for pathophysiology and their utility as biomarkers
of this disease.

Methodology

A comprehensive literature search was conducted us-
ing the PubMed and Scopus electronic databases from
their inception through July 31, 2024. The search strategy
incorporated Medical Subject Headings (MeSH) terms,

including “pulmonary arterial hypertension metallopro-
teinases” and “pulmonary arterial hypertension biomark-
ers.” A total of 3,231 potentially relevant articles were
initially identified. All manuscripts were independently
screened by 2 reviewers. Studies were excluded based
on the following criteria: 1) not relevant to the selected
topic, 2) case reports, 3) non-English language publica-
tions, 4) duplicate records, 5) lack of full-text availability,
6) animal studies, and 7) pediatric studies. After applying
these exclusion criteria, 22 manuscripts were deemed eli-
gible for inclusion in the analysis.

Interplay between MMPs
and TIMPs

Matrix metalloproteinases are a family of zinc-depen-
dent endoproteases that play a central role in the degrada-
tion and remodeling of extracellular matrix (ECM) compo-
nents.>® Their activity is tightly regulated through several
mechanisms, including modulation of gene expression,’
activation of proenzymes,? inhibition by TIMPs,” subcel-
lular compartmentalization,'® and formation of protein
complexes.! Most MMPs are not constitutively expressed;
rather, their transcription is induced in response to pro-
inflammatory cytokines such as tumor necrosis factor
alpha (TNF-a), interleukin 1 (IL-1) and various growth
factors.!>13

Additionally, certain MMPs are stored in the granules
of inflammatory cells, thereby restricting their enzy-
matic activity to specific microenvironments.!* Dysregu-
lated MMP expression and activity have been implicated
in the pathogenesis of various diseases, particularly car-
diovascular disorders.!>® These endoproteases are ini-
tially synthesized as pre-proMMPs; during translation,
the signal peptide is cleaved to produce the latent proMMP
form. In this inactive state, the cysteine residue within
the propeptide maintains coordination with a Zn?* ion
at the catalytic site through the “cysteine switch” mecha-
nism, thereby preventing enzymatic activity. Activation



Adv Clin Exp Med. 2026;35(2):361-376

occurs when this switch is disrupted, typically via proteo-
lytic cleavage by enzymes such as serine proteases, furin
endopeptidases, plasmin, or other MMPs, 1317

The expression and activity of MMPs are tightly regu-
lated by TIMPs.!® The TIMPs are the principal endog-
enous inhibitors of the MMP family, exhibiting varying
inhibitory efficacy against different MMPs, along with
distinct patterns of tissue expression and regulatory con-
trol.” This family comprises 4 members — TIMP-1 through
TIMP-4.5! Despite their relatively small size, TIMPs serve
multiple biochemical and physiological functions, includ-
ing inhibition of active MMPs, activation of proMMPs,
promotion of cell proliferation, matrix binding, and regu-
lation of angiogenesis and apoptosis.'*?° The TIMPs are
distributed across various cellular compartments: TIMP-1,
-2,-3,and -4 can localize to the cell surface; TIMP-3 is also
found in the ECM; and TIMP-1, -2 and -4 can exist in sol-
uble forms. This spatial diversity enables TIMPs to modu-
late a broad range of cellular signaling pathways.!

The TIMPs are composed of 2 adjacent domains, each
stabilized by 3 intramolecular disulfide bonds. The N-
terminal domain, referred to as the “inhibitory domain”,
is primarily responsible for MMP inhibition, as it alone
is sufficient to suppress MMP activity. The highly con-
served core epitope within this domain — centered around
the N-terminal strand and characterized by a “Cys-X-Cys”
motif — forms the principal interaction site with the cata-
lytic domain of MMPs. This binding involves coordina-
tion with the catalytic zinc ion at the MMP active site,
effectively blocking the substrate-binding cleft.?*?? In addi-
tion to TIMPs, other molecules, such as a2-macroglobulin
and amyloid B precursor protein, have also been identified
as inhibitors of MMP activity.?2*

The balance between MMPs and TIMPs largely influ-
ences the ECM composition, which tightly regulates MMP
activity.?> Published evidence suggests that MMPs may con-
tribute to the pathophysiology of PAH.?%%*” The early patho-
logical progression of PAH primarily involves endothelial
cells (ECs) and smooth muscle cells (SMCs) in the vascu-
lar wall, as well as pulmonary artery smooth muscle cells
(PASMCs).282° The PASMCs are critically involved in dis-
ease advancement.?® The pathological state of PASMCs
is associated with PASMC phenotypic switching.?®

Several mechanisms have been proposed as potential
initiating events in PAH, including increased blood flow
and shear stress, hypoxia, inflammation, oxidative stress,
and altered bone morphogenetic protein receptor 2 signal-
ing. These factors lead to endothelial/mesenchymal transi-
tion, in which ECs adopt a mesenchymal phenotype and
express gene profiles characteristic of SMCs.?83! In fact,
phenotypic switching is an early vascular self-repair mech-
anism in response to stimulation.! During this process,
ECs lose their intercellular junctions and detach from
the intimal monolayer. Subsequently, they migrate into
the medial layer, where they undergo dedifferentiation into
myofibroblast-like mesenchymal cells.?” These cells exhibit
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increased secretion of a-smooth muscle actin, collagen,
vimentin, and MMPs, as well as serine elastases and lysyl
oxidases, while simultaneously showing reduced expres-
sion of their endogenous inhibitors, including TIMPs.2>31:32
Myofibroblast-like cells contribute to ECM remodeling
through enhanced collagen deposition and cross-linking.?®

Oxidative stress, exacerbated by inflammation, has also
been implicated in MMP dysregulation. Reactive oxygen
species (ROS) generated in response to inflammation have
been shown to increase MMP secretion while downregu-
lating TIMP expression in SMCs, ECs and fibroblasts. Fur-
thermore, pro-inflammatory cytokines stimulate the re-
cruitment and activation of macrophages and neutrophils,
which subsequently secrete MMPs and serine elastases.
The degradation products of collagen and elastin generated
by heightened proteolytic activity exhibit pro-inflamma-
tory properties, thereby sustaining inflammation through
a positive feedback loop.?>33

Notably, the upregulation of MMP-1 and MMP-9 has
been observed, enhancing the migratory capacity of ad-
ventitial fibroblasts.>* Deregulation of MMPs has been
implicated in multiple pathological processes, including
ECs and SMCs migration, hyperplasia, adventitial fibro-
blast transdifferentiation, increased ECM turnover, and
inflammatory cell recruitment. These changes collectively
contribute to increased vascular stiffness, preceding ab-
normal pulmonary arterial pressure and elevated PVR.?
Additionally, ECM degradation products and growth fac-
tors further stimulate MMP secretion,? exacerbating vas-
cular remodeling in small to medium-sized pulmonary
vessels, ultimately leading to RV hypertrophy and right-
sided heart failure (HF).%°

Due to the non-specificity of the symptoms, PAH is fre-
quently diagnosed at a late stage.?® At present, the only
routinely used clinical markers that correlate with myo-
cardial stress and provide prognostic information are brain
natriuretic peptide and N-terminal pro B-type natriuretic
peptide (NT-proBNP).>3” However, these are not specific
to pulmonary hypertension (PH), as they can be elevated
in other heart diseases, showing significant variability.®
Research is now focusing on identifying new diagnostic
methods, including biomarkers that allow for prognosis,
diagnosis and differentiation of PH subtypes.?® Among
the compounds under investigation are MMPs and their
inhibitors, which may potentially fulfil this role.

Metalloproteinases
Matrix metalloproteinase 1

Matrix metalloproteinase 1 (MMP-1), a collagenase-1,
acts on various substrates, including collagen types I, 11, I11,
VII, VIII, and X, as well as gelatin, aggrecan, casein, nido-
gen, serpins, versican, perlecan, proteoglycan link protein,
and tenascin-C.2% Its expression is stimulated by high
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glucose levels in cultured ECs and macrophages*® and
by C-reactive protein (CRP).*! Pulmonary arterial hyper-
tension is often associated with glucose metabolism dis-
orders,*?3 and increased concentrations of this molecule
in the lungs of PAH patients,*? but unchanged circulating
levels have been observed.** Furthermore, inflammation
has been implicated in the pathophysiology of PAH,* in-
cluding its role in pulmonary vascular remodeling,* as re-
flected by elevated CRP levels in PAH patients.*®

Functionally, MMP-1 has been shown to induce the ex-
pression of a subset of proangiogenic genes in human
microvascular ECs.*” Furthermore, it enhances vascular
endothelial growth factor receptor-2 (VEGF-2) expression
and ECs proliferation via protease-activated receptor 1
(PAR-1)*8 signaling, a mechanism that may also contribute
to pulmonary arterial vasoconstriction.?’

Elevated serum concentrations of MMP-1 have been
demonstrated in PAH patients.?”>* Additionally, when
monocytes were isolated, M1-polarized macrophages from
PAH patients, but not from healthy controls, exhibited
significantly higher MMP-1 protein levels compared to MO
and M2-polarized macrophages. Immunohistochemical
assessment of lung tissue from PAH patients showed nota-
bly increased MMP-1 immunoreactivity compared to con-
trol samples.?” However, quantitative real-time polymerase
chain reaction (qQPCR) analysis has not revealed significant
differences in MMP-I transcript expression between cells
obtained from lung tissue from patients with idiopathic
PAH (IPAH) during lung transplantation and samples
from lobectomy of patients with localized lung cancer.”!
Similarly, no difference in MMP-1 expression has been
observed between pulmonary arteries of IPAH patients
and downsized non-tumorous, non-transplanted donor
lungs used as controls.>?

Matrix metalloproteinase 2

Matrix metalloproteinase 2 (MMP-2), a member
of the gelatinase subfamily of MMPs, degrades a broad
range of substrates, including collagen types L, IV, V, VII,
X, XI, XIV, as well as gelatin, aggrecan, elastin, fibro-
nectin, laminin, nidogen, proteoglycan link protein, and
versican.3>® This MMP directly affects various cellular
functions by modulating the activity of biologically ac-
tive molecules or interacting with cell surface receptors.>*
It is secreted as an inactive proenzyme, which undergoes
activation via membrane type 1-matrix metalloproteinase
(MT1-MMP). This process is tightly regulated by TIMP-2
at the cell surface at the site where activation is required.
Several alternative pathways for MT1-MMP-dependent
of MMP-2 have been described, involving proteases such
as neutrophil elastase, cathepsin G, proteinase-3,°® and
plasmin.>” In addition to these pathways, a TIMP-indepen-
dent activation route has been described, mediated by MT1-
MMP and claudin-5.>8 Furthermore, the generation of ROS
by nicotinamide adenine dinucleotide phosphate oxidase,
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induced by mechanical stretch, increases MAMP-2 mes-
senger RNA (mRNA) expression and pro-MMP-2 release.>

A significantly elevated concentration of MMP-2 has
been demonstrated in patients with PAH compared
to the control group of healthy volunteers.®® Comparable
results were observed in individuals with PH, where 19 out
of 36 individuals included in the analysis were diagnosed
with IPAH or associated PAH (APAH).®! Plasma circulating
levels of MMP-2 were substantially increased in PH patients
compared to healthy controls.®! Remodeling biomarkers,
including MMP-2, and NT-proBNP, did not show signifi-
cant differences in concentration between patients with
PAH and those with other forms of PH.®! A study investi-
gating patients with PH, including IPAH, PAH associated
with connective tissue disease (PAH-CTD), chronic throm-
boembolic PH (CTEPH), PH due to left heart disease (PH-
LHD), and non-PH controls (individuals suspected of PH
who underwent RHC and had a mPAP <25 mm Hg), dem-
onstrated that mean plasma circulating levels of MMP-2
were significantly higher in PAH-CTD and PH-LHD pa-
tients compared to non-PH controls.®® Furthermore, in PH
patients, MMP-2 concentrations exhibited a weak but sta-
tistically significant correlation with cardiac output, PAWP
and 6-minute walking distance (6MWD). Next, patients
with plasma MMP-2 levels in the 1%t (below 176 ng/mL)
and 2" quartiles (176-206 ng/mL) had significantly better
5-year survival and time to clinical worsening (TTCW)
than those in the 4" quartile (=246 ng/mL).%?> These find-
ings were further confirmed by Arvidsson et al., who linked
elevated serum MMP-2 concentrations to an unfavorable
prognosis in PAH.®® Increased circulating MMP-2 levels
at the time of diagnosis correlated with higher European
Society of Cardiology (ESC) and European Respiratory
Society (ERS) risk scores, as well as with mean right atrial
pressure, NT-proBNP, and 6MWD, indicating worsening
right heart function and reduced exercise capacity. MMP-2
was identified as a valuable negative prognostic marker.®

Moreover, Karamanian et al. presented a study based
on plasma analyses in PAH patients and healthy volun-
teers, in which it was shown that MMP-2 circulating levels
were elevated in the plasma of non-IPAH patients, but not
in the plasma of IPAH patients.®*

Studies were also conducted on pulmonary artery tissue
from patients undergoing lung transplantation for [IPAH and
from patients treated by lobectomy for localized lung cancer,
who served as controls. In cultured PASMCs derived from
patients with IPAH, MMP-2 activity is elevated, attributable
to both elevated total MMP-2 expression and a higher pro-
portion of its active form. In situ zymography and immuno-
localization showed that MMP-2 was associated with SMCs
and elastic fibers. Furthermore, in the arteries of IPAH pa-
tients, pronounced gelatinolytic activity and MMP-2 immu-
nostaining were observed along the internal elastic lamina,
extending even to its disruption.”* In contrast, the latent
MMP-2 levels in IPAH cells remained indistinguishable
from those in control cells.”® Conversely, another study
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reported no significant variation in MMP-2 expression levels
in the pulmonary arteries of IPAH patients.>

A notable observation in one study was the elevated
concentration of circulating CD34+*CD133* bone marrow-
derived proangiogenic precursors in the peripheral blood
of IPAH patients compared to healthy controls, with levels
correlating with PAP. However, resident endothelial pro-
genitor levels in the pulmonary arteries of IPAH patients
were comparable to those in the control group. Colony-
forming units of ECs derived from CD34*CD133* bone
marrow precursors of IPAH patients exhibited increased
MMP-2 secretion, a greater affinity for angiogenic tube
formation, and a tendency to form disorganized cell clus-
ters spontaneously.®®

Notably, no significant differences in pro-MMP-2 con-
tent were found between PAH patients and those with
chronic obstructive pulmonary disease or CTEPH. Addi-
tionally, no correlation was observed between pro-MMP-2
levels and PH severity indices.*

Concerning patients with systemic sclerosis-associated
PAH (PAH-SSc), MMP-2 concentrations were significantly
higher compared to the group of systemic sclerosis (SSc)
patients without elevated pulmonary pressure.®” Another
study involving 35 SSc patients, of whom 12 had PAH,
found that MMP-2 circulating levels were similar in SSc
patients with or without PAH.%8

Matrix metalloproteinase 3

Matrix metalloproteinase 3 (MMP-3), or stromelysin-1,
is involved in the degradation of various ECM compo-
nents, including matrix proteins, growth factors, proteases,
surface receptors, and adhesion molecules. Notably, this
metalloproteinase can activate various pro-MMPs, making
the synthesis and activation of MMP-3 a fundamental initi-
ating event in the MMP-mediated degradation process.2*%

Cells derived from IPAH patients demonstrated a marked
reduction in MMP-3 production compared to control cells
obtained from lung tissue excised during lobectomy for
localized lung cancer in 6 individuals. Additionally, immu-
nostaining for MMP-3 was detected exclusively in the me-
dia of pulmonary arteries in the control group.”! These
findings are further supported by another study,*® which
reported significantly lower serum MMP-3 concentra-
tions in PAH patients compared to other subgroups of PH:
CTEPH, PH due to HF with preserved ejection fraction
(HFpEE-PH), PH due to HF with reduced ejection fraction
(HFrEF-PH), and HF without PH (HF-NON-PH).%0

Matrix metalloproteinase 7

Matrix metalloproteinase 7 (MMP-7) belongs to the matri-
lysins, which lack a hemopexin domain and act on many cell
surface molecules.?® It is responsible for the degradation
of collagen types I, I, III, V, IV, and X, aggrecan, casein,
elastin, enactin, laminin, and proteoglycan link protein.*
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Matrix metalloproteinase 7 degrades recombinant and na-
tive soluble vascular endothelial growth factor receptor-1
(SVEGFR-1), leading to the release of vascular endothelial
growth factor (VEGF) from sequestration by sVEGFR-1.
In vitro assays demonstrate that MMP-7 promotes VEGEF-
driven angiogenesis by degrading sVEGFR-1, which other-
wise sequesters VEGF and inhibits its activity. Additionally,
this metalloproteinase releases VEGF from sVEGFR-1 se-
creted by human ECs, providing a regulatory mechanism for
VEGF bioavailability within the local endothelial microenvi-
ronment.” Elevated concentrations of MMP-7 have been ob-
served in comparison with healthy volunteers without RHC;
however, these levels remain lower than those measured
in other patient groups (CTEPH, HFpEF-PH, HFrEF-PH,
and HF-NON-PH). Receiver operating characteristic (ROC)
analysis of plasma MMP-7 concentrations in PAH compared
to other PH groups and HF-NON-PH showed an area under
the curve (AUC) of 0.75, with a sensitivity of 58.7% and
specificity of 83.3%.%° It is noteworthy that plasma levels
of MMP-7 increase with age,”! and patients with PAH were
generally the oldest among the assessed PH groups. Nev-
ertheless, relatively lower concentrations of MMP-7 were
noted compared to other disease groups.®® Arvidsson et al.®
further demonstrated that plasma MMP-7 can differenti-
ate PAH from other causes of dyspnea, including HF with
or without PH, as well as from healthy controls, suggesting
its potential utility as a novel diagnostic biomarker.

Matrix metalloproteinase 8

Matrix metalloproteinase 8 (MMP-8), a neutrophil-de-
rived collagenase-2, is critically involved in the degradation
of ECM components, targeting collagen types I, IL, IIL, V,
VII, VIII, and X, as well as gelatin, aggrecan, laminin, and
nidogen.?? It is one of the MMPs participating in stem/
progenitor cell mobilization and recruitment in blood
vessel formation and vascular remodeling.?® Addition-
ally, MMP-8 counteracts pathological mechanobiological
feedback by modifying matrix composition and disrupting
integrin-B3/FAK and YAP/TAZ-dependent mechanical
signaling in PASMCs.”?

Dieffenbach et al. conducted a study involving a diverse
group of patients, including those with IPAH and APAH,
which they categorized into a combined group of patients
with PAH, PH, and healthy volunteers. Their findings re-
vealed that the mean plasma concentration of MMP-8 was
18 times higher in PAH patients compared to controls. Fur-
thermore, immunofluorescence staining demonstrated in-
creased MMP-8 expression in PASMCs and the pulmonary
endothelium of PAH patients relative to the control group.”

Matrix metalloproteinase 9
Matrix metalloproteinase 9 (MMP-9), a gelatinase-B

enzyme, is responsible for the degradation of collagen
typesIV,V, VIL, X, and X1V, fibronectin, laminin, nidogen,
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proteoglycan link protein, and versican.?® Its secretion
is stimulated by high glucose levels.*® Notably, a reduc-
tion in the number of NK cells has been observed in PAH
lung tissue, accompanied by functional impairments and
overexpression of MMP-9.7% Elevated circulating levels
of MMP-9 have been detected in the plasma of individu-
als with PAH,%07* suggesting a potential role in pulmo-
nary vascular remodeling. Furthermore, for IPAH, study
results are inconsistent, showing both increased levels
of MMP-9%+7> and unchanged concentrations.®> More-
over, no statistical correlation was found between plasma
MMP-9 levels and hemodynamic parameters or 6MWD,
and no statistically meaningful association with survival
was detected.®?

It is of particular relevance that MMP-9 may be pro-
duced by macrophages.” Chi et al. examined monocytes
isolated from PAH patients and healthy donors, differen-
tiating them into M0, M1 or M2 macrophage phenotypes.
After differentiation with macrophage colony-stimulating
factor into macrophages (M0), MMP-9 mRNA expression
was significantly upregulated in PAH patients compared
to controls. Similarly, MMP-9 mRNA levels were elevated
in MO and M1 macrophages derived from PAH patients
relative to their counterparts in the control group.?”

In a subset of patients with PAH related to PAH-CTD
and PAH associated with congenital heart disease (PAH-
CHD), circulating levels of examined compounds, includ-
ing MMP-9, were high and did not significantly differ
from concentrations in patients with idiopathic, heredi-
tary and anorexigenic PAH. These results suggest that
elevated concentrations are markers of disease presence
rather than markers of PAH etiology.”* Gene expression
profiling of peripheral blood mononuclear cells from pa-
tients with IPAH, PAH-SSc, and healthy controls identified
MMP-9-related genes, which were further analyzed us-
ing RT-PCR. This analysis revealed a clinically significant
upregulation of these genes in patients with mild PAH
compared to healthy controls, whereas no differences were
observed in those with severe PAH.”” Interestingly, cir-
culating MMP-9 concentrations were found to be higher
in SSc patients without PAH than in those with PAH
involvement.®® Vascular remodeling in CHD-associated
APAH and IPAH, as well as in donor lung tissue, was ana-
lyzed for mRNA and protein expression patterns. Changes
in vascular tissue demonstrated increased mRNA levels
of MMP-9 in comparison with adjacent remodeled pulmo-
nary arteries. While plexiform lesions in IPAH and APAH
demonstrated only minor differences in remodeling-asso-
ciated gene regulation, MAMP-9 expression was upregulated
in APAH compared to adjacent arteries, with a similar
but statistically nonsignificant trend observed in IPAH.
Importantly, hemodynamic parameters, including mPAP
and PVR values measured prior to lung transplantation,
had no effect on remodeling-associated gene expression
in plexiform lesions.”®
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Pro-MMP-9 levels in circulating monocytes were found
to correlate with key indices of severity of PH-induced car-
diac failure but not with PVR or mPAP, suggesting a link
between the pro-MMP-9 content of circulating monocytes
and HF rather than pulmonary artery remodeling. Sub-
group analysis further demonstrated that pro-MMP-9 was
lower in patients with HF, defined by a right atrial pressure
(P.,) >8 mm Hg and a cardiac index (CI) <2.5 L/min/m?,
than in patients without HF.%®

Matrix metalloproteinase 10

Matrix metalloproteinase 10 (MMP-10), a stromelysin-2
enzyme, acts on various substrates, including collagen
types III, IV, V, gelatin, fibronectin, laminin, nidogen,*
and participates in pro-MMPs proteolysis.?® Increased
serum concentrations of MMP-10 have been observed
in PAH patients compared to healthy controls, with strong
expression detected in the media and adventitia of hu-
man pulmonary arteries.?” Notably, MMP-10 expression
was significantly reduced in the intima and media, as well
as in perivascular tissue, of pulmonary arteries from IPAH
patients. To explore the potential prognostic significance
of regulated collagens and collagen-processing enzymes,
circulating levels of MMP-10 were compared between do-
nors and patients with IPAH. Both groups showed similar
concentrations of MMP-10.%2

Matrix metalloproteinase 12

Matrix metalloproteinase 12 (MMP-12), a macrophage
metalloelastase, is involved in macrophage infiltration
during inflammation. By facilitating macrophage migra-
tion across basement membranes, this enzyme enables
their recruitment to inflamed tissues, thereby amplify-
ing and sustaining the inflammatory cascade.” Notably,
circulating MMP-12 concentrations were significantly
elevated in patients with PAH compared to the control
group.®°

Matrix metalloproteinase 19

The catalytic domain of matrix metalloproteinase 19
(MMP-19) exhibits proteolytic activity against a broad spec-
trum of ECM components, including collagen type IV, lam-
inin, nidogen, large tenascin-C isoform, fibronectin, gelatin
type lin vitro. These findings suggest its potential involve-
ment in ECM remodeling.!>8° Matrix metalloproteinase 19
is inhibited by TIMP-3 and, to a lesser extent, TIMP-1.
Its expression was significantly elevated only in the intima
+ media of IPAH vessels compared to donor vessels.>?

Table 1 summarizes the studies discussed above regard-
ing the potential utility of MMPs as biomarkers for PAH.
The table includes the PAH subtype and the number of pa-
tients enrolled in each study.



Table 1. Summary of research on matrix metalloproteinase (MMP) concentrations in pulmonary arterial hypertension (PAH)

Molecule

Studied groups

Groups size

Change in concentration

Reference

PAH

IPAH

PAH-SSc
MMP-1

IPAH

IPAH

IPAH

IPAH

PAH
CTEPH
HFpEF-PH
HFEF-PH

IPAH
APAH
group 2 PH
group 3 PH
CTEPH

MMP-2
IPAH

PAH-CTD
CTEPH
PH-LHD

IPAH
HPAH
PAH-SSc
PPHTN
DPAH
PAH-CHD

PAH-SSc

PAH-SSc

IPAH
PPHTN
Pro-MMP-2 s
PH-COPD
CTEPH

IPAH

MMP-3 PAH
CTEPH

HFpEF-PH
HFrEF-PH

IPAH

MMP-7 PAH
CTEPH

HFpEF-PH
HFrEF-PH

anorexigen associated PAH

plasma
lung tissue

plasma
lung tissue

lung tissue

lung tissue

lung tissue

lung tissue

plasma

plasma

plasma

plasma

plasma

plasma

lung tissue

lung tissue

plasma

lung tissue

plasma

NpaH = 39
NHealthyControl = 30
Nipan = 27
Npap-ssc = 27
NHealthyControl = 6
Nipar = 5
NiungCancerControl = 6
Nipapt = 20
NLungbonorControl = 22
Nipar = 5
NlungCancerControl = 6
Nipart = 20
NLungbonorControl = 22
Npar = 48
Ncrepn = 20
NHFpEF-PH = 33
Nirrer-pH = 36
NHE-NON-PH = 15
NHealthyControl = 20
Nipar = 16
Napar = 3
NGroup2PH = 2
NGroup3pH = 4
Nerepr =11
NHealthyControl = 44

Nipan = 42
Npar-cTp = 42
Nctepn = 43
NpH-LHD = 33
NNon-PHControl = 44

Nipa = 58
NHpAH = 5
Npapsse = 15
Nstepan = 3
Nppptn = 13
Nopar = 6
NPAH-CHD = 5

NHealthyControl = 51
Npap-ssc = 77
Nssc-non-PHControl = 80
Npap-sse = 12
Nsse-non-paH = 23
Nipar = 2
Npprn = |
Near-cHp = 2

nAnorexwgen associatedPAH = 3

Np-coprp = 6
Necpre = 3
Nipan = 5

NiungCancerControl = 6
Npay = 48
Nctepn = 20
NHeper-pH = 33
NHrrer-pH = 36
NHE-NON-PH = 15
NHealthyControl = 20

Nipar = 20

NLungbonorControl = 22

Npay = 48
NcrepH = 20
NHFpEF-PH = 33
Nhrer-pH = 36
NHE-NON-PH = 15
NHealthyControl = 20

Increase in PAH compared
to the control.

Increase in IPAH and PAH-SSc
compared to the control.

No difference between groups.

No difference between groups.

Increase in IPAH compared
to the control.

No difference between groups.

Increase in PAH and PH groups
(CTEPH, HFpEF-PH, HFrEF-PH)
compared to the control.

Increase in PH groups (IPAH,
APAH, group 2 and 3 PH, CTEPH)
compared to the control.

Increase in PAH-CTD and PH-LHD
compared to the non-PH control.

Increase in PAH groups (without
IPAH) compared to the control.

Increase in PAH-SSc compared
to the control.

No difference between groups.

No difference between groups.

Decrease in IPAH compared
to the control.

Decrease in PAH compared
to PH groups (CTEPH, HFpEF-PH,
HFrEF-PH).

No difference between groups.

Increase in PH groups (PAH,
CTEPH, HFpEF-PH, HFrEF-PH)
compared to the control.

Chietal, 2022%

Mickael et al., 2022°°

Lepetit et al,, 2005°

Hoffmann et al, 2015°?

Lepetit et al,, 2005°

Hoffmann et al, 2015°?

Arvidsson et al., 2019

Schumann et al,,
20106

Tiede et al,, 2016°%?

Karamanian et al,,
201464

Bauer et al,, 2021¢7

Giannelli et al,, 20058

Cantini-Salignac et al,,
2006%

Lepetit et al., 2005°'

Arvidsson et al.,, 2019%

Hoffmann et al, 2015°?

Arvidsson et al., 2019




Table 1. Summary of research on matrix metalloproteinase (MMP) concentrations in pulmonary arterial hypertension (PAH) - cont.

Molecule Studied groups Groups size Change in concentration Reference
IPAH o :JS
APAH lasrma . PR : Increase in PAH (IPAH, APAH) Dieffenbach et al
MMP-8 group 2 PH Iug tote | G“’“‘”PH:] 9 compared to the PH groups o1
group 3 PH 9 nG'°“p3PH ~ 5 (group 2, 3,4 PH) and the control.
roup 4 PH Group4PH —
9 P NHealthyControl = 12
PAH lung tissue Neay = 39 Ingiezse in A aenrperae Chi et al, 20227
NiealthyControl = 30 to the control.
Neapy = 48
C?@F—"H nnUEPH :_223 Increase in PH groups (PAH,
HFpEF-PH plasma nHFpE”’“:s p CTEPH, HFpEF-PH, HFrEF-PH) Arvidsson et al,, 20195
- HFEF-PH =
HEEF-PH Neeronon = 15 compared to the control.
NHealthyControl = 20
IPAH N = 42
PAH-CTD Neasscro = 42
CTEPH plasma Nerepn = 43 No difference between groups. Tiede et al,, 2016%2
NpH-LHp = 33
PH-LHD
NNon-PHControl = 44
Nipan = 58
IPAH Nipat = 5
HPAH Nparsse = 15 Increase in PAH groups (IPAH,
MMP-9 PAH-SS¢ s Notean =3 HPAH, PAH-SSc, PPHTN, Karamanian et al,
PPHTN P Neprtn = 13 DPAH, PAH-CHD) compared 20145
DPAH Nopa = 6 to the control.
PAH-CHD NPAH-CHD = O
NiealthyControl = 51
: Neap-ssc = 12 Decrease in PAH-SSc compared ) ) o8
PAH-SSc plasma Ree e o to the SSc-non-PAH. Giannelli et al.,, 2005
IPAH Pors = 68 Increase in PAH (IPAH, HPAH,
anorexigen associated PAH plasma N PAR —37 Anorexigen associated PAH) Safdar et al,, 201474
HPAH HealthyControl = compared to the control.
IPAH ioxts = 42 Increase in IPAH compared
plasma IPAH = to the manufacturer -supplied | Hiremath et al, 201075
CVD-PAH Ncvp-paH = 2
reference.
IPAH Nipag = 9 Increase in mild PAH (WHO | &
PAH-SSC plasma Nparsse = 10 I lPAH and PAH-SSc) compared | Grigoryev et al,, 2008”7
NHealthyControl = 5 to the control.
IPAH NipaH = 2
PPHTN NppHTN = 1
) y PAH-CHD ) NpAH-CHD = 2 ) Cantini-Salignac et al,,
Pro-MMP-9 anorexigen associated PAH lung tissue Nanorergenmsocatedhit = 3 No difference between groups. 20066
PH-COPD NpH-copD = 6
CPTE Ncpre = 3
PAH lung tissue Npay = 39 Increase in PAH compared Chietal, 20227
plasma NiealthyControl = 30 to the control.
MMP-10 IPAH plasma Mear = 40 No difference between groups. = Hoffmann et al, 2015
NiungbonorControl = 40
IPAH lung tissue Nipan = 20 Decrease in IPAH compared Hoffmann et al, 2015
NiungbonorControl = 22 to the control.
Npan = 48
C?IA!F—"H nnUEPH :7223 Increase in PH groups (PAH,
MMP-12 HFpEF-PH plasma nH“’E”’”j - CTEPH, HFpEF-PH, HFrEF-PH) | Arvidsson et al, 20190
- HFEF-PH =
HFEF-PH Neeroneon = 15 compared to the control.
NiealthyControl = 20
MMP-19 |PAH lung tissue Nipart = 20 Increase in IPAH compared Hoffmann et al, 20152
NiungbonorControl = 22 to the control.

APAH - associated pulmonary arterial hypertension; PAH-CHD - congenital heart disease pulmonary arterial hypertension; CPTE - chronic pulmonary

thromboembolism; CTEPH — chronic thromboembolic pulmonary hypertension; CVD-PAH - collagen vascular disease pulmonary arterial hypertension;
DPAH - drug- and toxin-associated pulmonary arterial hypertension; HF-NON-PH — heart failure without pulmonary hypertension; HFpEF-PH — pulmonary
hypertension due to heart failure with preserved ejection fraction; HFrEF-PH — pulmonary hypertension due to heart failure with reduced ejection fraction;
HPAH — heritable pulmonary arterial hypertension; IPAH - idiopathic pulmonary arterial hypertension; PAH-CTD — pulmonary arterial hypertension
associated with connective tissue diseases; PAH-SSc — systemic sclerosis-associated pulmonary arterial hypertension; PH - pulmonary hypertension;
PH-COPD - chronic obstructive pulmonary disease-associated pulmonary hypertension; PH-LHD — pulmonary hypertension due to left heart disease;
PPHTN — portopulmonary hypertension; SLE-PAH — systemic lupus erythematosus-associated pulmonary arterial hypertension.
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Tissue inhibitors
of metalloproteinase

Tissue inhibitor of metalloproteinase 1

Tissue inhibitors of metalloproteinase 1 (TIMP-1) have
been shown to exhibit multiple functions in regulating
biological processes such as cell growth, apoptosis and
differentiation.®! Independent of its metalloproteinase in-
hibitory activity, it exerts these effects through the activa-
tion of p38, mitogen-activated protein kinase and c-Jun
N-terminal kinase.®? The inhibitor suppresses the activity
of most MMPs.® Furthermore, plasma TIMP-1 correlates
with markers of left ventricular diastolic filling and serves
as a potential noninvasive marker of fibrosis.®* Notably, its
circulating concentrations increase with age and are higher
in males, individuals who smoke and those with diabetes.3>
While TIMPs exhibit limited specificity towards individ-
ual MMPs, TIMP-1 preferentially binds to MMP-9,%¢ and
their levels indicate a positive correlation.®”

Higher concentrations of circulating TIMP-1 have been
reported in the blood of PAH patients compared to age- and
sex-matched healthy controls.?>7488 In a subset of patients
with PAH-CTD and PAH-CHD, circulating levels of TIMP-1
were high but did not differ significantly from those in indi-
viduals with idiopathic, hereditary and anorexigenic PAH.™
In a study focusing on patients with limited systemic scle-
rosis (ISSc), increases in TIMP-1 were found compared
to healthy controls. It is worth emphasizing that the concen-
tration of this molecule was higher in ISSc patients with PAH
(PAH-1SSc) compared to those without PAH, underscoring
its relevance as a biomarker for PAH-1SSc.%

An imbalance between MMP and TIMP was identified
in cultured PASMCs derived from patients with IPAH
through increased expression of TIMP-1. Immunostain-
ing for this compound was observed in pulmonary arteries
obtained from both control individuals and patients with
IPAH. Furthermore, the same study showed a reduction
in MMP-3 expression. This imbalance between MMP-3
and TIMP-1 may be responsible for promoting ECM accu-
mulation.”® Notably, a significant correlation was observed
between TIMP-1 and PAWP as well as the 6MWD. TIMP-1
plasma concentrations also increased with the rising New
York Heart Association (NYHA) functional class. More-
over, patients with TIMP-1 plasma circulating levels above
the median exhibited significantly lower 5-year survival and
a higher risk of death compared to those with concentra-
tions below the median. This molecule demonstrates prog-
nostic potential in the described cohort.®? In opposition
to previous results, MMP-2/TIMP-1 and MMP-9/TIMP-1
ratios did not correlate with hemodynamic or clinical pa-
rameters, such as mPAP, PAWP, CI, or PVR, in IPAH pa-
tients.”® Multianalyte profiling analysis revealed increased
circulating TIMP-1 levels in both IPAH and non-IPAH pa-
tients compared to healthy controls. Variations in inhibitor
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concentrations were observed across patient subgroups,
with the highest levels detected in IPAH patients.®* In con-
trast to the aforementioned studies, TIMP-1 expression
was reduced in the intima and media of pulmonary artery
profiles from IPAH patient lungs, and its blood levels did
not differ significantly between PAH patients and healthy
volunteers.>? In the intima+media of IPAH vessels, collagens
(COL4A5, COL14A1 and COL18A1), MMP-19 and a dis-
integrin and metalloprotease (ADAM) 33 were higher ex-
pressed, whereas MMP-10, ADAM17, TIMP1, and TIMP3
were less abundant.

Tissue inhibitor of metalloproteinase 2

Tissue inhibitor of metalloproteinase 2 (TIMP-2) is con-
stitutively expressed in most tissues, but it is not inducible
by growth factors.’ This inhibitor exhibits antiangiogenic
and antiapoptotic activities.? In addition to inhibiting
most MMDPs, it also suppresses a disintegrin and metal-
loproteinase 12 (ADAM12).°! A key function of TIMP-2
is its participation in the formation of the ternary complex
responsible for proMMP-2 activation at the cell surface.”?

In IPAH, no significant alterations in TIMP-2 expression
were detected in cultured PASMCs; however, increased
TIMP-2 transcript expression was observed in PASMCs
from IPAH patients compared to controls.’! Moreover,
no differences in TIMP-2 expression were found between
the lung tissue of patients with IPAH and the control
group.>? In a study focused on patients with 1SSc, RT-PCR
confirmed an increased expression of 9 genes, including
TIMP-2, in PAH-1SSc patients. A significant difference
in TIMP-2 expression was noted between the PAH-1SSc
and ISSc without PAH samples, which persisted between
these groups even after excluding patients with extensive
pulmonary fibrosis or mildly elevated pulmonary capillary
wedge pressure. This suggests that these PAH biomarkers
are not primarily caused by pulmonary fibrosis or HE.%

Tissue inhibitor of metalloproteinase 3

Tissue inhibitor of metalloproteinase 3 (TIMP-3)
is distinguished by its ability to bind directly to ECM
proteins, potentially stabilizing MMP-TIMP complexes
within the interstitial space.?? It has the broadest range
of substrates, including MMPs,'**% as well as several AD-
AMs: ADAM-17 (TNF-a-converting enzyme),'”” ADAM-
10, ADAM-12,° and a disintegrin and metalloproteinase
with thrombospondin motifs (ADAMTSs): ADAMTS-4
and ADAMTS-5.* An increase in TIMP-3 levels and
the quantity of this protein in lung tissue from patients
with IPAH has been observed compared to normal
lung tissue. The majority of MMP inhibitor expression
in the lungs is likely attributable to SMCs of the bronchi
and pulmonary artery, as well as adult pulmonary fibro-
blasts. TIMP-3 expression has also been documented
in lung ECs, ECs from placental microvessels and umbilical
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veins, and non-adherent blood-derived cell lines.”> In con-
trast to these findings, significantly lower gene expression
of the aforementioned inhibitor was reported in the peri-
vascular tissue of IPAH patients.”> TIMP3 expression was
significantly lower in perivascular tissue of IPAH patients.

Tissue inhibitor of metalloproteinase 4

Tissue inhibitor of metalloproteinase 4 (TIMP-4)
is the largest identified human MMP inhibitor®® and has
been associated with inflammation in cardiovascular dis-
ease, suggesting its potential role as a systemic biomarker
of vascular inflammatory activity. Beyond its ability to in-
hibit MMPs, TIMP-4 also suppresses ADAM28.%7 Elevated
circulating TIMP-4 levels have been observed in patients
with increased pulmonary artery systolic pressure mea-
surements on echocardiography among patients with SSc,
where pulmonary artery systolic pressure is considered
elevated if it reaches or exceeds 40 mm Hg.%®

In healthy individuals, plasma TIMP-4 concentrations are
not influenced by sex or age.®® Schumann et al. confirmed
that plasma TIMP-4 concentrations were significantly el-
evated in PH patients compared with healthy age- and sex-
matched volunteers. The remodeling biomarkers, includ-
ing TIMP-4, were not statistically significantly different
between PAH and other forms of PH.®! The concentration
of the metalloproteinase inhibitor was significantly higher
in patients with PAH compared to the control group.®® This
contradicted findings by Tiede et al., where mean circulating
levels of TIMP-4 in plasma were notably lower in patients
with IPAH compared with non-PH controls and patients
with PH-LHD.®? These discrepancies may be attributable
to differences in study populations; the first cited included
both IPAH and PAH-SSc patients. Additionally, TIMP-4
exhibited modest yet significant correlations with mPAP,
PAWP, PVR, and 6MWD,% and its elevated concentrations
are associated with unfavorable prognosis in PAH.®®> No
differences in TIMP-4 expression were found in the pul-
monary arteries between IPAH patients and the control
group.®? Within a subgroup selected from the previously
mentioned cohort,®? the MMP2/TIMP-4 ratio was assessed,
which showed a notable correlation with mPAP, PVR, es-
timated glomerular filtration rate (eGFR), and tricuspid
annular plane systolic excursion, while MMP9/TIMP-4
showed significant correlation with mPAP and eGFR. More-
over, MMP2/TIMP-4 demonstrated considerable results
in the ROC analysis predicting death and cardiovascular
events.””

ADAM, ADAMTS and ADAMTSL

The equilibrium between ECM degradation and remod-
eling is regulated not only by MMPs but also by a disinte-
grin and metalloproteinases (ADAMs) and ADAMTSs,*?
which are proteases closely related to MMPs.?” These
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molecules carry MMP and disintegrin-like domains,
giving them the properties of both proteases and adhe-
sion molecules.!%1% Crucially, they can also be inhib-
ited by TIMPs.!* ADAMTSS8 has been implicated in PAH
pathogenesis and RV failure, along with the expansion
of PASMCs, ECM remodeling and endothelial dysfunction
in an autocrine/paracrine manner.1%2

In a cohort of patients with IPAH, no significant dif-
ferences in ADAMTSI1 and ADAMTSI13 expression were
observed when compared to healthy volunteers.>? Up-
regulation of ADAMTSS8 has been demonstrated in ar-
eas of a-smooth muscle actin, along with increased levels
of this compound in the lungs of patients with PAH. Fur-
thermore, RT-PCR has shown that the ADAMTSS8 gene
is more strongly expressed in PASMCs from PAH patients
(PAH-PASMCs) than in control PASMCs. Notably, no sig-
nificant difference in the expression of this protease was
observed between control pulmonary artery endothelial
cells (PAEC) and those from patients with pulmonary
arterial hypertension (PAH-PAEC). Moreover, the ex-
pression levels were comparable in both PAH-PAEC and
PAH-PASMCs.1%% These findings indicate that ADAMTS8
upregulation in PASMCs may contribute to the pathogen-
esis of PAH through PASMCs proliferation and migration,
increased MMP activity and mitochondrial dysfunction.!%?

In patients with IPAH, no differences in ADAMTS13
expression were found compared to healthy controls, al-
though the pulmonary embolism group exhibited slightly
lower concentrations. Additionally, there was no correla-
tion with sex or ethnic identity.1®* Plasma samples from pa-
tients with incidentally diagnosed untreated PAH, as well
as those with CTEPH, HFpEF, and a control population
with dyspnea or HF without PH (dyspnea/HF-non-PH),
were analyzed, alongside samples from 20 healthy controls.
In contrast to previous reports, ADAMTSI13 concentra-
tions were significantly lower in PAH patients compared
to individuals with CTEPH, HFpEF-PH, HFrEF-PH, dys-
pnea/HF-non-PH, and healthy controls. No differences
were observed between subgroups analyzing IPAH and
SSc-PAH. Furthermore, a correlation between ADAMTS13
levels and PAWP was established. The study concluded
that using a multifactorial logistic regression model, in-
corporating age- and sex-adjusted ADAMTS13 concentra-
tions, effectively differentiated PAH patients from other
dyspnea-related disease groups, achieving AUC of 0.91,
with a sensitivity of 87.5% and specificity of 78.4%.195

In a study on ADAMTSLA4, Li et al.'% confirmed that
plasma ADAMTSL4 protein concentrations were signifi-
cantly elevated in patients with IPAH and CTEPH com-
pared to healthy controls. It is noteworthy that the AUC
for ADAMTSL4 was 0.947 for the PH group (IPAH and
CTEPH combined) and 0.981 for the IPAH subgroup. Fur-
thermore, plasma ADAMTSL4 concentrations exhibited
a positive correlation with mPAP.

ADAM-10 and ADAM-17 play a critical role in the inflam-
matory response by promoting the release of pro-inflammatory
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cytokines, such as TNF-a and IL-6, from peripheral blood
macrophages and ECs.!” ADAM33 is involved in promoting
angiogenesis, as well as stimulating cell proliferation and
differentiation.'®® No changes in ADAMI0 expression were
found in the media or intima of pulmonary arteries in pa-
tients with IPAH, but a significant reduction in expression
of ADAM17 and upregulation of ADAM33 was observed.>
Additionally, plasma ADAM33 concentrations remained un-
changed in IPAH patients compared to controls.>

Table 2 provides a summary of the studies examining
the potential role of TIMPs as biomarkers in PAH. It out-
lines the PAH subtype investigated and the corresponding
number of patients included in each study.

Discussion

The described compounds offer promising possibilities
for more advanced diagnosis and for assessing prognosis
in this challenging condition. Metalloproteinases exert
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a fundamental role in the pathogenesis of PAH through
ECM remodeling. The concentrations of specific MMPs
differ significantly between PAH patients and healthy
individuals. Particularly, MMP-2, MMP-7 and MMP-9
exhibit considerable prognostic potential, which may help
in clinical decisions in the future. Furthermore, TIMP-1
and TIMP-2, when assessed in conjunction with a panel
of 7 additional circulating proteins, have been shown to ef-
fectively identify PAH patients at high risk of mortality.!%®
A potential biomarker, it can refer not only to the concen-
tration of a particular molecule but also to their proportion
to one another, for instance, MMP-2/TIMP-4 and MMP-9/
TIMP-4, which correlate with clinical outcomes. In addi-
tion, manuscripts have shown differences in biomarker
concentrations between PAH and other causes of PH.
These findings, along with comparisons of biomarker con-
centrations between PAH and other causes of PH, have
been drawn from Table 1 and Table 2, which summarize
and contrast the referenced studies. Notably, the small
sample sizes in many studies, an inherent limitation given

Table 2. Summary of research on tissue inhibitor of metalloproteinases (TIMPs), A disintegrin and metalloproteinase (ADAM) and ADAM with
thrombospondin motifs (ADAMTS) concentrations in pulmonary arterial hypertension (PAH)

Reference

Change in concentration

Increase in IPAH compared Lepetit et al, 2005°"

Molecule Studied groups Sample Group size
IPAH lung tissue Mpan = 5
NLungCancerControl = 6
Nipar = 40
IPAH lasma
b NLungDonorControls = 40
IPAH lung tissue M = 20
NLungDonorControls = 22
IPAH o :fo
PAH-CTD lasma r:AHUD:43
CTEPH p N CTEPH i I
PH-LHD PHLHD ™
NNon-PHControl = 44
Nipan = 58
IPAH NHpaH = 5
HPAH NpaH-sSc = 15
TIMP-1 PAH-SSc lasma N epaH = 3
PPHTN P Neprmy = 13
DPAH NppaH = 6
PAH-CHD NpAH-CHD = 5
NHealthyControl = 51
IPAH
anorexigen- Npapy = 68
associated PAH plasma NHealthyControl = 37
HPAH
IPAH lasma nnIPAH ) ]—23
CTD-PAH p CTD-PAH —
NHealthyControl = 10
N.parIsse = 15
PAH-ISSc plasma Nissc-nopar = 21
NHealthyControl = 10
IPAH lung tissue Man = 5
NiungCancerControl = 6
) Nipar = 20
IPAH lung tissue
TIMP-2 9 NLungDonorControls = 22
Npar-sse = 15
PAH-ISSc plasma Nissc-nopaH = 21
NHealthyControl = 10

to the control.
No difference between groups.
Decrease in IPAH compared

to the control.

Increase in PAH-CTD compared
to the CTEPH and control.

Increase in PAH groups (IPAH, HPAH,
PAH-SSc, PPHTN, DPAH, PAH-CHD)
compared to the control.

Increase in PAH (IPAH, HPAH,
anorexigen associated PAH)
compared to the control.

Increase in PAH (IPAH, CTD-PAH)
compared to the control.

Increase in PAH-ISSc compared
to the ISSc-noPAH and control.

No difference between groups.

No difference between groups.

Increase in PAH-ISSc compared
to the ISSc-noPAH and control.

Hoffmann et al,,
2015

Hoffmann et al.,
2015%

Tiede et al,, 201652

Karamanian et al.,
2014%

Safdar et al,, 201474

Fenster et al,, 201688

Pendergrass et al.,
2010%

Lepetit et al., 2005°"

Hoffmann et al.,
2015%

Pendergrass et al.,
2010%°
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Table 2. Summary of research on tissue inhibitor of metalloproteinases (TIMPs), A disintegrin and metalloproteinase (ADAM) and ADAM with
thrombospondin motifs (ADAMTS) concentrations in pulmonary arterial hypertension (PAH) — cont.

Molecule Studied groups Sample Group size Change in concentration EE e
) Nipap = 20 Decrease in IPAH compared Hoffmann et al,,
TIMP=3 IPAH lung tissue NiungDonorControls = 22 to the control. 20152
IPAH lung tissue Mear = 4 e ezse (n 175 comipzra Edgar et al,, 2006%
NHealthyControl = 4 to the control.
IPAH lung tissue Mear = 20 No difference between groups. HoffmannSzet al,
NiungbonorControls = 22 2015
Npan = 48
C?@EH nnUEPH =_2§3 Increase in PAH and PH groups Arvidsson et al
plasma HeERe (CTEPH, HFpEF-PH, HFrEF-PH) Letal,
HFpEF-PH Mgy = 36 compared to the control 2l
HFrEF-PH Nuenonen = 15 P :
NHealthyControl = 20
Nipan = 16
TIMP-4 IPAH =3
APAH n -5 Increased in PH groups (IPAH, APAH, Schumann et al
group 2 PH plasma nG’OUDZPH : 1 group 2 and 3 PH, CTEPH) compared 50106 K
group 3 PH nG'OUDBPi;] to the control.
CTEPH CrEPH =
NHealthyControl = 44
IPAH e :ﬁz
PAH-CTD PAFCTD Decrease in IPAH compared . o
CTEPH Flaste :CTEPH _f; to the non-PH control and PH-LHD. Tiede etal, 2016
PH-LHD PO =
NNon-PHControl = 44
ADAMTS1 IPAH lung tissue Near = 20 No difference between groups. Hoffmannszet al,
NiungbonorControls = 22 2015
ADAMTSS PAH lung tissue Meart = 6 ImgEzEe In [PAIS compaied Omura et al, 2019102
NControlPASMCs = O to the control.
IPAH lung tissue Mear = 20 No difference between groups. HoffmannSzet al.,
NiungbonorControls = 22 2015
CTEPH Ncrepry = 208
CTED lasma r;CTED_:SS No difference between IPAH and Newnham et al,,
IPAH P R, the control. 201910
PE PE —
NHealthyControl = 68
=21
ADAMTS13 e
IPAH FPAH =
FPAH Near-sse = 21
PAH-SSC Near-cTo = 4 Decrease in PAH (IPAH, FPAH,
PAH-CTD lasma Nerepy = 20 PAH-SSc, PAH-CTD) compared Ahmed et al.,
CTEPH P NHFper-pH = 31 to the CTEPH, HFpEF-PH, HFrEF-PH 20211
HFpEF-PH nHr:rEF—PH:836 and control.
HFrEF-PH e
HFpEF =
NHealthyControl = 20
ADAMTSL4 IPAH plasma Meas = 8 Iidteese i (2 comigei e Li et al, 2023106
NHealthyControl = 9 to the control.
ADAM10 IPAH lung tissue Near = 20 No difference between groups. Hoffmannszet al,
NiungbonorControls = 22 2015
) Nipay = 20 Decrease in IPAH compared Hoffmann et al,,
ADAMTZ IPAH luing sEste Murepaisi@amias = 22 to the control. 2015°2
) Nipapy = 20 Increase in IPAH compared Hoffmann et al,,
ADAM33 IPAH lung tissue NiungDonorControls = 22 to the control. 2015°2
IPAH plasma N = 40 No difference between groups. Hoffmannszet el
NLungDonorControls = 40 2015

APAH - associated pulmonary arterial hypertension; PAH-CHD - congenital heart disease pulmonary arterial hypertension; CPTE — chronic pulmonary

thromboembolism; CTEPH — chronic thromboembolic pulmonary hypertension; CVD-PAH - collagen vascular disease pulmonary arterial hypertension;
DPAH - drug- and toxin-associated pulmonary arterial hypertension; HF-NON-PH — heart failure without pulmonary hypertension; HFpEF-PH — pulmonary
hypertension due to heart failure with preserved ejection fraction; HFrEF-PH — pulmonary hypertension due to heart failure with reduced ejection fraction;
HPAH — heritable pulmonary arterial hypertension; IPAH - idiopathic pulmonary arterial hypertension; PAH-CTD — pulmonary arterial hypertension
associated with connective tissue diseases; PAH-SSc — systemic sclerosis-associated pulmonary arterial hypertension; PH - pulmonary hypertension;
PH-COPD - chronic obstructive pulmonary disease-associated pulmonary hypertension; PH-LHD — pulmonary hypertension due to left heart disease;
PPHTN - portopulmonary hypertension; SLE-PAH — systemic lupus erythematosus-associated pulmonary arterial hypertension.
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the rarity of PAH, present challenges in formulating clini-
cally valid conclusions. Furthermore, a significant propor-
tion of investigations have relied on lung tissue samples,
restricting the practical application of potential biomark-
ers due to the invasive nature of tissue sampling. Future
research should prioritize less-invasive biomarkers to fa-
cilitate broader clinical implementation.

Phenotypic switching, which plays a unique and pivotal
role in the initiation of PAH, is considered a critical early
marker of pulmonary vascular remodeling and disease
progression.?8 Identifying biomarkers capable of capturing
the onset of PAH could enable risk stratification and facili-
tate earlier therapeutic intervention. Emerging therapies,
such as sotatercept, have been shown to improve quality
oflife and potentially extend survival in patients with PAH.
A delay of 2 years in initiating sotatercept therapy could
result in a loss of 4.1 life years per patient,!'° underscoring
the essential requirement for early diagnosis and treatment
initiation.

Advancements in the understanding of MMPs and their
inhibitors have contributed to the identification of novel
therapeutic targets for PAH. Lercanidipine, a vasoselec-
tive dihydropyridine calcium channel blocker, has dem-
onstrated potential clinical benefits in PAH by reducing
serum MMP-9 levels and improving survival without af-
fecting proMMP-2 activity or TIMP-1 levels.!'! Meanwhile,
the endogenous elastase inhibitor — elafin — has been pos-
tulated to exert protective effects against PAH by sup-
pressing MMP-9 activity. Experimental models of PAH
have consistently shown increased elastase activity, and
elafin is now progressing through clinical evaluation, with
initial trials assessing its safety and tolerability in healthy
volunteers.'?

Limitations

Our analysis was limited to 2 databases, which may
have restricted the number of studies identified. However,
PubMed and Scopus are the 2 largest databases primar-
ily focused on medical research, ensuring broad coverage
of relevant literature. The screening process was conducted
independently by 2 reviewers, who subsequently compared
the included studies, thereby minimizing the risk of selec-
tion bias. All studies meeting the inclusion criteria were
considered, which resulted in variability in sample sizes
and PAH subtypes included. These differences were sys-
tematically presented in tables, allowing for a more objec-
tive comparison of the reported findings.

Conclusions

These findings highlight the pivotal role of MMP-re-
lated pathways in the pathophysiology of PAH and suggest
that targeted modulation of these mechanisms may offer
promising therapeutic avenues. However, to determine
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the clinical applicability of MMP-targeted therapies and
their potential to alter disease progression, rigorous evalu-
ation through prospective, controlled trials is essential.
Large-scale studies are required to validate these initial
observations, with particular emphasis on the standard-
ization of biomarker measurement protocols — includ-
ing sample collection, processing and analytical methods
— to ensure reproducibility and comparability across re-
search settings. As our understanding of PAH deepens,
the integration of validated biomarker assessments into
clinical practice may enhance patient outcomes through
more precise, personalized therapeutic strategies.
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Abstract

(ongenital heart disease (CHD) remains the foremost cause of mortality in children under 20 years of age.
Given their ease of harvest, robust proliferative capacity and multilineage differentiation potential, stem cells
(SCs) have emerged as a promising therapeutic alternative. In particular, mesenchymal stem cells (MSCs)
derived from Wharton’s jelly in the umbilical cord, i.e., an abundant byproduct of childbirth, especially in low-
and middle-income settings, can be induced toward a cardiomyocyte lineage, making them an attractive
cell source for cardiac regeneration. Although MSCs can be directed toward a cardiomyocyte lineage using
growth factors or chemical cues, most in vitro-differentiated cells remain developmentally immature, with
only a small fraction achieving the structural, functional and metabolic maturity required for therapeutic
use. In resource-limited laboratories, the primary challenge is to develop a simple, cost-effective protocol
thatreliably differentiates MSCs into structurally, functionally and metabolically mature cardiomyocytes. This
review presents a streamlined, cost-effective in vitro differentiation protocol for umbilical-cord MSCs into
cardiomyocytes, designed for laboratories with minimal resources, involving 3 sequential stages. First, induce
cardiac mesoderm commitment by treating umbilical cord-derived MSCs (UGMSCs) with 5-azacytidine
(5-Aza) or bone morphogenetic protein (BMP). Next, specify cardiac progenitor cells by adding a Wnt-
pathway inhibitor (e.g., IWP-2). Finally, drive cardiomyocyte maturation by supplementing the culture with
insulin-like growth factors (IGFs). In laboratories lacking complex bioreactors, seeding the cells onto a simple
biocompatible scaffold, such as a collagen or fibrin hydrogel, can further boost differentiation efficiency and
promote tissue-like organization.

Key words: cardiomyocyte, cell- and tissue-based therapy, differentiation, growth factor, mesenchymal
stem cells
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Highlights

that mirror in vivo cardiac development.

immature cardiomyocytes.

tory conditions.

« Invitro cardiomyocyte differentiation of pluripotent/multipotent stem cells progresses through sequential stages
+ Key stages include cardiac mesoderm, cardiac progenitor cells, and immature and mature cardiomyocytes.
«+ A simple, low-cost differentiation protocol for resource-limited laboratories uses 5-Aza or BMP-2 to induce car-

diac mesoderm, a Wnt inhibitor to promote cardiac progenitors, and insulin-like growth factor (IGF) to generate

+ A hybrid scaffold is recommended to support in vitro cardiomyocyte maturation under limited-resource labora-

Introduction

Cardiovascular disease is the leading cause of death
worldwide, accounting for 17.9 million deaths annually.!
Congenital heart disease (CHD) is the most common cause
of mortality in children and adolescents under 20 years
of age. A key challenge in CHD management is the heart’s
inability to regenerate cardiomyocytes irreversibly lost after
myocardial infarction. Myocarditis and cardiomyopathy,
although typically acquired rather than congenital, are im-
portant contributors to pediatric heart disease, affecting ap-
prox. 1in 100,000 individuals under 20 years of age. Struc-
tural cardiac malformations and cardiomyopathic changes
that impair myocardial function often lead to heart failure
in this population. Although heart transplantation remains
the definitive treatment for end-stage disease, its use is se-
verely limited by the scarcity of suitable donor organs.?~*

Children with CHD experience high mortality rates
in the first 4 years of life, with few surviving to their
5t birthday owing to serious complications and comor-
bidities.® This burden falls disproportionately on low- and
lower-middle-income countries (LICs and LMICs), where
the birth prevalence of CHD continues to rise even as diag-
nostic infrastructure and trained personnel remain scarce.
Although timely surgical interventions can significantly
reduce mortality, many health systems in these regions
lack the resources required to provide them.®

However, cardiomyocytes are terminally differentiated
and possess only a limited capacity for proliferation. Be-
cause primary adult human cardiomyocytes are difficult
to obtain and embryonic stem cells (SCs) raise ethical
and biological concerns, mesenchymal stem cells (MSCs),
which are multipotent, readily available and exhibit low
immunogenicity, offer a promising alternative for cardiac
regenerative therapies.” Mesenchymal stem cells can be
harvested from a variety of tissues, including endome-
trium, placenta, dental pulp, amniotic fluid, adipose tissue,
Wharton’s jelly (from the umbilical cord), bone marrow,
and dermis, and can differentiate in vitro into osteocytes,
adipocytes, neurons, chondrocytes, and cardiomyocytes.°
Wharton’s jelly is especially attractive as an MSC source
because it is readily available as medical waste, facilitates

easy isolation and expansion, and exhibits a high prolifera-
tive capacity, making it particularly valuable for cardiac
regenerative applications in LICs and LMICs.

Functionally mature cardiomyocytes display spontane-
ous contractile activity in vitro, a property that is essen-
tial for modeling cardiac pathophysiology.}!! In addition
to serving as a research platform, these cells offer the po-
tential to replace damaged myocardium.!? Consequently,
SC-based therapies, chosen for their accessibility, robust
proliferative capacity and multilineage differentiation po-
tential, are under investigation as novel approaches for
cardiac regeneration.’

Similar to the in vivo procedure, MSCs can differentiate
into cardiomyocytes in vitro with initial induction towards
the mesoderm, cardiac progenitor cells or pre-cardioblasts,
immature cardiomyocytes or cardioblasts, and mature
cardiomyocytes.!? Several studies show that the MSCs can
develop into cardiomyocytes in vitro by showing the ex-
pression of specific markers like cardiac troponin I (cTnl),
cardiac troponin-T (cITnT), desmin, Nkx2.5, GATA-4, and
connexin 43 (Cx43).1*15 The cells grow in combination
on a biomaterial scaffold with the proper biophysics and
chemical signaling in the triad of tissue engineering tech-
niques to generate a specific tissue.!®

Protocols for directing pluripotent SCs toward differenti-
ating into cardiomyocytes are under development. Several
approaches have been established to induce cardiomyogenic
differentiation in both induced pluripotent SCs (iPSCs) and
MSCs. Previous studies have demonstrated MSC differen-
tiation efficiencies of 20—-50%,'"%° often achieved by treat-
ing cells with the DNA demethylating agent 5-azacytidine
(5-Aza) to trigger cardiomyogenic commitment.?%2!

Although protocols for differentiating MSCs into cardio-
myocytes are rapidly advancing, their broader application
is hindered by a lack of standardized methodologies across
research laboratories.?> Moreover, current differentiation
protocols yield predominantly immature cardiomyocytes,
with only a small fraction achieving the structural, functional
and metabolic maturity required for therapeutic applications.

Therefore, the biggest hurdle for laboratories with lim-
ited resources is to find a simple and cost-effective method
for differentiating MSCs into mature cardiomyocytes. This
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method should use accessible reagents, rely on a sustain-
able in-house differentiation medium and maintain opti-
mal efficiency.

Objectives

This article aims to provide a simple protocol for dif-
ferentiating the umbilical cord MSCs into cardiomyocytes
in a laboratory with limited resources.

Materials and methods

This review is based on a comprehensive literature search
conducted in the PubMed database. We searched PubMed
(up to 2023) to identify relevant studies with the key words:
“mesenchymal stem cell*” OR “mesenchymal progenitor
cell*” OR “mesenchymal stromal cell*” AND “differentiat*”
AND “cardiomyocyte*” OR “cardiac cell*” OR “cardiovascu-
lar” OR “heart muscle cell*” AND “in vitro” NOT “in vivo”
(Table 1). Articles from the last 10 years were collected and
selected based on the recommended topic; then, inclusion
criteria were applied to filter the literature search results.
We included peer-reviewed articles published in the last
10 years indexed in PubMed using relevant key words for
MSC-to-cardiomyocyte differentiation, and excluded stud-
ies that did not employ defined induction factors. The initial
search retrieved 86 articles; after title and abstract screening,
63 were deemed irrelevant, leaving 23 for full-text review.
Six of these failed to meet our inclusion criteria, resulting
in 17 studies ultimately incorporated into this analysis (Fig. 1).

Results

Mesenchymal stem cells can be directed in vitro to dif-
ferentiate into mesoderm-derived lineages such as car-
diomyocytes by applying tailored cocktails of growth fac-
tors and small molecules that mimic cardiac development
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Fig. 1. Study selection process

signals. Commonly used inducers include basic fibroblast
growth factor (bFGF), salvianolic acid B, transforming
growth factor-p1 (TGEF-P1), vascular endothelial growth
factor (VEGF), insulin-like growth factor 1 (IGF-1), bone
morphogenetic protein 2 (BMP-2), demethylating agent
5-Aza, neuregulin-1 (NRG-1), forskolin, angiotensin II
(Ang-1II), and an oligosaccharide extract of Rehmannia
glutinosa (RGO). Each component contributes to cardiac
mesoderm specification, activation of cardiogenic gene
networks, and promotion of structural and functional
maturation (Table 2,3).17-19.23-37

Table 1. In vitro differentiation of mesenchymal stem cells (MSCs) into cardiomyocytes

No. | Query | Results
((mesenchymal stem cell*[Title/Abstract]) OR (mesenchymal progenitor cell*[Title/Abstract])) OR (mesenchymal stromal
1 ) 23,065
cell*[Title/Abstract])
2 differentiat*[Title/Abstract] 176,624
(((cardiomyocyte*[Title/Abstract]) OR (cardiac cell*[Title/Abstract])) OR (cardiovascular[Title/Abstract])) OR (heart muscle
3 y 143,836
cell*[Title/Abstract])
4 in vitro[Title/Abstract] 267,786
5 in vivo[Title/Abstract] 216,999
(((((tmesenchymal stem cell*[Title/Abstract]) OR (mesenchymal progenitor cell*[Title/Abstract])) OR (mesenchymal stromal
cell*[Title/Abstract]) AND ((y_10[Filter]) AND (datal[Filter]))) AND (differentiat*[Title/Abstract] AND ((y_10[Filter]) AND
6 (data[Filter))))) AND ((((cardiomyocyte*[Title/Abstract]) OR (cardiac cell*[Title/Abstract])) OR (cardiovascular[Title/Abstract])) OR 86
(heart muscle cell*(Title/Abstract]) AND ((y_10[Filter]) AND (data[Filter])))) AND (in vitro[Title/Abstract] AND ((y_10[Filter]) AND
(datafFilter])))) NOT (in vivo[Title/Abstract] AND ((y_10[Filter]) AND (data[Filter])))
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Table 2. In vitro differentiation of mesenchymal stem cells (MSCs) into cardiomyocytes — induction factor

Source Induction factor
No. Other treatment Authors, year
of MSCs | 5-Aza | bFGF | Ang-Il BMP-2 | Sal-B | VEGF RGO | forskolin | neuregulin-1
17
1| ratBM-MSCs | ¥ J - HO;(‘;t;"
) mice J B Lietal'®
AD-MSCs 2013
19
3 rat BM-MSCs Vv - vaeoaasL
porcine ~ Subbarao et al.
4 EMSGs v v 2019
rat olfactor coculture with Huang et al.*
5 / J J v
bulbs cardiomyocyte 2013
25
6 | ratBM-MSCs | J - Wanzgoféa"
7 human J N Zhu et al.?’
UC-MSCs 2015
8 human J B Yu et al.?®
BM-MSCs 2016
nano-sized Kang et al.?
9 | ratBMMSCs | collagen | molecules 2013
BM-MSCs of Liu et al >
10 | Mongolian V - 2014
sheep
H 31
11 ratBM-MSCs - Sh'zgﬁ 2"
human Song et al.*?
12 AD-MSCs v v v N 2013
33
13 | rat BM-MSCs \ \ = vae(;a;.
human Sekula et al >
14 eMSCs V V scaffold 5021
human Nimsanor et al>>
5 wimses |V M0, 2017
electrical He et al.*®
16| ratBM-MSCs v stimulation (ES) 2019
MethoCult GF Zhao et al?’
17| rat AD-MSCs M3534 +Y-27632 2014

AD-MSCs — adipose tissue; Ang-Il — angiotensin Il; bFGF — basic fibroblast growth factor; BM-MSCs — bone marrow mesenchymal stem cells; BMP-2 — bone

morphogenetic protein 2; cTnl - cardiac troponin |; cTnT — cardiac troponin T; Cx43 — connexin-43; EMSCs — endometrial mesenchymal stem cells;
hUCGMSCs — human umbilical cord mesenchymal stem cells; IGF-1 — insulin-like growth factor 1; MEF-2C — myocyte-specific enhancer factor 2C;

MHC — myosin heavy chain; RGO — Rehmannia glutinosa oligosaccharide; Sal-B — salvianolic acid B; TGF-31 — transforming growth factor-31; VEGF — vascular
endothelial growth factor; WJ-MSCs — Wharton's jelly mesenchymal stem cells; 5-Aza — 5-azacytidine.

Cardiovascular diseases in children

Congenital heart disease may result from a septal de-

fect — such as an atrial or ventricular septal defect — that
allows abnormal shunting of blood between the heart
chambers. It can also arise from a patent ductus arteriosus,
in which the fetal vessel connecting the pulmonary artery
to the aorta fails to close after birth. Other forms include
anomalous pulmonary venous return and transposition
of the great arteries, where the aorta and pulmonary artery
are reversed in position.*!

Congenital heart disease spans a spectrum from as-
ymptomatic, mild lesions — often undetected on routine
physical examination — to critical defects that present
immediately after birth and require urgent intervention.

The most common form of CHD is the non-cyanotic
type, which presents without cyanosis and typically
arises from an intracardiac septal defect that creates
a left-to-right shunt. In this condition, a gap in the sep-
tum allows oxygenated blood to flow from one heart
chamber to another.® Congenital heart disease results
from disrupted cardiac morphogenesis during early ges-
tation — typically around the 6" week — when the fetal
heart and great vessels are forming. It remains the lead-
ing cause of mortality among newborns with congenital
anomalies. 3940
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Table 3. In vitro differentiation of mesenchymal stem cells (MSCs) into cardiomyocytes — markers

Source Marker
No.
of MSCs | GATA-4 | MEF-2C | Nkx2.5 | MHC Cx43
1 | rat BM-MSCs v
mice
2 AD-MSCs v v
3 rat BM-MSCs N \
4 porcine
EMSCs
rat olfactory
5 bulbs v v V v
6 rat BM-MSCs N
5 human
UC-MSCs
human
8 BM-MSCs v v
9 | ratBM-MSCs V Vv V
BM-MSCs of
10 Mongolian N N
sheep
11 | rat BM-MSCs v Vv
human
12 AD-MSCs v v
13| rat BM-MSCs v v v
human
4 UC-MSCs v v
human
1 WIMSCs v v
16 | rat BM-MSCs v
17 | rat AD-MSCs V v v

Beating
desmin | of cells

Hou et al.!”
v 2013

Authors, year

cTnT cTnl

a-actin

Lietal'®
v 2013

Lvetal'®
v v 2018

J Subbarao et al.”?
2019

Huang et al.*
2013

Wang et al®
2016

Zhuetal?’
v 2015

Yu et al.?®
v v 2016

Kang et al.®®
2013

Liu etal
2014

Shi et al®'
2016

Song et al.*?
2013

Lvetal?®
v v 2017

J Sekula et al >
2021

Nimsanor et al 3
2017

He et al*°
v 2019

J Zhao et al*’

v v 2014

AD-MSCs — adipose tissue; Ang-Il — angiotensin Il; bFGF — basic fibroblast growth factor; BM-MSCs — bone marrow mesenchymal stem cells; BMP-2 — bone
morphogenetic protein 2; cTnl — cardiac troponin I; cTnT — cardiac troponin T, Cx43 — connexin-43; EMSCs — endometrial mesenchymal stem cells;
hUCGMSCs — human umbilical cord mesenchymal stem cells; IGF-1 — insulin-like growth factor 1; MEF-2C — myocyte-specific enhancer factor 2C;

MHC - myosin heavy chain; RGO — Rehmannia glutinosa oligosaccharide; Sal-B — salvianolic acid B; TGF-31 — transforming growth factor-f1; VEGF — vascular
endothelial growth factor; WJ-MSCs — Wharton's jelly mesenchymal stem cells; 5-Aza — 5-azacytidine.

While subtle cases can go unnoticed without imaging, ad-
vances in echocardiography now enable reliable detection
of most septal defects, patent ductus arteriosus, anomalous
pulmonary venous return, and transposition of the great
arteries, facilitating timely diagnosis and management.?

The mortality rate among CHD patients is highest
during the 1% year of life.*> The LICs and LMICs are es-
pecially impacted, and congenital disabilities have been
related to increased newborn mortality rates. The birth
prevalence of CHD is increasing in LICs and LMICs, and
there is substantial evidence that surgery reduces the dis-
ease burden. In many LICs and LMICs, the identification
of CHD is hampered by under-resourced health systems
and a shortage of trained personnel.®

Current management of CHD

Treatment of CHD aims to correct anatomic defects and
manage their sequelae. Intervention should be undertaken
at the earliest feasible opportunity, with surgical repair
representing the standard of care. However, not all patients
are candidates for corrective surgery.*® The following strat-
egies may be employed in CHD management:

Drug usage
Medication regimens, including p-blockers, diuret-

ics, prostaglandins, digoxin, and sacubitril, are tailored
in dose and timing to the specific cardiac lesion to reduce
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myocardial workload and enhance ventricular function.**
When bradyarrhythmias or conduction defects impair
cardiac output, implantation of a pacemaker or implant-
able cardioverter-defibrillator provides essential rhythm
support and helps prevent complications associated with
congenital conduction abnormalities.*

Catheter-based interventions

Catheter-based interventional cardiology enables the re-
pair of CHD without open surgery. Under fluoroscopic
and echocardiographic guidance, a thin, flexible catheter
is introduced — typically via the femoral vessels — and navi-
gated to the cardiac lesion. Once in position, specialized
devices (such as balloons, occlusion plugs or stents) are de-
livered through the catheter to correct septal defects, re-
lieve valvular stenosis or address vascular obstructions. This
minimally invasive approach allows for avoiding surgical
incisions, minimizes tissue trauma and generally reduces
hospital stays and overall costs.*~* World Bank estimates
indicate that Asia and Africa each have fewer than 1 cardiac
catheterization laboratory per 1,000,000 inhabitants. Many
low-income African nations lack any functional cardiac
catheterization laboratory, leaving large portions of their
populations without access to essential tertiary cardiac care.®

Heart surgery

When catheter-based interventions are insufficient
to correct CHD, open-heart surgery becomes necessary.
Surgical procedures aim to repair or replace malformed
valves, enlarge constricted vessels and close intracardiac
septal defects. While coronary artery bypass grafting
(CABQG) is an example of cardiac surgery, congenital anom-
alies such as Tetralogy of Fallot and coarctation of the aorta
are routinely managed through specialized corrective op-
erations.*> However, access to cardiac surgery is often con-
strained, and most patients present late, or for the first time,
with comorbid infections, severe malnutrition and impaired
growth and development in LICs and LMICs.

Heart transplantation

If medications or other treatment options cannot resolve
the cardiac problem, a heart transplant may be the best option.
The process known as a heart transplant involves removing
adamaged heart and replacing it with a healthy donor heart.*3

There are significant differences between LICs and
LMICs and high-income countries (HICs) in terms of CHD
prevalence, status and concerns. In HICs, most children
with CHD are detected during antenatal screening, in-
fancy or childhood. Over 90% of those born with CHD sur-
vive into maturity due to available intervention facilities.
In most LMICs, CHD diagnosis relies on health systems
and specialized personnel — which remain severely limited
in the lowest-income regions.®
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Mesenchymal stem cells as a promising
strategy in congenital heart disease

Stem cells are unique cells defined by their capacity for
unlimited self-renewal, their undifferentiated state and
their ability to differentiate into multiple specialized cell
types. These characteristics make them promising candi-
dates for cell-based therapies aimed at treating degenera-
tive conditions such as diabetes mellitus, cardiovascular
disease and beyond.*

Stem cells can be broadly divided into embryonic SCs
(ESCs) and adult (somatic) SCs (ASCs). Based on their
developmental potential, they are further classified into
4 categories. Totipotent SCs — such as the zygote — can give
rise to all embryonic and extraembryonic tissues. Pluripo-
tent SCs — including ESCs and iPSCs — are capable of dif-
ferentiating into derivatives of the 3 germ layers (endoderm,
mesoderm and ectoderm) but cannot form extraembryonic
structures like the placenta or umbilical cord. Multipotent
SCs — such as MSCs and hematopoietic SCs (HSCs) — can
differentiate into a limited range of cell lineages, whereas
unipotent SCs, like renal stem/progenitor cells (RSPCs), are
restricted to producing a single specialized cell type while
still retaining the capacity for self-renewal.*”48

The ASCs consist of HSCs and MSCs. Furthermore,
MSCs are commonly isolated from cord blood, periph-
eral blood, bone marrow, and fat tissue. When cultured,
the cells will produce a cell line that morphologically
resembles a fibroblast (fibroblast-like cell). In research,
SCs can act as diagnostic cells where they can be applied
to screen new drugs and test for cell damage due to viral
infection.*”

According to the International Society for Cellular Ther-
apy, MSCs must meet 3 criteria: they must adhere to plas-
tic under standard culture conditions; they must express
CD105, CD73 and CD90 while lacking surface expres-
sion of CD45, CD34, CD14 (or CD11b), CD79« (or CD19),
and HLA-DR; and they must demonstrate the capacity
to differentiate in vitro into adipocytes, chondrocytes and
osteoblasts.?

Friedenstein et al. were the first to isolate MSCs from
mouse bone marrow, noting their fibroblast-like morphol-
ogy and plastic adherence. Subsequent studies have iden-
tified MSCs in bone marrow as well as in umbilical cord
blood, adipose tissue, peripheral blood, amniotic fluid,
Wharton’s jelly, placenta, dental pulp, and dermis. Prior
to experimental use, confluent MSC cultures — grown
as a uniform monolayer — must be passaged to maintain
optimal growth conditions.>°

Mesenchymal stem cell therapy has been shown to im-
prove cardiac function and reduce scar formation in pa-
tients with heart disease. These benefits are mediated
primarily through enhancement of endogenous repair
mechanisms, improving tissue perfusion, modulating
the immune response, inhibiting fibrosis, and promoting
proliferation of resident cardiac cells. In animal models,
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rare instances of MSC differentiation into cardiomyocytes
and vascular components have also been documented.®!

Owing to their unique properties — including differentia-
tion into cardiovascular lineages, immunomodulatory and
antifibrotic effects, and the promotion of neovasculariza-
tion — MSCs play a key role in the treatment of cardio-
vascular diseases. Autologous MSC transplantation has
been shown to be safe in patients with cardiomyopathy,
and allogeneic MSCs can likewise be administered with
minimal immunogenicity.>!

Despite these advancements demonstrating the potential
of stem cell transplantation, neither preclinical nor clini-
cal research has yet achieved complete cardiac recovery.
To reach this goal, novel cell-based treatment strategies are
required. Current research focuses on integrating MSCs
with biomaterials, employing cell combinations, applying
genetic modification, or preconditioning MSCs to enhance
the secretion of paracrine factors such as growth factors,
exosomes and microRNAs.*® Mesenchymal stem cells used
for cardiomyocyte differentiation have been isolated from
diverse sources, including Wharton’s jelly (umbilical cord),
adipose tissue, bone marrow, endometrium, and even from
olfactory bulbs of rats, mice, sheep, porcine species, and hu-
mans.'”1%23-37 During growth factor-induced cardiomyo-
genic differentiation, MSC-specific markers decline while
cardiac-specific markers are upregulated. Moreover, MSCs
derived from umbilical cord tissue differentiate into cardio-
myocytes more efficiently than those from bone marrow.>?

Mesenchymal stem cells derived from Wharton’s jelly
of the umbilical cord (UC-MSCs) represent a primary and
practical cell source. Due to their noninvasive collection
from abundant medical waste, ease of isolation and ex-
pansion, and high proliferative capacity, UC-MSCs are
particularly suitable for LICs and LMICs.*%* Moreover,
unlike ESCs, UC-MSCs are non-tumorigenic, exhibit low
immunogenicity and pose minimal ethical concerns.>>%

The application of SCs is promising in future regenera-
tive medicine.*® The human iPSC-derived cardiomyocytes
can be used as diagnostic cells, heart disease models, for
drug discovery, developmental biology, and regenerative
medicine.>” Other type of stem cells such as iPSCs, ESCs
and ASCs could be use as the source of cellular therapy
in CHD. The use of iPSCs in cardiovascular disease has
raised the risk of arrhythmogenesis, tumor growth and
immune reaction rejection. Induced pluripotent SCs can
differentiate into cardiomyocytes in vitro when exposed
to growth factors such as VEGF, bFGF, TGF-p1, BMPs,
or retinoic acid (RA).*” However, to develop into cardio-
myocytes, iPSCs must be reprogrammed from somatic
cells, which is costly and time-consuming.*8

Stem cell-based therapies hold great promise for future
regenerative medicine.* Human iPSC-derived cardiomyo-
cytes can serve as diagnostic tools, in vitro disease models,
platforms for drug discovery and developmental biology, and
ultimately as regenerative treatments.*® In addition to iPSCs,
ESCs and ASCs are valuable sources for cellular therapies
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in CHD. However, iPSC-based cardiovascular approaches
carry risks of arrhythmogenesis, tumorigenicity and immune
rejection. The iPSC differentiation into cardiomyocytes can
be driven in vitro by growth factors such as VEGF, bFGF,
TGF-B1, BMPs, or RA.» Nevertheless, reprogramming so-
matic cells into iPSCs remains costly and time-consuming.*®

Mesenchymal stem cells are a promising therapy for
CHD because they are multipotent and can differentiate
into various cell types, including cardiomyocytes. This
capacity enables them to regenerate damaged cardiac
tissue.®® Studies have shown that MSCs can reduce myo-
cardial fibrosis and improve left ventricular ejection frac-
tion (LVEF) and endothelial function without increasing
the risk of malignancy or arrhythmia. Furthermore, MSCs
from multiple sources, such as bone marrow, adipose tis-
sue, placenta, and umbilical cord, are suitable for allogeneic
use.*® Mesenchymal stem cell therapy contributes to myo-
cardial repair by promoting cardiomyocyte regeneration
and has not been associated with adverse effects on myo-
cardial integrity or tissue viability. Moreover, MSCs exert
paracrine actions that enhance cardiac function and reduce
scar burden, myocardial fibrosis and infarct size. Mesen-
chymal stem cells release a broad spectrum of bioactive
mediators — such as cytokines, growth factors, chemokines,
and microRNAs — that underpin their paracrine actions.’!

They also exhibit anti-inflammatory properties, which
can mitigate tissue injury resulting from chronic inflam-
mation, a common feature of CHD. Furthermore, MSCs
enhance angiogenesis by promoting new vessel formation,
thereby improving blood supply to ischemic myocardium.
In cell therapy applications, MSCs act as immunomodu-
lators, regulating host immune responses to minimize
the risk of graft rejection.

Mesenchymal stem cells can ameliorate myocardial in-
farction by promoting angiogenesis and neovascularization,
enhancing myocardial repair, inhibiting cardiomyocyte
apoptosis, and replacing injured cardiomyocytes. Numer-
ous phase I and II clinical trials have reported promising
results for MSC-based regenerative therapies. Key factors
in developing standardized MSC therapy protocols include
selecting the optimal cell source, standardizing preparation
procedures, determining the ideal dose and administration
route, and ensuring reproducible clinical outcomes.

The results of phase III clinical trials are crucial for
validating the therapeutic application of MSCs in car-
diovascular medicine. Preconditioning techniques have
enhanced engraftment, proliferation, differentiation, and
survival of transplanted MSCs, thereby improving thera-
peutic efficacy.>!

Signalling pathways regulating in vitro
differentiation of MSCs into cardiomyocytes

Mesenchymal stem cells are self-renewing, multipo-
tent progenitors capable of differentiating into cardio-
myocytes as well as other mesodermal lineages. In vitro,
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MSC-to-cardiomyocyte differentiation can be driven
by paracrine factors such as Wnt ligands, hepatocyte growth
factor (HGF), platelet-derived growth factor (PDGF), and
activation of Notch signaling.t¢? According to Raman
et al,, signaling pathways such as HGF, PDGF and Notch
regulate the differentiation of MSCs into cardiomyocytes.®

Cardiomyocytes, endothelial cells and vascular smooth
muscle cells (VSMCs) derive from cardiac progenitor cells
(CPCs) through migration, proliferation and differentiation
processes that are stimulated by HGF secreted by MSCs.
The Notchl receptor and HGF/Met regulate the cell fate
of CPCs. The Met tyrosine kinase receptor and HGF ac-
tivation pathways lead to the induction of ERK1/2, p38
mitogen-activated protein kinase (MAPK) and phospha-
tidylinositide-3 kinase (PI3K/Akt) activities. In the early
phases of cardiomyocyte maturation, HGF and Met recep-
tors express transcription factors and structural genes such
as Mef2C, TEFI-a, GATA-4, a-MHC, and desmin. Wnt
receptors and the hepatocyte growth factor—-immunoglob-
ulin G (HGF-IgG) complex initiate biochemical signaling
that drives epithelial-mesenchymal transition (EMT) and
subsequent differentiation into cardiomyocytes.*>¢4

The final stage of heart development, i.e., maturation,
follows mesoderm formation and cardiac progenitor cell
specification. Maturation is characterized by structural,
transcriptomic, metabolic, and functional specializa-
tion of cardiomyocytes, enabling the heart to generate
strong, efficient and enduring contractile force. Insulin-
like growth factors regulate cardiomyocyte maturation
via receptor tyrosine kinases, including the insulin-like
growth factor 1 receptor (IGF1R) and the insulin receptor
(INSR), which activate the PI3K-AKT and RAF-MEK-
ERK signaling cascades.®

In vitro differentiation of MSCs
into cardiomyocytes mimics in vivo
cardiomyogenesis

Mesenchymal stem cells differentiate into cardiomyo-
cytes only when specific signaling pathways are modulated
and the requisite combination of growth factors, small
molecules and extracellular matrix (ECM) components
is present. Thus, these factors must be administered at de-
fined concentrations and for precise durations to effec-
tively drive differentiation.®?

The differentiation of stem cells into cardiomyocytes
in vitro is similar to the process of cardiomyogenesis
in vivo. The mechanism starts from mesoderm induc-
tion, and then continues to cardiac progenitor cells or pre-
cardiomyoblasts, immature cardiomyocytes or cardiomyo-
blasts, and mature cardiomyocytes.!3%

Wnt, Activin, NODAL, and bone morphogenetic pro-
tein (BMP) signals impact early cardiomyogenesis. Several
transcription factors have a role in early cardiomyogenesis,
including Nkx2.5, GATA-4 and Tbx5. Other molecular
cues, including Wnt pathway inhibitors and differentiation
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inducers such as fibroblast growth factors (FGFs) and BMPs,
play critical roles in cardiac specification and differentia-
tion.”¢8 Differentiation towards the cardiac mesoderm lin-
eage depends on the amount and timing of certain factors,
such as BMP-4, TGF-p1, family member Nodal (or Activin
A as a substitute of Nodal), and Wnt modulators.®”68

During embryonic development, Wnt has a biphasic
form, inhibiting cardiac induction at later stages and pro-
moting cardiac gene expression at the early stage of me-
soderm formation.®® Previous research showed that 5-Aza
and Sal-B can improve early mesodermal commitment
by increasing Wnt/( signaling.””! Even though Wnt plays
a role in differentiation to early cardiomyocyte, the lat-
est study has shown that adding Wnt inhibitors (such
as IWR-1, IWP-3 or XAV939) enhanced cell differentiation
in the late-phase of differentiation to the cardiac progeni-
tor cell stage.?? The administration of neuregulin, fibro-
blast growth factor 1 (FGF-1), IGF-1, and periostin peptide
can be used to promote postnatal cardiomyocyte cycling
or late-stage cardiomyocyte.”

Under defined in vitro conditions, MSCs can differenti-
ate into mesodermal cell types, including cardiomyocytes,
when exposed to tailored “cocktails” of small molecules
and growth factors that precisely direct lineage specifica-
tion. For example, a defined cocktail of factors, including
bEGF, Sal-B, TGF-B1, BMP-2, 5-Aza, NRG-1, forskolin,
and Ang-II, induces MSC differentiation into cardiomyo-
cytes.771923-37 The expression of cardiomyocyte-specific
genes and proteins is evidence for in vitro differentiation.
Soluble chemical factors in the culture medium initiate
signaling cascades that regulate cell differentiation.

Chemical inducer for in vitro
differentiation of MSCs
into cardiomyocytes

5-azacytidine

5-azacytidine is commonly used to induce MSCs to dif-
ferentiate into cardiomyocytes in vitro. It can also be used
in stem cell laboratories in LMICs. 5-azacytidine is a cyti-
dine nucleoside analog and DNA demethylating agent pri-
marily used to induce MSC differentiation into cardiomyo-
cytes in vitro. It inhibits DNA methyltransferases, thereby
modulating chromatin structure, gene expression and pro-
cesses such as X-chromosome inactivation. A potent in-
hibitor of DNA (cytosine-5)-methyltransferases (DNMTs),
5-Aza promotes DNA demethylation and activates cardiac
gene expression.?! The concentration of 5-Aza used to in-
duce MSC differentiation into cardiomyocytes is typically
10 pmol/L for 24 h, resulting in upregulation of cardiac
markers such as Cx43 and ¢TnT.!>18:232531

Further research showed that 5-Aza administration in hu-
man UC-MSCs induced the activation of extracellular sig-
nal-related kinases (ERK) but did not affect protein kinase C.
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A particular ERK inhibitor, U0126, can potentially prevent
human UC-MSCs from expressing cardiac-specific proteins
and genes when 5-Aza is present. These findings indicate
that persistent activation of the ERK pathway by 5-Aza
induces in vitro differentiation of human UC-MSCs into
cardiomyocytes.” Differentiation of cardio-sphere-derived
cells (CDCs) into cardiomyogenic cells can be induced with
5-Aza by upregulating cardiac-specific genes like Nkx2.5,
a-sarcomeric actin and GATA-4. The phosphorylation
of B-catenin is negatively regulated by the Wnt pathway.®
During development, the pathway of Wnt/p-catenin-
dependent controls important elements of polarity,
migration, organogenesis, and patterning. Similarly,
Wnt/B-catenin signaling is crucial for the maturation
of cardiomyocyte-derived MSCs. The Wnt/B-catenin
signaling can stimulate the mouse bone marrow-derived
MSCs (BM-MSCs) to differentiate into cardiomyocytes and
upregulate the myogenic regulatory factors (MRFs). Never-
theless, 5-Aza significantly upregulates glycogen synthase
kinase-3 (GSK-3), thereby modulating cardiogenesis.®!

Neuregulin-1

Neuregulin-1 is an epidermal growth factor (EGF) that
promotes proliferation, differentiation and survival in sev-
eral tissues, such as breast epithelial cells, glial cells, neu-
rons, and myocytes. A group of tyrosine kinase receptors
(ErbB2, ErbB3 and ErbB4) exerts its biological effects by di-
merizing upon ligand binding, which results in phosphory-
lation and subsequent signaling. NRG-1/ErbB signaling
is most recognized for its critical function in developing
neurons and the embryonic and adult heart.”*7>

Neuregulin-1 promotes the development and survival
of embryonic stem cell-derived cardiomyocytes and di-
rects their differentiation into cardiac conduction system
cells. When the endocardial endothelium produces NRG-1,
the surrounding cardiomyocytes express ErbB2 and ErbB4
in the embryonic heart. On the other hand, aside from its
function in ventricular trabeculation and cardiac cushion
creation, the ErbB3 receptor is not expressed in the endo-
cardium or the myocardium.”

In the adult heart, NRG-1 is expressed by cardiac en-
dothelial cells adjacent to cardiomyocytes, specifically
within the endocardium and myocardial microvasculature,
whereas cardiomyocytes express ErbB2 and ErbB4 recep-
tors but lack ErbB3. Angiotensin II and epinephrine raise
blood pressure and inhibit endothelial production, while
endothelin-1 and mechanical strain promote it. Neuregu-
lin-1 binds to ErbB4 receptors on cardiomyocytes, inducing
either ErbB4 homodimerization or ErbB4/ErbB2 heterodi-
merization. This receptor dimerization activates the Akt
and ERK signaling pathways, resulting in growth-promot-
ing and cytoprotective effects. Moreover, cooperative sig-
naling between M2 muscarinic receptors and activation
of cardiomyocyte nitric oxide synthase (NOS) modulates
cardiac contractility and adrenergic responsiveness.”
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Basic fibroblast growth factor, NRG-1 and cyclic adenos-
ine monophosphate (cCAMP) regulate signaling pathways
that direct myocardial cell specification. In ESCs, these
factors stimulate cardiac-specific transcription factors
such as GATA4 and Nkx2.5. Neuregulin-1, bFGF and for-
skolin have been implicated in regulating cardiac cell-fate
determination and heart development. These factors influ-
ence both cardiomyocyte differentiation and the cardiac
microenvironment. Since all growth factors were applied
simultaneously, the relative contribution of each compo-
nent to myocardial specification remains unclear. For MSC
induction into cardiomyocytes, NRG-1 is administered
at 50 ng/mL (1.92 x 10~° M).*

Forskolin

Forskolin, a cell-permeable diterpenoid, activates adenyl-
ate cyclase and protein kinase A, thereby elevating intra-
cellular cyclic adenosine monophosphate (cAMP) levels.
It possesses antihypertensive and positive inotropic effects.
The forskolin-induced response in embryonic cardiomy-
ocytes indicates a functional cAMP signaling pathway.
Moreover, forskolin modulates calcium transport and cur-
rents and stimulates adrenergic receptors in culture, lead-
ing to hypertrophic responses. It increases the expression
of cardiomyocyte markers, cTnT and myocyte enhancer
factor 2C (Mef2c), while suppressing mesodermal and car-
diac progenitor markers.”®’” Forskolin treatment enhances
the beating frequency of cardiomyocytes. Forskolin is ad-
ministered at a concentration of 10 mM to induce MSC
differentiation into cardiomyocytes.?*

Basic fibroblast growth factor

The bFGF is required for the initial development
of the embryo, especially to maintain mesoderm lineages
during cardiac organogenesis. It is a potent mitogen that
controls stem cell migration, differentiation, proliferation,
and survival. The bFGF promotes the ESCs to differenti-
ate into early maturation cardiomyocytes and expresses
cardiac markers of a-cardiac myosin heavy chain (MHC)
and B-MHC. These findings suggest that bFGF must act
synergistically with additional factors to drive MSC dif-
ferentiation into cardiomyocytes. Basic fibroblast growth
factor also enhances the migration capacity of MSCs by ac-
tivating the Akt signaling pathway.?7#7° The concentra-
tions of bFGF used to induce MSC differentiation into
cardiomyocytes are 10 ng/mL and 20 ng/mL when applied
in combination with other factors.?*32

The bFGF is expressed in cardiac progenitor cells; it plays
an important role in early cardiomyogenesis and directly
influences cardiomyocyte formation. Before downregu-
lating the early phase of vertebrate cardiac development
in vivo, bFGF is involved in the autoregulatory mecha-
nisms of cardiomyocyte proliferation and differentiation.
During the tubular stage of cardiogenesis, bFGF and FGF
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receptor-mediated signaling govern cardiomyocyte for-
mation. However, beyond the 2" week of embryogenesis,
myocyte development becomes independent of bFGF.”°

Transforming growth factor-f31

Transforming growth factor-p1 is a pleiotropic cyto-
kine that regulates multiple aspects of cellular and tis-
sue physiology. The TGF-f1 is a cytokine with several
functions that influence the survival, proliferation and
differentiation of several kinds of cells.”” The develop-
ment of the ventricular myocardium and the formation
of the coronary vasculature during embryogenesis are
influenced by TGF.?! Previous studies have shown that
TGE-P1 can drive the differentiation of BM-MSCs and
ESCs into cardiomyocytes, and that TGF-B1 is essential
for embryonic heart development.®°

TGEF-P1 is more effective in expressing a-actin, Cx43,
MHC, and cTnl when combined with other factors like
5-Aza. Additionally, TGF-B1 and Sal-B increase the expres-
sion of cardiac markers like GATA-4 and Nkx2.5 compared
to either factor alone. The dose of TGF-f1 for inducing rat
BM-MSCs to cardiomyocytes is 5 ng/mL and 10 ng/mL.1%3!
Rat BM-MSCs exhibited significantly increased mRNA
expression of Cx4.3, myocyte enhancer factor 2C (MEF2C),
a-actinin 2 (ACTN2) and cardiac troponin T (TNNT?2)
inresponse to TGF-B1, electrical stimulation (ES) and com-
bined TGF-B1 + ES treatments compared with control.3

Bone morphogenetic protein 2

The BMP superfamily has gained significant attention
since the discovery in 1988 that BMP-2 potently induces
bone and cartilage formation in vertebrate skeletal biol-
ogy.%! Undifferentiated MSCs are converted into chon-
drocytes and osteoblasts as well as osteoprogenitors
into osteoblasts through the action of the BMP. The use
of BMP-2 therapy is to improve cardiomyocyte contrac-
tility and prevent cell death, leading to significant impli-
cations for treating myocardial ischemia.l”3 Therefore,
in LMICs, BMP could be a growth factor that induces
MSC:s to differentiate into cardiomyocytes.

Mesenchymal cells from bone marrow can be converted
into cardiomyocytes using BMP-2. According to Lv et al.,
Sal-B combined with BMP-2 at 250 mg/L and 200 ng/L,
respectively, enhanced cardiomyocyte differentiation
compared to single treatments.?® Conversely, Hou et al.
showed that the combination of 10 pg/L BMP-2 and
10 umol/L 5-Aza significantly increased the rate of car-
diac differentiation and showed reduced effects on cell
damage.

BMP-2 has shown therapeutic promise in treating myo-
cardial disease by preventing the death of cells and en-
hancing cardiomyocyte contractility. It promoted the phos-
phorylation of the Smad1/5/8 protein, which saved adult
cardiomyocytes from oxidative stress and long-term
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hypoxia-induced cell damage without activating the car-
diodepressant TGF-f pathway.5?

A previous study documented that after being treated
with BMP-2, BM-MSCs showed enhanced differentiation
to cardiomyocytes by identifying cardiomyocyte-specific
protein expression, ultrastructural characterization and
transcription factor mRNA expression. Additionally, Sal-B,
extracted from Salvia miltiorrhiza, when combined with
BMP-2, may enhance the efficiency of cardiomyocyte
differentiation.

Angiotensin

Angiotensin Il is a bioactive substance present in myocar-
dial cell lysate and has many biological effects in addition
to aiding in the development of the myocardium microen-
vironment. Angiotensin I is transformed by the angioten-
sin-converting enzyme (ACE) into Ang-1I, activating Ang-II
receptors to modulate various cardiovascular responses,
such as vasoconstriction and heart growth.%

The dose of Ang-II is 0.2 mg/mL or 0.2 mmol/L and
0.1 mmol/L is used to induce MSCs in cardiomyocytes
for 24 h.%33% Angiotensinogen is formed by the liver and
transformed into angiotensin [ and II. The action of the re-
nin—angiotensin system (RAS) can be initiated by Ang-II
binding to the angiotensin II receptor type 1 and type 2
(AT1R and AT2R), or it can be further degraded or al-
tered to produce the cardioprotective peptides angiotensin,
angiotensin IV and alamandine, which operate by bind-
ing to Mas-related G protein-coupled receptor member
D (MrgD), AT4R and MasR receptors, respectively. N-
acetyl-seryl-aspartyl-lysyl-proline (Ac-SKDP), apelin and
angioprotectin have been discovered as novel cardiopro-
tective RAS peptides. As a result, the RAS can have both
pathogenic and cardioprotective effects on the heart, with
the relative importance of each defining the cardiovascular
system’s overall impact. The interaction of Ang-II with
ATIR results in the activation of numerous intracellular
signaling pathways, including MAPK, B-arrestin, G pro-
tein-independent, JAK/STAT, protein kinase C (PKC), scaf-
fold proteins, numerous tyrosine kinases, and the trans-
activation of growth factor receptors.®*

Salvianolic acid B

Salvianolic acid B is a water-soluble phenolic compound
isolated from Salvia miltiorrhiza, a traditional Chinese
medicinal herb used for centuries to treat various cardiac
disorders. It has been shown to inhibit apoptosis induced
by combined hyperglycemia and hypoxia in cardiomyo-
cytes derived from ASCs. Lv et. al. described that Sal-B
inhibited apoptosis by reducing the levels Bcl-2/adeno-
virus E1B 19-kDa-interacting protein 3 (BNIP3), hypoxia
inducible factor 1 subunit alpha (HIF1a) and cleaved cas-
pase 3. Salvianolic acid B has been proven in trials to stim-
ulate human MSCs’ osteogenesis without cytotoxicity,
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making it a viable therapeutic agent for the treatment
of osteoporosis.3?

Shu et. al. explained that Sal-B protects iPSC-derived
neuron SCs (NSCs) exposed to HyO,, while Gao et al. sug-
gested that Sal-B enhances the ability of BM-MSCs to dif-
ferentiate into type [ alveolar epithelial cells.®>%¢ According
to the study by Lv et al., MSCs treated with Sal-B and TGF-1
expressed higher levels of cardiac-specific markers — includ-
ing Nkx2.5, GATA-4 and c¢Tnl — compared with the control
group. TGF-B1 and Sal-B can be used effectively to reduce
apoptosis. In the study by Lv et al,, Sal-B demonstrated car-
dioprotective effects in acute myocardial infarction, making
it a potentially valuable therapeutic adjunct. Their western
blot analyses of proteins related to autophagy, apoptosis
and angiogenesis further supported the cardioprotective
role of Sal-B. Owing to these properties, Sal-B represents
arelatively safe and promising trigger for cardioprotection.'’

Lv et al. and Chan et al. found that Sal-B alone had
minimal impact. However, when Sal-B is combined with
TGE-B1 or vitamin C, it can promote MSCs or other SCs
to differentiate into cardiomyocytes and increase the ex-
pression of cardiomyocyte maturation markers in a dose-
dependent manner. The switch between neurogenesis and
cardiomyogenesis in SC differentiation can be regulated
by p38 MAP kinase activity. The dose of Sal-B to induce
differentiation to cardiomyocytes is 250 mg/L for 72 h.337
Salvianolic acid B also increased the expression of Wnt sig-
naling proteins while reducing the expression of transcrip-
tion factors associated with the Notch signaling pathway.”!

Insulin-like growth factor

Insulin-like growth factor 1 is a 70-amino-acid, single-
chain protein critical for cardiomyocyte development. It in-
hibits apoptosis and necrosis while promoting the growth,
proliferation and differentiation of diverse cell types, both
in vivo and in vitro, including vascular smooth muscle
cells and cardiomyocytes. Upon binding to its receptor,
the IGF1R, IGF-1 engages the receptor’s intrinsic tyrosine
kinase activity, triggering downstream signaling cascades
such as the MAPK and PI3K/Akt pathways.5®

In co-cultured myocardium and BM-MSCs, HGF and
IGF-1 stimulated the cardiac-specific transcription factor
GATA4 expression, representing myocardial differentia-
tion.®® Insulin-like growth factors can be essential for LICs
because they play a significant role in stem cell biology,
which can either improve differentiation or enhance pro-
liferation and self-renewal.®

Other treatment for in vitro differentiation
MSCs to cardiomyocyte

Even though there are numerous methods for induc-
ing MSCs to differentiate into cardiomyocytes, the re-
sults of differentiation in 2D culture might occasion-
ally be insufficient, immature and unpure.®® In addition
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Fig. 2. An additional technique to differentiate UGMSCs into
cardiomyocytes.

UCGMSCs — umbilical cord mesenchymal stem cells; 5-Aza — 5-azacytidine.

to supplementary growth factors, several adjunctive
strategies — such as ES, controlled hypoxia, co-culture
with cardiomyocytes, and 3D approaches using hydro-
gels or scaffolds — are employed to enhance the efficiency
of MSC-to-cardiomyocyte differentiation (Fig. 2).

Co-culture of cells

Co-culture involves growing MSCs with other cell types
to promote intercellular communication through direct
cell—cell interaction, paracrine signaling and soluble mol-
ecules.” Previous research showed that MSCs co-cultured
with cardiomyocytes can differentiate into these cells.
It is suggested that one of the factors influencing the dif-
ferentiation of MSCs into cardiomyocytes is direct cell-
to-cell contact. The co-culture technique enables research
into physical and paracrine variables influencing cardiac
cell fate and differentiation.?*

Co-culturing MSCs with cardiomyocytes in vitro pro-
duced direct contact between both types of cells. They
formed gap junctions, which reverse-facilitated the low-
resistance transmission of electrical and chemical signals
between neighboring cells, a process linked to cardiomyo-
genic differentiation. Co-culturing MSCs with cardio-
myocytes also promoted MSC expression cardiac-specific
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markers, like Cx43, Nkx2.5, GATA-4, sarcomeric a-actin,
MHC, cTnl, and atrial natriuretic peptide, because
the adult heart tissue environment expresses the right
signals that encourage SCs to differentiate into cardio-
myocytes. Co-culture MSCs with neonatal cardiomyocytes
and the addition of growth factors such as neuregulin,
forskolin and bFGF can differentiate into cardiomyocytes
and show synchronous contractions.?%2

Electrical stimulation

An essential component of the cardiomyocyte microen-
vironment is the electrical milieu: in vitro, this is created
by connecting the culture well plate to electrodes and ap-
plying voltage across the medium. According to He et al.,
ES can promote SC differentiation toward both cardiogenic
and neurogenic lineages. Electrical stimulation enhances
the expression of cardiac transcription factors Nkx2.5 and
GATA4, which are critical during early myocardial devel-
opment. In rat BM-MSCs, ES promotes cardiomyocyte
differentiation by upregulating TGF-P1 and increasing
the expression of Cx43 and a-sarcomeric actinin.3¢

Scaffold

The cell requires a scaffold that provides rigidity and
biological support to differentiate into cardiomyocytes.
A combination of cells, scaffolds and growth factors can
regulate cellular activity and cell differentiation.”® Scaf-
folds are essential in tissue engineering because they can
support and provide resilience to SCs by creating an appro-
priate microenvironment that aids cell transplantation and
regeneration.® Biological scaffolds facilitate the growth,
development and implantation of SCs in injured cardiac
tissue. The scaffold can be applied in LICs and LMICs
due to its potential advantages. This increases the efficacy
of stem SC-based therapies and makes them more widely
available and reasonably priced.®*

Graphene oxide (GO)-based scaffolds reported as in-
novative scaffolds to enhance the in vitro differentiation
capacity of human UC-MSCs. Graphene oxide may engage
cellular mechanotransduction pathways and modulate
how cells respond to external stimuli. Derivatives of gra-
phene may be used as cell mechanical stimulation inducers
to improve the efficiency of angiogenic and cardiogenic
differentiation in human UC-MSCs.3*

During the differentiation of MSCs into cardiomyo-
cytes, the specific marker proteins are expressed in the cell
membrane. Mesenchymal stem cells are positive for CD90,
CD73 and CD105, and negative for CD34 and CD45.%
Thus, a specific cell surface marker on BM-MSCs can
identify their cardiomyogenic differentiation. Spontane-
ous contractions combined with expression of cardio-
myocyte-specific markers confirm MSC differentiation
into functional cardiomyocytes. Cardiac-specific markers
encompass transcription factors (Nkx2.5 and GATA4),
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gap-junction protein Cx43, MEF2C, sarcomeric proteins
(a-MHC, titin, desmin, a-cardiac actin), and cardiac pep-
tides such as ANP, cTnl and ¢TnT.!7-1923-37

Discussion

Mesenchymal stem cells have emerged as a promising
option for regenerating injured cardiac tissue, garnering
increasing attention in recent years.”® In CHD, MSCs offer
new therapeutic possibilities. In this review, we compre-
hensively analyzed growth factors, with particular empha-
sis on individual factors and their combinations, that can
trigger MSC differentiation into cardiomyocytes. More-
over, we propose a streamlined, scaffold-based in vitro
protocol to enhance MSC-to-cardiomyocyte differentia-
tion, tailored for stem cell laboratories in LMICs.

Mesenchymal stem cells derived from diverse sources,
including the olfactory bulb, endometrium, adipose tissue,
Wharton’s jelly of the umbilical cord, and bone marrow,
can differentiate into cardiomyocytes in vitro. The MSC-
to-cardiomyocyte differentiation is induced by adminis-
tering specific growth factors and small molecules, such
as RA, 5-Aza, Ang-1I, bFGEF, Sal-B, TGF-$1, BMP-2, for-
skolin, and NRG-1.17-1923-37 Various induction “cocktails”
have been evaluated for MSC-to-cardiomyocyte differen-
tiation, including: 5-Aza with TGF-f1; 5-Aza with BMP-2;
Sal-B with BMP-2; bFGF, forskolin and NRG-1; TGF-p1
with Sal-B, TGF-B1 combined with bFGF, IGF-1 and VEGF;
TGF-B1 with ES; and 5-Aza with Ang-II and TGF-B1.

All the studies mentioned above!’~123-37 indicate that
using cocktails to differentiate MSCs into cardiomyocytes
can improve cardiomyocyte marker expression compared
to single factors. The efficiency of differentiation can be
verified using qualitative data from immunofluorescence
or immunohistochemistry (IHC). Hou et al. found that
BMP-2 and 5-Aza induced BM-MSC differentiation with
an efficiency of 27.97 +1.77%.!7 According to Lv et al., 5-Aza
had an approx. 30% success rate in converting MSCs into
cardiomyocytes.” Li et al. identified that the percentage
of cInT-positive cells, one of the cardiomyocyte markers,
was approx. 46.3 +2.1%.18

The mechanism that enables SCs to differentiate into
cardiomyocytes in vitro is similar to the process of in vivo
cardiogenesis, with the mesoderm being the initial target,
followed by cardiac progenitor cells or pre-cardiomyo-
blasts, immature cardiomyocytes or cardiomyoblasts, and
mature cardiomyocytes. GATA-4, MEF-2C, Nkx2.5, MHC,
Cx43, cInT, cTnl, a-actin, and desmin are frequently used
cardiomyocyte markers. Nkx2.5, GATA4, Tbx5, Islet-1
(Isl-1), and myocyte enhancer factor 2C (MEF2C) serve
as markers of cardiac progenitor cells. Nkx2.5 and Tbx5/20
remain expressed by immature cardiomyocytes or cardio-
myoblasts, along with myosin heavy chain (MYH), GATA-4
and Hand 1/2. Mature cardiomyocytes express markers
such as cTnT, a-sarcomeric actinin, myosin light chain 2a
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(MLC2a), myosin light chain 2v (MLC2v), sodium channel
subunit SCN5A, L-type calcium channel subunit CAC-
NA1C, cardiac myosin heavy chain (¢c(MHC), and Iroquois
homeobox 4 (IRX4).13:66

A streamlined differentiation protocol minimizes the num-
ber of reagents needed to modulate each signaling path-
way and prioritizes readily available chemicals, which is
especially advantageous in LMIC settings. We propose
a streamlined, stage-specific protocol for MSC-to-cardio-
myocyte differentiation: first, induce cardiac mesoderm
with 5-Aza; next, specify cardiac progenitor cells via Wnt
pathway inhibition; and finally, drive cardiomyocyte matu-
ration using IGF-1.

Huang et al. reported that MSCs co-cultured with rat
neonatal cardiomyocytes in an induction medium supple-
mented with bFGF, forskolin and neuregulin exhibited
spontaneous beating, demonstrating functional cardio-
myocyte differentiation. Spontaneous contractions were
also observed by Zhao et al. in MSCs treated with the Rho-
associated protein kinase (ROCK) inhibitor Y-27632 in
MethoCult medium.?*37

The cardiomyocyte differentiation protocol is suitable
for laboratories or research centers with minimal facilities.
Therefore, using fewer reagents that target key signaling
pathways at each stage of differentiation is preferable. Em-
ploying readily available chemicals in LMICs and mini-
mizing the use of additional techniques, such as selecting
either scaffolds or 3D culture alone, offers a more practical
and accessible approach.””%%

In monolayer, or two-dimensional (2D) culture systems,
cell—cell interactions are confined to a single substrate
layer during cardiomyocyte differentiation. The 2D ap-
proach is cost-effective and permits straightforward
manipulation and precise arrangement of the culture.
On the other hand, limitations include low throughput,
reduced contact connections between cells and the ECM,
and the absence of soluble growth agents. However, three-
dimensional (3D) culture using a scaffold enhances cell
proliferation and enables the ECM to recapitulate the na-
tive tissue microenvironment.?”9%

In vitro, 3D cultures closely resemble the function of
a miniature organ, with cells adhering tightly to one an-
other and forming connections that facilitate signal trans-
mission.”” Developing 3D cultures is one of the techniques
for promoting the maturation stage of cardiomyocytes de-
rived from SCs.1%°

Limitations

Our review has several limitations. First, recent publi-
cations on MSC differentiation into cardiomyocytes are
scarce, as research emphasis has shifted toward pluripo-
tent SC applications. Second, many studies focus on ad-
vanced in vitro and in vivo models that may not translate
easily to LIC/LMIC settings. Nevertheless, we believe this
review provides a valuable foundation for future efforts
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to harness multipotent SCs in cardiovascular therapy, par-
ticularly for CHD. We also anticipate that forthcoming
experiments will emphasize protocols and technologies
accessible in LMICs and LLMICs.

Conclusions

Differentiation of MSCs into cardiomyocytes remains
akey challenge in LICs and LMICs. Wharton’s jelly-derived
MSCs from the umbilical cord are particularly advanta-
geous in these settings due to their noninvasive collection
from abundant medical waste, ease of isolation and expan-
sion, and high proliferative capacity. A straightforward,
resource-efficient protocol for sequential cardiomyocyte
differentiation involves inducing cardiac mesoderm with
5-Aza or BMP, followed by cardiac progenitor specification
through Wnt pathway inhibition, and concluding with car-
diomyocyte maturation promoted by IGFs. Finally, employ-
ing a 3D scaffold supports cell attachment and alignment
and represents the most accessible technique for laborato-
ries with limited infrastructure.
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