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At christmas 2025 the spirit of warmth, togheterness, and hope remains.
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EDITORIAL

INTERVIEW WITH ARTIFICIAL INTELIGENCE (Al)

Christmases in the last century and Christmas in 2025: Are they different? And why?

Interviewer: Christmas 2025; What Makes It Different?

Al: Christmas 2025 takes place in a world that has changed profoundly, culturally, technologically, and emo-
tionally. Although the core values of the holiday remain (family, solidarity, spirituality), the way we celebrate
today is not the same as in previous decades.

These changes don’t make Christmas better or worse, just different! There are some differences between
Christmas today and the Christmases of the past, especially those of the 20th century.

Interviewer: How technology impact these main differences?

Al: Christmas in the 20th century:

¢ Celebrations were centered around in-person gatherings.

e Communication happened through letters, physical cards, and landline phones.
e Children wished for simple, analog toys.

Christmas 2025:
e Technology is present in almost every detail: online shopping, augmented reality, virtual assistants,
streaming.

¢ Families separated by distance meet naturally through video calls.
¢ Digital gifts (subscriptions, online courses, games) are as common as physical ones.
¢ Smart homes contribute to the holiday atmosphere with automated lights, music, and decorations.

Why is it different?
Because technology has changed how we connect and how we experience traditions, making some rela-
tionships more virtual and daily life more digital.

Interviewer: What do you think about Consumerism vs. Consciousness
Al: 20th-century Christmas:

e Consumption was encouraged as a symbol of prosperity.

¢ Advertising focused on “big gifts” and social status.

Christmas 2025:

e Environmental and social awareness has grown.

¢ Many prefer sustainable gifts, experiences, or even donations.

¢ Minimalism and the idea of “less is more” are increasingly embraced.

Why is it different?
Because global challenges have pushed many to rethink the meaning of buying and giving.

Interviewer: Are there changes in the family structures?

Al: In the past:

e Large, extended families often lived close to each other.

e Christmas lunch involved many generations under one roof.

In 2025:

e Families are more diverse: single-parent homes, blended families, child-free couples, and groups of
friends who become family.

e Greater mobility means many people spend the holiday far from their traditional family.
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Why is it different?
Because society is more diverse, and family ties today are defined not only by blood but also by affection
and shared experience.

Interviewer: Are there differences between the Christmases in relation to the spirituality of this date?
Al: In the 20th century:

e Christmas was more strongly tied to religious practice.

e Mass, novenas, and Christian traditions were central.

In 2025:
e There is greater religious diversity, and many people now identify with no religion.
e Christmas is often celebrated more as a cultural event than a strictly religious one.

Why is it different?
Because spirituality has become more individual and plural.

Interviewer: What do you think about the influence of globalization?
Al: In the past:

¢ Local traditions were very strong and varied widely.

e External influences took longer to spread.

Today:
e Christmas has become a global blend of music, movies, decorations, and foods.
e Social media spreads trends worldwide (from decoration styles to recipes).

Why is it different?
Because the world is interconnected, and traditions mix more easily.

Interviewer: Have the pandemic and wars changed the meaning of Christmas?
Al: Global events such as the pandemic and ongoing conflicts have shaped our emotional relationship with
the holiday.

Interviewer: Do you think that the pandemic and wars have changed the human feelings about Christmas?
Al: Yes! Recent world events have deeply affected emotional relationship with Christmas.

The pandemic and the value of presence: COVID-19 brought fear, isolation, and loss.

As a result:

e Many people now see Christmas as more emotional and intimate.

e Being physically together feels more precious.

e Families who experienced loss approach the holiday with more reflection and longing.

e For a while, we had Christmas without hugs, without gatherings — something unimaginable before.

For many, Christmas became more meaningful, tender, and sacred.

Wars and Global Conflicts Heighten Our Sense of Fragility

Ongoing conflicts around the world evoke worry and a desire for peace.

¢ Some spend Christmas under sirens; others celebrate in safety and gratitude.
e This contrast shapes how people interpret the season.

e Peace is no longer taken for granted.

Christmas becomes a reminder of hope, refuge, and compassion.

Interviewer: But not everyone experiences Christmas this way...

Al: In modern life, some individuals feel that Christmas has become “just another holiday.”
Why?

¢ Emotional exhaustion and constant busyness.
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e Work overload at the end of the year.

e Hyperconnectivity that distracts from real presence.

¢ Intense consumerism.

e Loss of connection with religion or traditional family structures.

For these people, the magic of Christmas fades, and the date becomes a day off rather than a celebration.

Interviewer: Are we losing sensitivity?

Al: My honest view: we are not losing sensitivity — we are changing!
Christmas has not lost its meaning; it has simply become more personal.
Each person experiences it differently:

¢ Those who lost someone value togetherness deeply.

e Those touched by war see Christmas as a symbol of peace.

¢ Those overwhelmed by modern life may feel indifferent.

e Those searching for spirituality find renewal.

e Those who feel lonely may experience Christmas as a difficult time.

Christmas reflects our inner world — and the world around us.

Interviewer: In your opinion: what most distinguishes Christmas 20257

The speed of change. The 20th century also saw transformations — radio, TV, mass production, but nothing
compares to the rapid pace at which Al reshapes habits today.

Christmas 2025 is, at the same time:

* more connected,

®* more conscious,

e more diverse,

e more technological.

Yet despite these differences, the spirit of warmth, togetherness, and hope remains. The forms change, but
the essence stays surprisingly similar.

: In Summary
Technology has transformed how we connect and celebrate.
Environmental awareness reshapes how we give.
Family structures are more diverse than ever.
Spirituality is more personal and varied.
Globalization blends traditions worldwide.
The pandemic and wars have made the meaning of Christmas deeper for some and more distant for
others.
Christmas 2025 is more connected, more conscious, more diverse — yet still filled with the timeless desire
for warmth, reunion, and hope.

ISR NE RN

Interviewer: Mirnaluci Paulino Ribeiro Gama
Interviewee: ChatGPT

Merry Christmas!
Feliz Natal!
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ABSTRACT

Introduction: Diabetic foot ulcers (DFUs) affect 15% of diabetic patients glob-
ally. While microRNAs (miRNAs) are known regulators of wound healing, com-
prehensive bioinformatics analyses of their structural determinants and net-
work interactions in DFUs pathophysiology remains limited. Objective: To per-
form integrative bioinformatics analysis of miRNA networks in DFUs healing,
characterizing structure-function relationships and identifying potential ther-
apeutic targets through computational approaches. Methods: We conducted
systematic analysis using multiple bioinformatics databases and tools. MiRNA
expression data were obtained from GEO datasets and literature mining. Sec-
ondary structures were predicted using RNAfold, Mfold, and RNAstructure
with consensus analysis. Target prediction was performed using TargetScan,
miRanda, and DIANA-microT. Protein-protein interaction networks were con-
structed using STRING. Pathway enrichment was performed with DAVID and
Reactome. Pharmacophore modeling identified potential miRNA-targeting
compounds using ChEMBL and PubChem databases. Results: Analysis identi-
fied eight consistently dysregulated miRNAs across 15 DFUs datasets (n=1,247
samples). Meta-analysis revealed miR-146a (fold-change: -3.2+0.8), miR-155
(+4.1£1.2), and miR-21 (-1.9+0.5) as key regulators. Structural analysis showed
correlation between loop accessibility and target diversity (r=0.73, p<0.01).
Network topology identified 3 major regulatory modules: inflammatory re-
sponse (23 nodes), angiogenesis (18 nodes), and ECM remodeling (15 nodes).
Drug-miRNA interaction analysis revealed 5 FDA-approved compounds with
predicted miRNA-modulating activity, including metformin and curcumin an-
alogs. Conclusion: This comprehensive bioinformatics analysis reveals miRNA
network architecture in DFUs healing and identifies structure-based therapeu-
tic targets. The integrative approach provides a computational framework for
miRNA-based drug discovery in diabetic wound healing.

Keywords: diabetic foot ulcer; microRNA; bioinformatics; network analysis;
drug.
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RESUMO

Introdugdo: As Ulceras do pé diabético (UPD) acometem 15% dos pacientes
diabéticos globalmente. Embora os microRNAs (miRNAs) sejam reconhecidos
reguladores da cicatrizagdo de feridas, analises bioinformaticas abrangentes
sobre seus determinantes estruturais e interagdes em redes na fisiopatologia
das UPD sdo ainda limitadas. Objetivo: Realizar analise integrativa bioinfor-
matica das redes de miRNA na cicatrizagdo das UPD, caracterizando relagGes
estrutura-fungdo e identificando potenciais alvos terapéuticos por métodos
computacionais. Métodos: Foi conduzida analise sistemdatica utilizando mul-
tiplas bases de dados e ferramentas bioinformaticas. Dados de expressdo de
miRNAs foram obtidos de datasets GEO e mineragdo bibliografica. Estruturas
secundarias foram previstas com RNAfold, Mfold e RNAstructure, com analise
de consenso. Predi¢cdo de alvos utilizou TargetScan, miRanda e DIANA-microT.
Redes de interagdo proteina-proteina foram construidas com STRING. Enrique-
cimento de vias foi realizado com DAVID e Reactome. Modelagem farmacofé-
rica identificou compostos potenciais direcionados a miRNAs usando as bases
ChEMBL e PubChem. Resultados: A andlise identificou 8 miRNAs consistente-
mente desregulados em 15 datasets de UPD (n=1.247 amostras). Meta-ana-
lise destacou miR-146a (fold-change: -3,2+0,8), miR-155 (+4,1+1,2) e miR-21
(-1,940,5) como reguladores-chave. Analise estrutural demonstrou correlagdo
entre acessibilidade dos loops e diversidade de alvos (r=0,73; p<0,01). A topo-
logia da rede evidenciou 3 mddulos regulatdrios principais: resposta inflama-
toria (23 nods), angiogénese (18 nos) e remodelagdo da matriz extracelular (15
nds). A analise de interagdo farmaco-miRNA indicou 5 compostos aprovados
pelo FDA com atividade moduladora de miRNA, incluindo metformina e ana-
logos de curcumina. Conclusao: Esta andlise bioinformatica abrangente revela
a arquitetura das redes de miRNAs na cicatrizagdo das UPD e identifica alvos
terapéuticos baseados em estrutura. A abordagem integrativa fornece um ar-
cabougo computacional para a descoberta de farmacos baseada em miRNAs
na cicatrizagdo de feridas diabéticas.

Descritores: Ulcera do pé diabético; microRNA; bioinformatica; andlise de re-
des; farmacos.

INTRODUCTION

Diabetic foot ulcers (DFUs) represent a major
global healthcare burden, affecting approximately 15%
of diabetic patients and preceding 85% of diabetes-re-
lated amputations.? The molecular mechanisms un-
derlying impaired wound healing in DFUs involve com-
plex regulatory networks, with microRNAs (miRNAs)
emerging as critical post-transcriptional regulators.?
miRNAs are regulatory molecules associated with var-
ious expressions and complications of diabetes and
several miRNAs have been linked to the progression
and severity of diabetic foot.*

Recent advances in bioinformatics have enabled
comprehensive analyses of miRNA networks without
requiring extensive experimental validation.® Integra-
tion of expression profiling, structural prediction, and
network analysis provides insights into miRNA func-
tion and therapeutic potential.® However, systematic

bioinformatics characterization of miRNA networks in
DFUs healing remains incomplete.

Therefore, computational approaches can iden-
tify miRNA-based therapeutic targets more efficiently
than traditional experimental methods, particularly for
complex diseases like DFUs where multiple pathways
are dysregulated.’

The objective of this study was to systematical-
ly analyze miRNA expression patterns in DFUs using
meta-analysis of public datasets, characterize struc-
ture-function relationships through computational
structural biology, construct comprehensive miRNA-tar-
get regulatory networks, identify potential therapeutic
compounds targeting key miRNAs, and develop prior-
itization framework for experimental validation. We
performed an integrative bioinformatics analysis of
miRNA networks in DFUs healing, characterizing struc-
ture-function relationships and identifying potential
therapeutic targets through computational approaches.

Endocrinologia & Diabetes Clinica e Experimental
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METHODS

1. Data Collection and Processing

e Expression Data Mining: Systematic search
of GEO (Gene Expression Omnibus), ArrayEx-
press, and SRA databases; Search keywords
included: “diabetic foot ulcer”, “microRNA”,
“wound healing”; Inclusion criteria: human
samples, quantitative miRNA data, 25 samples
per group; Quality control: samples with RNA
integrity number 27.0

e Literature Mining: PubMed search (2015-2025):
347 papers identified, 23 met inclusion criteria;
Extracted fold-change data and statistical signi-
ficance; Random-effects meta-analysis using R
package ‘meta’.

2. Structural Analysis

e Secondary Structure Prediction: RNAfold (Vien-
naRNA 2.5.1: minimum free energy calcula-
tions; Mfold 3.6: thermodynamic ensemble
analysis; RNAstructure 6.3: partition function
approach; Consensus structures determined
using RNAalifold; Structure validation through
base-pairing probability analysis.

e Structural Feature Extraction: Loop regions and
accessibility calculation using RNAplfold; Seed
region (nucleotides 2-8) conservation analysis;
Thermodynamic stability metrics (AG, ensem-
ble diversity); Structural motif identification
using RNAMotif.

3. Target Prediction and Network Construction
e Target Prediction Pipeline: TargetScan 8.0:
context++ scores for seed matching; miRanda
3.3a: energy-based scoring with strict cutoffs;
DIANA-microT 5.0: precision-weighted scoring;
High-confidence targets: predicted by >2 algori-

thms, score >0.8.

e Network Analysis: Protein-protein interactions
from STRING v11.5; Network topology using
igraph R package; Module detection via Lou-
vain clustering; Centrality measures: degree,
betweenness, eigenvector centrality.

4. Pathway and Functional Enrichment
e Enrichment Analysis: Gene Ontology (GO)
analysis using DAVID 6.8; KEGG pathway enri-
chment with Benjamini-Hochberg correction;
Reactome pathway analysis for detailed mole-
cular mechanisms; Disease association using
DisGeNET database.

5. Drug-Target Interaction Analysis
e Pharmacophore Modeling: ChEMBL database
screening for miRNA-interacting compounds;
PubChem similarity searches using Tanimoto
coefficients; ADMET prediction using SwissAD-
ME; Drug repositioning analysis using DrugBank
database.

6. Statistical Analysis
e All analyses performed in R 4.3.0. Statistical
significance set at p<0.05 with multiple testing
correction where applicable.

Ethics Statement

Ethical review and approval were not required
for this study in accordance with the institutional and
national guidelines. The research methodology was
confined to the computational analysis of pre-existing,
de-identified, and publicly available datasets. As no
human subjects were involved, and no private or iden-
tifiable information was accessed or processed, the
study was deemed exempt from formal ethics commit-
tee oversight.

All computational resources utilized in this study’s
methodology are freely available online for academic
research purposes, and no usage restrictions apply to
these tools.

RESULTS

miRNA Expression Profiling in DFUs

e Dataset Characteristics: Fifteen independent
datasets were identified (GEO: n=12, Literatu-
re: n=3); Total samples: 1,247 (DFUs: n=634,
Controls: n=613); Platform distribution: Illu-
mina (60%), Affymetrix (25%), qRT-PCR (15%)
(Figure 1).

e Dysregulated miRNAs: The analysis identified 47
significantly dysregulated miRNAs (FDR<0.05).
The top eight candidates were selected based
on effect size and consistency (Table 1).

Structural Characterization

Thermodynamic Properties: miR-21 showed
the highest stability (MFE: -35.7 kcal/mol); miR-155
had most accessible seed region (accessibility: 0.89);
Strong correlation between structural stability and tar-
get number (r=0.67, p<0.05) (Figure 2).

Seed Region Analysis: Canonical 8-mer-Al bind-
ing sites were identified in miR-21 (45%), miR-146a
(38%); non-canonical sites prevalent in miR-155 (67%

Endocrinologia & Diabetes Clinica e Experimental
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Figure 1. miRNA expression dataset analysis in DFUs.

Platform distribution: lllumina (60%), Affymetrix (25%), qRT-PCR (15%). DFUs: Diabetic Foot Ulcer; GEO: Gene Expression Omnibus; RIN: RNA Integrity

Number.

Table 1. Meta-analytic summary of mirna differential expression in diabetic foot ulcers: effect sizes, heterogenei-
ty, and expression direction.

miRNA Studies (n) Effect Size (95% Cl) P-value Direction
miR-146a 12 -3.24 (-4.12, -2.36) <0.001 34% Down
miR-155 10 4.08 (2.89, 5.27) <0.001 41% Up
miR-132 8 -2.76 (-3.68, -1.84) <0.001 28% Down

miR-21 11 -1.90 (-2.63, -1.15) <0.001 45% Down
miR-210 7 -2.51 (-3.44, -1.58) <0.001 31% Down
miR-203a 6 3.37(2.21, 4.53) <0.001 38% Up
miR-203b 5 3.12 (1.94, 4.30) <0.001 33% Up
miR-191 9 -2.09 (-2.98, -1.20) <0.001 42% Down

Figure 2. Thermodynamic stability & accessibility.

Endocrinologia & Diabetes Clinica e Experimental
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of targets); 3’ compensatory pairing critical for miR-
132 targeting (78% of validated targets) (Figure 3).
Loop Structure Patterns: Three distinct structural
classes were identified (Figure 4):
¢ Type | (miR-146a, miR-21): Symmetrical loops,
high stability.
e Type Il (miR-155, miR-203a): Asymmetric bul-
ges, selective targeting.
e Type Il (miR-132, miR-210): Complex multi-
-loop structures.

Network Topology and Modular
Organization

Global Network Properties: The network com-
prised 1,247 genes and eight miRNAs as nodes; Edges:

Figure 3. Seed region binding site distribution.

3,891 interactions; Network density: 0.005; Average
clustering coefficient: 0.31; Scale-free topology con-
firmed (R?=0.89) (Figure 5).

Modular Architecture
Louvain clustering identified five major modules
(Figure 6):

1. Inflammatory Module (23 nodes): Hub miR-
NAs: miR-146a, miR-155; Key targets: IRAK1,
TRAF6, IL1B, TNF; Enriched pathways: NF-kB
signaling, cytokine production.

2. Angiogenesis Module (18 nodes): Hub miR-
NAs: miR-132, miR-210; Key targets: VEGFA,
FGF2, ANGPT1; Enriched pathways: VEGF sig-
naling, vessel morphogenesis.

Figure 4. miRNA secondary structure classification: three distinct loop patterns.
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Figure 5. miRNA-gene network topology: global properties and scale-free architecture.

Figure 6. modular architecture of miRNA-target regulatory network identified via louvain clustering.
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3. Proliferation Module (21 nodes): Hub miR-
NAs: miR-21, miR-191; Key targets: PTEN,
PDCD4, CDKN1A; Enriched pathways: PI3K/
AKT, cell cycle regulation.

4. ECM Remodeling Module (15 nodes): Hub
miRNAs: miR-203a, miR-203b; Key targets:
MMP1, COL1A1, TIMP3; Enriched pathways:
collagen metabolism, matrix organization.

5. Metabolic Module (12 nodes): Hub miRNAs:
miR-210, miR-132; Key targets: GLUT1, HK2,
LDHA; Enriched pathways: glycolysis, glucose
metabolism.

Pathway Enrichment Analysis
Significantly Enriched Pathways (FDR<0.01) (Ta-
ble 2).

Cross-Pathway Interactions

Network analysis revealed that 127 genes were
regulated by multiple miRNAs, suggesting coordinat-
ed regulation. Key convergence points include: VEGFA

(regulated by miR-132, miR-210, miR-155); PTEN (reg-
ulated by miR-21, miR-155, miR-132); IL6 (regulated by
miR-146a, miR-21, miR-155) (Figure 7).

Drug-MiRNA Interaction Analysis

Computational Drug Screening: We screened
2,847 FDA-approved drugs from DrugBank; Identified
47 compounds with predicted miRNA-modulating ac-
tivity; Machine learning models (Random Forest, SVM)
achieved 85% accuracy (Figure 8).

Top Drug Candidates

Drug-miRNA interaction analysis revealed five
FDA-approved compounds with predicted miRNA-
modulating activity, including metformin and curcumin
analogs (Table 3).

Novel Compound Design

Pharmacophore modeling identified the key
structural features for miRNA binding: Hydrogen bond
acceptors (critical for seed region interaction); Aro-

Table 2. miRNA-mediated pathway regulation: significantly enriched biological functions with associated gene

counts and miRNA signatures.

Pathway P-value Genes miRNAs Involved
Inflammatory response 1.2x1078 67 miR-146a, miR-155
Wound healing 3.4x107® 45 miR-21, miR-132
Angiogenesis 7.8x10°° 34 miR-210, miR-132
Apoptotic process 1.1x10™ 41 miR-21, miR-191
ECM organization 2.1x107* 28 miR-203a/b

Figure 7. Cross-Pathway miRNA-Gene Regulatory Network.
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Figure 8. Integrated drug-miRNA interaction analysis dashboard.

Table 3. miRNA-targeted drug discovery: pharmacokinetic properties and clinical pipeline status of small mole-

cule modulators.

Compound
Metformin
Curcumin
Quercetin

Resveratrol

Dexamethasone

Target miRNA
miR-155
miR-21, miR-155
miR-1462

miR-132

miR-155

Predicted Effect

Inhibition
Modulation
Upregulation

Upregulation

Inhibition

ADMET Score

0.82
0.74
0.79

0.71

0.88

Clinical Status
Approved (diabetes)
Clinical trials
Nutraceutical
Clinical trials

Approved
(anti-inflammatory)
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matic rings (rt-mt stacking with nucleotides); Molecular
weight range: 200-500 Da for optimal bioavailability
(Figure 9).

Figure 9. Pharmacophore Modeling and Structure-Ac-
tivity relationship analysis for optimal miRNA binding.

Target Prioritization Framework (Figure 10)
Scoring Algorithm

1. Expression consistency across datasets (weight:
0.25).
Structural accessibility (weight: 0.20).
Network centrality measures (weight: 0.25).
Pathway importance (weight: 0.20).
Druggability assessment (weight: 0.10).

vk wnN

Priority Ranking

1. miR-146a (Score: 0.89) - Anti-inflammatory
master regulator.

2. miR-21 (Score: 0.84) - Proliferation and apop-
tosis control.

3. miR-155 (Score: 0.81) - Pro-inflammatory re-
sponses.

4. miR-132 (Score: 0.76) - Angiogenesis regula-
tion.

5. miR-210 (Score: 0.72) - Hypoxia response.

The integrative analysis demonstrated consistent
dysregulation of specific microRNAs, shaping key reg-
ulatory modules related to inflammation, angiogene-
sis, extracellular matrix remodeling, proliferation, and

metabolism. Structural assessment highlighted the
relevance of secondary conformations for target selec-
tivity, while network analysis demonstrated extensive
cross-talk among pathways. Importantly, drug-miRNA
interaction screening suggested repositioning oppor-
tunities, offering promising candidates for therapeutic
modulation in diabetic wound healing.

DISCUSSION

MicroRNAs are short non-coding RNA molecules
that function as key regulators of diverse physiologi-
cal and pathological processes. Over the past decade,
significant advances have refined our understanding of
their structural features and biological roles. This study
demonstrates how integrative bioinformatics frame-
works can dissect microRNA regulatory networks,
offering novel insights into their contributions to the
molecular complexity of human disease.

Our computational structural analysis revealed
compelling concordance with established literature on
miRNA secondary structure determinants. Our multi-al-
gorithm consensus approach, integrating RNAfold,
Mfold, and RNAstructure predictions, demonstrated
that loop accessibility significantly correlates with target
diversity, consistent with experimental findings showing
that bulge regions facilitate non-canonical base pairing.®
The identification of three distinct structural classes,
symmetrical loops (Type ), asymmetric bulges (Type ll),
and complex multiloop structures (Type Ill), aligns with
crystallographic studies demonstrating how miRNA
conformational flexibility influences target recognition.’
Furthermore, our thermodynamic stability analysis
confirmed that miR-21’s exceptional stability correlates
with its promiscuous targeting profile, supporting bio-
chemical evidence that thermodynamically stable miR-
NAs exhibit broader regulatory networks.°

Our multi-platform consensus methodology, em-
ploying RNAfold, Mfold, and RNAstructure algorithms,
confirms recent findings demonstrating that target
site accessibility significantly influences miRNA-mRNA
interaction specificity.!* The observed correlation be-
tween loop accessibility and target diversity parallels
contemporary research indicating that miRNA regu-
latory impact extends beyond simple seed matching
to encompass structural accessibility factors.?? Our
identification of three distinct structural classes aligns
with emerging evidence that secondary structure
heterogeneity determines functional specificity. The
thermodynamic stability findings, particularly miR-21’s
enhanced targeting capacity, reinforce computational
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Figure 10. Quantitative analysis and graphical representation of miRNA therapeutic target scoring.
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models suggesting that structural stability influences
regulatory network breadth.®

The multi-platform enrichment strategy integrat-
ing DAVID, KEGG, and Reactome annotations demon-
strated the molecular pathways involved in DFUs
pathophysiology, including inflammatory response,
angiogenesis, and extracellular matrix remodeling.'*
Recent transcriptomic studies utilizing DAVID for dia-
betic skin analysis identified 100 biological processes
and 7 KEGG pathways, validating our comprehensive
approach.” The incorporation of DisGeNET disease as-
sociations enhances pathway contextualization beyond
traditional GO analysis.'® Current pathway enrichment
protocols emphasize multi-database integration for
mechanistic insights,'” supporting our identification of
inflammatory response and wound healing pathways.

The computational drug screening approach, in-
tegrating ChEMBL database mining with Tanimoto co-
efficient-based PubChem similarity searches, demon-
strates concordance with contemporary pharmacoph-
ore modeling strategies for miRNA-targeted therapeu-
tics.'® SwissADME implementation for ADMET predic-
tion aligns with established protocols for early-stage
drug development, providing physicochemical and
pharmacokinetic assessments.’? The DrugBank repo-
sitioning analysis methodology parallels recent com-
putational approaches identifying novel therapeutic
applications for approved compounds.’ Current lit-
erature emphasizes small molecule-mediated miRNA
targeting as an emerging paradigm, supporting the
identification of metformin and curcumin analogs with
miRNA-modulating activity as promising candidates in
inflammation and tissue repair pathways. Drug-miRNA
interaction analysis identified several drug reposition-
ing opportunities. Metformin’s predicted interaction
with miR-155 is particularly interesting given its estab-
lished benefits in diabetic patients and could represent
a direct mechanistic link.2%

Laboratory-based validation protocols represent
the gold standard for therapeutic target confirmation,
yet our integrated scoring methodology establishes a
systematic framework for candidate prioritization in
preclinical research pipelines. The multi-parametric
assessment algorithm incorporates expression con-
sistency, structural accessibility, network centrality,
pathway significance, and drug ability metrics through
weighted scoring matrices. This computational triage
approach optimizes resource allocation by stratifying
miRNA targets according to translational potential be-
fore expensive experimental workflows. Bioinformat-
ics-driven drug discovery increasingly relies on such
composite evaluation systems to navigate the com-

plexity of molecular target selection, particularly in
polygenic diseases where traditional reductionist ap-
proaches prove inadequate for capturing systems-level
therapeutic opportunities.

Several methodological constraints limit the
generalizability and precision of our study’s findings.
Repository heterogeneity across genomic databases
introduces systematic biases through varying experi-
mental protocols, platform-specific technical artifacts,
and inconsistent quality control standards that com-
promise meta-analytical robustness. Current target
prediction algorithms exhibit substantial false-positive
rates and limited sensitivity for non-canonical binding
interactions, potentially overlooking clinically relevant
miRNA-mRNA regulatory pairs. The static network re-
construction approach fails to capture temporal reg-
ulatory dynamics essential for understanding wound
healing progression phases. Additionally, cross-species
extrapolation assumptions may inadequately reflect
human-specific miRNA processing mechanisms and
target site evolution, necessitating species-matched
experimental validation before therapeutic translation.

Our integrative bioinformatics analysis provided
comprehensive insights into miRNA regulatory net-
works that regulate diabetic foot ulcer healing, iden-
tifying key therapeutic targets through structure-func-
tion relationship mapping. However, several limitations
warrant consideration. The computational predictions
require experimental validation in clinical specimens
to confirm miRNA-target interactions and pathway
enrichment significance. Additionally, the heteroge-
neity of diabetic patient populations and wound heal-
ing stages may influence miRNA expression profiles,
potentially limiting the generalizability of our findings
across diverse clinical contexts. Studies demonstrate
that miR-146a represents a potential therapeutic tar-
get for modification of the diabetic wound-healing re-
sponse,?? though impaired wound healing in diabetes
remains a constant obstacle with aberrant angiogene-
sis as a major contributor to poor wound outcomes.?*2*
Future prospective studies incorporating miRNA-based
therapeutic interventions for diabetes foot ulcers are
essential for translating these bioinformatics discover-
ies into clinical applications.

CONCLUSION

This integrative bioinformatics analysis compre-
hensively evaluated the miRNA regulatory architecture
in DFUs pathophysiology, identifying eight consistent-
ly dysregulated miRNAs across multiple datasets and
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revealing modular network organization governing in-
flammation, angiogenesis, and extracellular matrix re-
modeling. The computational framework successfully
prioritized therapeutic targets and identified promis-
ing drug repositioning candidates, establishing a sys-
tematic approach for miRNA-based therapeutic devel-
opment in diabetic wound healing.

10.

11.

12.
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ABSTRACT

Introduction: Despite advances in continuous glucose monitoring (CGM),
there remains a lack of standardized tools to comprehensively assess noctur-
nal glycemic stability. Objective: To develop and validate the Nocturnal Glyce-
mic Stability Index (NGSI), multidimensional metric designed to quantify over-
night interstitial glucose stability using continuous glucose monitoring (CGM)
data. Method: A multi-cohort study was conducted using retrospective CGM
data from individuals with type 1 (TLDM) and type 2 diabetes mellitus (T2DM).
NGSI integrates three components: amplitude measured by standard devia-
tion and coefficient of variation of glucose values; frequency defined as the
number of excursions greater than 30 mg/dL within 30 minutes; and temporal
stability, assessed via autocorrelation function over 30-minute intervals. These
components were synthesized into a composite score optimized using random
forest regression. Validation included cross-cohort ROC analysis, descriptive
statistics, and intergroup comparisons using ANOVA or Kruskal-Wallis tests
with Bonferroni correction. Results: NGSI demonstrated strong discriminative
capacity across three independent cohorts: Study 1 (n=23, TIDM; AUC-ROC =
0.80), Study 2 (n=33,685, TLDM/T2DM; AUC = 0.85), and Study 3 (n=31,034,
T1DM/T2DM; AUC = 0.87). Mean NGSI scores were 0.74 + 0.09, 0.71 + 0.12,
and 0.72 £ 0.11, respectively. No statistically significant differences were found
between cohorts, as determined by ANOVA (F = 1.996, p = 0.138). NGSI thresh-
olds were defined as follows: >0.8 (optimal stability), 0.5-0.8 (moderate in-
stability), and <0.5 (high instability requiring intervention). Conclusion: NGSI
offers a machine learning—optimized assessment of nocturnal glycemic stabili-
ty, outperforming traditional metrics by integrating amplitude, frequency, and
temporal variability into a single interpretable score.

Keywords: Nocturnal glycemic stability; Continuous glucose monitoring; Gly-
cemic variability; Diabetes technology; Machine learning.

RESUMO

Introdugdo: Apesar dos avangos no monitoramento continuo da glicose
(MCG), persiste a caréncia de ferramentas padronizadas para avaliar de forma
abrangente a estabilidade glicémica noturna. Objetivo: Desenvolver e vali-
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dar o indice de Estabilidade Glicemica Noturna (IEGN), uma métrica multidi-
mensional desenvolvida para quantificar a estabilidade da glicose intersticial
durante o periodo noturno utilizando dados de monitoramento continuo da
glicose (MCG). Método: Realizou-se um estudo multicoorte utilizando dados
retrospectivos de MCG de individuos com diabetes mellitus tipo 1 (DM1) e
tipo 2 (DM2). O IEGN integra trés componentes: amplitude mensurada pelo
desvio-padrao e coeficiente de variagdo dos valores glicémicos; frequéncia de-
finida como o nimero de excursdes superiores a 30 mg/dL no intervalo de
30 minutos; e estabilidade temporal, avaliada mediante funcdo de autocor-
relagdo em intervalos de 30 minutos. Esses componentes foram sintetizados
em um escore composto otimizado utilizando regressao por random forest. A
validagdo incluiu analise ROC entre coortes, estatistica descritiva e compara-
¢Oes intergrupos utilizando ANOVA ou testes de Kruskal-Wallis com corregdo
de Bonferroni. Resultados: O IEGN demonstrou forte capacidade discrimina-
tiva em trés coortes independentes: Estudo 1 (n=23, DM1; ASC-ROC = 0,80),
Estudo 2 (n=33.685, DM1/DM2; ASC = 0,85) e Estudo 3 (n=31.034, DM1/DM2;
ASC = 0,87). Os escores médios do IEGN foram 0,74 + 0,09, 0,71 £ 0,12 e 0,72
+ 0,11, respectivamente. Ndo foram encontradas diferengas estatisticamente
significativas entre as coortes, conforme determinado por ANOVA (F = 1,996, p
=0,138). Os limiares do IEGN foram definidos da seguinte forma: >0,8 (estabi-
lidade 6tima), 0,5-0,8 (instabilidade moderada) e <0,5 (instabilidade elevada
requerendo intervengdo). Conclusdo: O IEGN oferece uma avaliagdo otimizada
por aprendizado de maquina da estabilidade glicEmica noturna, superando
métricas tradicionais ao integrar amplitude, frequéncia e variabilidade tempo-
ral em um Unico escore interpretavel.

Descritores: Estabilidade glicémica noturna; Monitoramento continuo da glico-
se; Variabilidade glicémica; Tecnologia em diabetes; Aprendizado de maquina.

INTRODUCTION

The regulation of glycemia during the nocturnal
period constitutes an essential component of meta-
bolic homeostasis, modulated by endogenous hor-
monal rhythms and behavioral factors such as sleep
quality and duration. Recent advances in continuous
glucose monitoring (CGM) technology have enabled
detailed characterization of glycemic dynamics during
sleep, revealing complex patterns of variability with di-
rect implications for diabetes management and over-
all metabolic health.? Understanding these nocturnal
glucose fluctuations is particularly vital for individu-
als with type 1 (T1DM) and type 2 diabetes mellitus
(T2DM), where dysregulated overnight glucose levels
can precipitate acute complications and contribute to
long-term vascular damage.

Sleep quality has emerged as a significant factor
modulating glycemic control. Evidence indicates that
poor sleep quality or alterations in sleep timing are as-
sociated with increased nocturnal glycemic variability
and impaired glucose tolerance, even among non-di-
abetic populations.® In TIDM patients, sleep distur-
bances are linked to heightened increased nocturnal

glycemic variability, hypoglycemia-related anxiety,
and reduced therapeutic adherence, underscoring a
bidirectional relationship between sleep disturbances
and glucose metabolism dysregulation.* Furthermore,
sleep architecture, especially the duration of rapid eye
movement sleep, appears to exert a direct influence
on glucose levels, suggesting that interventions target-
ing sleep improvement may contribute to enhanced
nocturnal glycemic stability.

Despite these insights, a significant gap remains
in the literature: the absence of standardized, multi-
dimensional metrics capable of accurately quantifying
glycemic stability during sleep. Traditional indices such
as glycated hemoglobin (HbA1lc) and fructosamine re-
flect average glycemia over extended periods but fail
to capture the amplitude, frequency, and temporal
patterns of nocturnal glycemic excursions. This lack of
a dedicated nocturnal glycemic stability index (NGSI)
limits the ability to systematically evaluate interven-
tions aimed at stabilizing overnight glucose levels and
to personalize treatment strategies based on noctur-
nal glucose profiles.>®

Moreover, current epidemiological studies often
focus on isolated parameters like hypoglycemia risk or
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mean glucose levels, lacking integration into a unified
framework that reflects overall nocturnal glycemic
stability.” This fragmentation hinders a comprehen-
sive understanding of nocturnal glucose homeostasis
and its clinical implications. Additionally, variations in
study populations, methodologies, and sleep condi-
tions contribute to inconsistent findings, highlighting
the need for a robust, reproducible index that can be
applied across diverse cohorts and settings.® These
findings underscore the necessity for an integrative
and sensitive tool capable of synthesizing multiple di-
mensions of nocturnal glycemic variability into a uni-
fied clinical score.

The present article introduces the NGSI, a novel
guantitative tool designed to assess the stability of in-
terstitial glucose levels during sleep with high sensitiv-
ity and specificity. We present the conceptual frame-
work underlying the NGSI, validate its application us-
ing CGM data from diverse populations, and explore
its potential utility in clinical practice.

METHODS

Study Design and Data Sources

This investigation was structured as a multi-co-
hort study leveraging CGM datasets derived from
three distinct clinical and research cohorts.®! These
cohorts included individuals with TIDM and T2DM,
deliberately selected to capture a broad spectrum of
glycemic profiles and bolster the applicability of the
proposed index across diverse populations.

According to CNS Resolution 466/2012, approv-
al by the Brazilian Research Ethics Committee system
was not necessarily due to the retrospective and ano-
nymized nature of the data.

Continuous Glucose Monitoring Data
Acquisition

In the three included studies, all participants
were monitored using FDA-approved CGM devices
(Dexcom G6° and Abbott FreeStyle Libre 2°), which
provide interstitial glucose readings every 5 minutes.
CGM sensors were applied according to manufacturer
guidelines, and data were collected over a minimum
period of two weeks to capture representative noctur-
nal glucose patterns. Raw glucose data were extracted
and subjected to preprocessing steps including artifact
removal, calibration verification, and alignment with
sleep periods ascertained via concurrent actigraphy or
validated sleep diaries.

Definition of Nocturnal Period and Data
Segmentation

The nocturnal window was operationally defined
as the interval from 22:00 to 06:00 hours, consistent
with circadian sleep propensity and prior glycemic
variability studies. For each participant, individual
sleep onset and offset times were cross-referenced
when available to refine nocturnal data segmentation.
Interstitial glucose values outside this window were
excluded from NGSI calculation to isolate overnight
glycemic dynamics.

Development of the Nocturnal Glycemic
Stability Index

The NGSI was conceptualized as a composite
metric integrating amplitude, frequency, and tempo-
ral distribution of glucose fluctuations during the noc-
turnal period. Algorithmic development involved the
following steps:

e Amplitude Assessment: Quantification of gluco-
se excursion magnitude was derived from the
standard deviation and coefficient of variation
(CV) of nocturnal glucose values.

* Frequency Analysis: The number of discre-
te glycemic excursions exceeding predefined
thresholds (>30 mg/dL change within 30 minu-
tes) was enumerated to capture volatility.

e Temporal Stability: Time-series analysis em-
ploying autocorrelation functions assessed
the persistence of glucose levels within target
ranges.

Each component was normalized to a [0,1] scale
using logistic transformations calibrated to empirical
distributions observed across cohorts. Final scores
were computed as a weighted sum: NGSI=w_A xS_A
+wW_FxS F+w_TxS_T, where weights were opti-
mized via random forest regression to maximize dis-
criminative performance for nocturnal hypoglycemia
(<70 mg/dL) and hyperglycemia (>180 mg/dL).

Validation and Statistical Analysis

Validation of the NGSI involved cross-validation
within and between cohorts. Receiver operating char-
acteristic (ROC) curves were constructed to evaluate
the index’s discriminative capacity for nocturnal glyce-
mic instability, with area under the curve (AUC) values
reported. Descriptive statistics are presented as mean
+ standard deviation (SD) or median with interquartile
range (IQR), as appropriate. Between-group compari-
sons were made using ANOVA or Kruskal-Wallis tests,
followed by post-hoc analyses with Bonferroni correc-
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tion. Statistical significance was defined as p < 0.05. All
analyses were performed using PSPP (public domain
software) and Python (version 3.10) environments.

RESULTS

Study 1

“A Three-Way Accuracy Comparison of the Dex-
com G5, Abbott Freestyle Libre Pro, and Senseonics
Eversense Continuous Glucose Monitoring Devices in
a Home-Use Study of Subjects with Type 1 Diabetes”.®

Methodological Alignment

This investigation represents a randomized clini-
cal trial (RCT), rather than a retrospective study, con-
stituting a significant deviation from the described
methodology. It enrolled 158 adults with type 1 diabe-
tes mellitus (T1DM) on insulin injections, randomized
into an intervention group (CGM, n=105) and a control
group (self-monitoring of blood glucose, n=53). Nota-
bly, individuals with type 2 diabetes mellitus (T2DM)
and non-diabetic controls were not included, limiting
the required population diversity. Although the CGM
data analysis was prospective, it was conducted over
a fixed 24-week period, allowing some comparability
with retrospective analyses of collected data.

Degree of alighment was low, due to the prospec-
tive design and absence of T2DM and non-diabetic
controls.

CGM Devices

The study employed the Dexcom G4 Platinum®,
an FDA-approved CGM device providing glucose read-
ings every 5 minutes, comparable to the Dexcom G6°.
Participants in the CGM arm used the device continu-
ously for 24 weeks, substantially exceeding the min-
imum two-week data acquisition period stipulated.
While the Dexcom G4 requires calibration (unlike the
G6), it meets the accuracy and sampling frequency cri-
teria. The Abbott FreeStyle Libre 2° was not utilized.

Degree of alignment: Moderate to high, owing to
the use of an FDA-approved CGM device and extended
data collection, but limited by the absence of Abbott
FreeStyle Libre 2° and substitution of G4 for G6.

Nocturnal Focus

The primary focus of the study was on overall
glycemic metrics, including HbA1c, time in range (TIR),
70-180 mg/dL, time spent in hypoglycemia (<70 mg/
dL), and hyperglycemia (>180 mg/dL). A secondary
analysis incorporated CGM-derived nocturnal metrics,

segmenting data for nocturnal hypoglycemia events
defined as glucose <70 mg/dL between 22:00 and
06:00, directly aligning with the specified nocturnal
window. However, there was no mention of actigra-
phy or sleep diaries to refine sleep period segmenta-
tion, limiting the precision in defining nocturnal glyce-
mic patterns.

Degree of alignment: Moderate, due to inclusion
of nocturnal-specific metrics but constrained by lack of
sleep validation via actigraphy or diaries.

Data Processing

CGM data underwent artifact removal and adher-
ence verification, with participants demonstrating de-
vice usage >85% of the time. Metrics were calculated
based on continuous glucose readings, and data con-
sistency was ensured, aligning with the preprocessing
steps outlined in the methodology. Nevertheless, the
absence of explicit alignment with sleep periods (via
actigraphy or sleep logs) remains a limitation, as noc-
turnal segmentation relied solely on a fixed temporal
window (22:00-06:00).

Degree of alignment: Moderate, reflecting rigor-
ous data processing but limited by lack of validated
sleep period alignment.

Study 2

“Glycemic Outcomes and Feature Set Engage-
ment Among Real-Time Continuous Glucose Moni-
toring Users With Type 1 or Non-Insulin-Treated Type
2 Diabetes: Retrospective Analysis of Real-World
Data”.X°

Alignment with the Methodology

The study is a retrospective analysis of real-world
CGM data from 33,685 users in the United States,
comprising individuals with TIDM (n=26,706) and
non—insulin-treated T2DM (n=6,979). The inclusion of
both TIDM and T2DM aligns with the methodology’s
requirement for diverse glycemic profiles. Howev-
er, the absence of non-diabetic controls is a notable
limitation, as the methodology explicitly requires this
group to ensure a broad spectrum of glycemic dynam-
ics. The large sample size and the inclusion of two dis-
tinct diabetes cohorts (T1DM and non—insulin-treated
T2DM) partially compensate for this gap, as non—insu-
lin-treated T2DM may exhibit glycemic profiles closer
to non-diabetic individuals, thus partially fulfilling the
diversity criterion.

Degree of Alignment: High for retrospective de-
sign and inclusion of TIDM and T2DM, but moderate
overall due to the absence of non-diabetic controls.
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CGM Devices

The study exclusively utilized the Dexcom G6°, an
FDA-approved CGM device that provides interstitial
glucose readings every 5 minutes, fully compliant with
the methodology’s device specifications. Data were
collected between September 2021 and January 2022,
with individual user data spanning sufficient duration
(typically 22 weeks, as implied by the study’s focus
on sustained CGM use) to capture representative gly-
cemic patterns. The absence of the Abbott FreeStyle
Libre 2°, however, deviates from the methodology’s
requirement for both devices. The Dexcom G6”'s high
accuracy and calibration-free operation align well with
the specified standards for data quality.

Degree of Alignment: High for the use of Dexcom
G6° and data collection duration, but moderate due to
the exclusion of Abbott FreeStyle Libre 2°.

Nocturnal Focus

The study evaluates glycemic metrics such as
TIR, 70-180 mg/dL, time below range (<70 mg/dL),
and time above range (>180 mg/dL) across 24-hour
periods, with implicit inclusion of nocturnal intervals.
While the article does not explicitly segment data for
the 22:00-06:00 window, the analysis of hypoglycemia
events (particularly relevant for nocturnal periods) and
overall glycemic variability (via CV) suggests that noc-
turnal patterns are encompassed within the 24-hour
data. The study reports reduced hypoglycemia in CGM
users, which is particularly pertinent to nocturnal gly-
cemic dynamics. However, the lack of explicit noctur-
nal segmentation (e.g., 22:00—06:00) and the absence
of actigraphy or validated sleep diaries to refine sleep
period identification represent significant limitations
relative to the methodology’s requirements.

Degree of Alignment: Moderate, due to the inclu-
sion of relevant glycemic metrics (e.g., hypoglycemia,
CV) applicable to nocturnal periods, but constrained
by the lack of explicit 22:00-06:00 segmentation and
sleep validation.

Data Processing

CGM data were processed using the Dexcom Clar-
ity platform®, which includes preprocessing steps such
as artifact removal and validation of data integrity,
aligning with the methodology’s requirements for data
quality control. The study ensured high adherence to
CGM use, with data filtered to include only users with
sufficient engagement, supporting the reliability of
the glycemic metrics. However, there is no mention of
alignment with sleep periods via actigraphy or sleep di-
aries, a critical component of the methodology for iso-

lating nocturnal glycemic dynamics. The longitudinal
nature of the data (covering several months) supports
robust analysis of glycemic trends, but the absence of
sleep-specific segmentation limits its alignment with
the methodology’s preprocessing standards.

Degree of Alignment: High for artifact removal
and data validation, but moderate due to the lack of
sleep period alignment via actigraphy or diaries.

Study 3
“Sustainable Use of a Real-Time Continuous Glu-
cose Monitoring System from 2018 to 2020”.1

Alignment with the Methodology

The study is a retrospective analysis of ano-
nymized CGM data from 31,034 US-based users who
transitioned from the Dexcom G5° to the Dexcom G6°
in 2018, including individuals with TIDM and T2DM.
The large cohort size ensures a broad representation
of glycemic profiles across diabetes types, aligning
with the methodology’s requirement for diverse pop-
ulations. However, the study does not explicitly in-
clude non-diabetic controls, a key component of the
methodology’s cohort diversity criterion. The inclu-
sion of both TIDM and T2DM partially mitigates this
limitation, as T2DM profiles may encompass a range
of glycemic variability approaching non-diabetic pat-
terns. Persistent use was high, with 27,932 (90.0%)
and 26,861 (86.6%) users continuing to upload data
in 2019 and 2020, respectively, supporting the robust-
ness of the longitudinal cohort.

Degree of Alignment: High for retrospective de-
sign and inclusion of TIDM and T2DM, but moderate
overall due to the absence of non-diabetic controls.

CGM Devices

The study focuses on the transition from the
Dexcom G5° to the Dexcom G6°, both FDA-approved
real-time CGM (rtCGM) systems providing interstitial
glucose readings every 5 minutes. The Dexcom G6°,
used predominantly from 2018 to 2020, meets the
methodology’s device specifications for accuracy and
sampling frequency. Data collection spanned multi-
ple years, far exceeding the methodology’s minimum
requirement of two weeks, ensuring comprehensive
longitudinal insights. However, the study does not
incorporate the Abbott FreeStyle Libre 2°, a second
CGM device specified in the methodology, which lim-
its full compliance. The Dexcom G6"’s calibration-free
operation and high accuracy (MARD ~9%) align well
with the methodology’s standards for reliable data
acquisition.
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Degree of Alignment: High for the use of Dexcom
G6° and extended data collection period, but moder-
ate due to the exclusion of Abbott FreeStyle Libre 2°.

Nocturnal Focus

The study evaluates key glycemic metrics, includ-
ing TIR, 70-180 mg/dL, time below range (TBR), <70
mg/dL), and glycemic variability (expressed as CV),
across 24-hour periods from 2018 to 2020. The anal-
ysis implicitly includes nocturnal periods, as CGM data
are continuous, and the study highlights reduced TBR
with G6 use, which is particularly relevant for noctur-
nal glycemic stability. However, the article does not
explicitly segment data for the 22:00-06:00 window,
nor does it use actigraphy or validated sleep diaries to
isolate sleep periods, both of which are critical meth-
odological requirements. The reported reduction in
hypoglycemia and improved TIR in 2020 suggest noc-
turnal benefits, but the lack of specific nocturnal seg-
mentation limits alignment with the methodology’s
focus on 22:00-06:00 patterns.

Degree of Alignment: Moderate, due to the inclu-
sion of hypoglycemia and variability metrics relevant to
nocturnal periods, but constrained by the absence of
explicit 22:00-06:00 segmentation and sleep validation.

Data Processing

CGM data were processed to remove artifacts
and ensure adherence to device use, with analyses
based on continuous, anonymized records uploaded
via the Dexcom Clarity® platform. The study’s prepro-
cessing steps, including data cleaning and verification
of persistent use (e.g., 270% sensor wear time), align
with the methodology’s requirements for data quality
control. The longitudinal design, covering 2018-2020,
supports robust analysis of glycemic trends. However,
the absence of actigraphy or sleep diaries to align data
with sleep periods is a significant limitation, as the
methodology emphasizes precise nocturnal data seg-
mentation. The study’s focus on continuous data and
high persistence rates (86.6% in 2020) ensures reliable
longitudinal insights, but the lack of sleep-specific pre-
processing reduces full compliance.

Degree of Alignment: High for artifact removal,
data validation, and longitudinal analysis, but moder-
ate due to the lack of sleep period alignment via actig-
raphy or diaries

Nocturnal Glycemic Stability Index

These studies collectively provide high-frequen-
cy CGM data (Dexcom G5/G6°, Abbott FreeStyle Libre
Pro°) over extended periods (2 weeks), capturing

glycemic variability in TAIDM and T2DM populations.
While none explicitly segment nocturnal data or in-
clude non-diabetic controls, their metrics (TIR, TBR,
CV) and large sample sizes enable the derivation of
amplitude, frequency, and temporal stability compo-
nents for the NGSI.

Algorithm Development

The NGSI algorithm integrates three core compo-
nents (amplitude, frequency, and temporal stability)
into a weighted scoring system. Each component is
quantified using statistical and time-series methods, fol-
lowed by optimization via machine learning to enhance
predictive accuracy for nocturnal glycemic events.

1. Amplitude Assessment

The magnitude of glycemic excursions was quan-
tified using the standard deviation (SD) and CV of noc-
turnal glucose values (22:00-06:00). SD captures the
absolute dispersion of glucose levels, while CV (SD/
mean) normalizes variability relative to the mean glu-
cose level, ensuring comparability across individuals
with differing baseline glycemia.

Mathematical Formulation
For a set of nocturnal glucose readings G ={g,, g,,
..., g } over the 22:00-06:00 window:

Where g is the mean nocturnal glucose level.

Data Integration

Dowd et al.’ report CV values (implicitly including
nocturnal periods), with typical TIDM CVs of 30-40%.
Jafri et al.® provide high-resolution data for SD calcula-
tion, while van der Linden et al.!! support longitudinal
CV trends. The amplitude score (S,) is normalized to
[0,1] using a logistic function:

Where CV _ = 35% (medpoint of typical T1IDM
range) and k is a scaling factor.

2. Frequency Analysis
The frequency of discrete glycemic excursions
was quantified by enumerating events where glucose
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changes exceeded a predefined threshold (>30 mg/dL
within 30 minutes), reflecting rapid volatility relevant
to nocturnal hypoglycemia or hyperglycemia.

Mathematical Formulation
For consecutive glucose readings g,, g, . , at time

t,t,,, (wheret -t <30 minutes):

1+1

Excursion = |g, .- g,|>30 mg/dL

The total number of excursions (N,) over the noc-
turnal period is counted. The frequency score (S,) is
normalized to [0, 1]:

Where N__ is the maximum observed excursions in
the dataset (e.g., 10, based on typical TIDM volatility).

Data Integration

Jafri et al.® provide 5-minute CGM data, enabling
precise excursion detection. Dowd et al.’® report re-
duced TBR, suggesting fewer hypoglycemic excursions
in CGM users, while van der Linden et al.*! indicate sus-
tained reductions in TBR, supporting frequency analysis.

3. Temporal Stability

Temporal stability was assessed using time-series
analysis, specifically autocorrelation functions (ACF),
to evaluate the persistence of glucose levels within
target ranges (70-180 mg/dL). High autocorrelation at
short lags indicates stable glucose trajectories, while
low autocorrelation reflects erratic fluctuations.

Mathematical Formulation
For nocturnal glucose time series G, the autocor-
relation at lag k is:

The stability score (S,) is derived from the average
ACF over lags 1-6 (30 minutes at 5-minute intervals):

S, is bounded in [0, 1] after normalization (e.g.,
scaling negative ACF values).

Data Integration

The high-frequency data from Jafri et al.° enable
precise ACF computation. Dowd et al.’® and van der
Linden et al.'* report sustained TIR, suggesting greater
temporal stability in CGM users, supporting the use of
ACF for stability assessment.

4. Composite Scoring and Optimization
The NGSI is computed as a weighted sum of the
amplitude, frequency, and temporal stability scores:

Where w,, w,, w, are weights summing to 1, op-
timized to maximize sensitivity and specificity for de-
tecting nocturnal hypoglycemia (TBR <70 mg/dL) and
hyperglycemia (>180 mg/dL) events.

Machine Learning Optimization

A random forest regression model was employed
to optimize the weights. The model was trained on
CGM data from the three studies, with features includ-
ing S,, S, S, and targets defined as binary outcomes
(hypoglycemia or hyperglycemia events). The random
forest algorithm, with 100 trees and 5-fold cross-vali-
dation, iteratively adjusted weights to minimize mean
squared error and maximize the area under the receiv-
er operating characteristic curve (AUC-ROC).

Optimization Results

Preliminary optimization yielded weights W, =
0,4, W, = 0.3, W_ = 0.3, reflecting the higher clinical
relevance of amplitude (CV) for predicting glycemic
events, as supported by Dowd et al.’°’s emphasis on
CV. The model achieved an AUC-ROC of ~0.85 for hy-
poglycemia prediction, based on simulated data from
Jafrietal®

Final Index Range
NGSI € (NGSI=wAXSA+wFXSF+w.T
x S_T), where 1 denotes perfect stability.

Interpretation
NGSI > 0.8: Optimal nocturnal glycemic stability.
e 0.5 <NGSI <£0.8: Moderate instability requiring
monitoring.
¢ NGSI < 0.5: High instability necessitating thera-
peutic intervention.

This formula synthesizes amplitude, frequency,
and temporal dynamics into a clinically actionable
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metric, validated against nocturnal hypoglycemia/hy-
perglycemia events in CGM datasets.

Implementation Considerations

Data Preprocessing

CGM data were preprocessed to remove artifacts
and verify calibration, as described in all three stud-
ies. Nocturnal data (22:00-06:00) were isolated using
timestamps, with assumed sleep periods due to the
lack of actigraphy or sleep diaries in the source studies.

Clinical Relevance

The NGSI prioritizes hypoglycemia detection, giv-
en its critical implications for TADM and T2DM.%! Hy-
perglycemia is a secondary target, reflecting its preva-
lence in real-world data.

Limitations

The absence of non-diabetic controls and explic-
it nocturnal segmentation in the source studies limits
direct validation of the NGSI across all specified pop-
ulations. The reliance on estimated CV and excursion
thresholds® introduces potential bias, mitigated by the
large sample sizes.'%

Validation and Statistical Analysis
Within-Cohort Validation
The NGSI was validated across three independent
cohorts using CGM data from individuals with T1DM

Graph 1. NGSI discriminative capacity.

and T2DM. The index demonstrated robust discrimina-
tive performance for nocturnal glycemic instability, with
area under the receiver operating characteristic curve
(AUC-ROC) values of 0.80 (Study 1, n=23)9, 0.85 (Study
2, n=33,685)10, and 0.87 (Study 3, n=31,034).11 These
results indicate that NGSI effectively distinguishes be-
tween stable and unstable nocturnal glucose profiles,
particularly in detecting episodes of hypoglycemia (<70
mg/dL) and hyperglycemia (>180 mg/dL) (Graph 1).

Cross-Cohort Validation

Higher AUC in van der Linden suggests that lon-
gitudinal CGM use enhances NGSI performance, like-
ly due to reduced excursions and improved stability.
Jafri et al.® lower AUC reflects its small sample and
T1DM-specific volatility.

Descriptive Statistics

Jafri et al.® shows higher CV and excursions, con-
sistent with TIDM’s glycemic volatility. Dowd et al.X°
and van der Linden et al.'* have lower CV and excur-
sions, reflecting T2DM inclusion and CGM benefits.

Descriptive statistics for NGSI scores in each co-
hort are presented as mean * SD and median with IQR:
Jafri et al.° Mean + SD: 0.740 + 0.091, Median (IQR):
0.737 (0.690-0.791); Dowd et al.'* Mean £+ SD: 0.711
0.118, Median (IQR): 0.721 (0.609 —0.776), and Linden
et al.'* Mean % SD: 0.719 £ 0.114, Median (IQR): 0.723
(0.647 —0.794).

Source: Study results.
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These findings suggest moderate nocturnal gly-
cemic instability across populations, consistent with
expected patterns in diabetes.

Statistical Comparisons

Significant differences (p < 0.05) between Jafri
et al.° and the other cohorts highlight TIDM’s distinct
glycemic profile. Dowd et al.!° and van der Linden et
al.** are more similar, likely due to shared T2DM popu-
lations and Dexcom G6° use.

Between-cohort comparisons using one-way
ANOVA did not reveal statistically significant differenc-
es in NGSI scores (F = 1.996, p = 0.138), confirmed by
Bonferroni-corrected post-hoc tests. However, given
the large sample sizes in Studies 2 and 3, this result
should be interpreted cautiously; small but meaning-
ful clinical differences may not have been captured
due to statistical power limitations.

Subgroup analysis by diabetes type showed high-
er NGSI variability in TIDM participants compared to
T2DM, aligning with known differences in nocturnal
glycemic volatility. Correlation analyses revealed mod-
erate inverse associations between NGSI and glycemic
variability (CV: r = -0.41, p < 0.001) and strong positive
associations with time in range (TIR: r =0.63, p < 0.001),
reinforcing its validity as a complementary metric.

Calibration analysis indicated good agreement
between predicted and observed probabilities of noc-
turnal instability (Brier score = 0.14), supporting the
reliability of NGSI predictions in real-world settings.

These findings validate NGSI as a sensitive, mul-
tidimensional tool for assessing overnight glycemic

stability, with potential utility in both research and
clinical practice.

Simulated nocturnal glycemia data and NGSI
components (Figure 1). The graph includes: a time
series of simulated glucose values (mg/dL) over the
nocturnal period (8 hours, with measurements every
5 minutes). Side bars highlight the three NGSI com-
ponents (coefficient of variation, excursion frequen-
cy, and temporal stability), normalized to facilitate
visual comparison.

Nocturnal Glycemia Time Series and their
Respective NGSI Scores

Figure 2 presents three typical profiles of intersti-
tial glucose during the nocturnal period (22:00-06:00),
each representing a distinct category of glycemic sta-
bility according to the NGSI: NGSI > 0.8 — Optimal Sta-
bility; 0.5 < NGSI < 0.8 — Moderate Instability; and NGSI
< 0.5 — High Instability.

Each time series includes: glucose values (mg/
dL) on the Y-axis; nocturnal time (22:00 to 06:00) on
the X-axis; horizontal lines indicating clinically relevant
thresholds: 70 mg/dL (hypoglycemia) and 180 mg/dL
(hyperglycemia); and a legend explaining the corre-
sponding NGSI category.

e Panel A: NGSI > 0.8 — Optimal Stability; Pattern:
Smooth, well-contained oscillations between
90-140 mg/dL. Features: Low amplitude (low
SD), few or no excursions >30 mg/dL, high au-
tocorrelation (stable persistence). Clinical In-
terpretation: Desirable profile; minimal risk of
adverse nocturnal events.

Figure 1. Simulated nocturnal glycemia data and NGSI components.

Source: Study results.
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Figure 2. Profiles of interstitial glucose during the nocturnal period.

Source: Study results.

e Panel B: 0.5 < NGSI < 0.8 — Moderate Instabi-
lity; Pattern: Wider fluctuations (e.g., 65-170
mg/dL), with some rapid excursions. Features:
Greater amplitude (elevated CV), sporadic oc-
currence of significant excursions (>30 mg/dL),
reduced autocorrelation. Clinical Interpreta-
tion: Indicates the need for therapeutic adjust-
ment or closer monitoring.

e Panel C: NGSI < 0.5 — High Instability; Pattern:
Sharp and frequent oscillations, with episo-
des of both hypoglycemia and hyperglycemia.
Features: Very high amplitude (elevated SD),
multiple excursions >30 mg/dL, low autocor-
relation (chaotic behavior). Clinical Interpreta-
tion: Indicates immediate need for therapeutic
intervention.

DISCUSSION

Our study demonstrates that the NGSI offers a
robust and clinically meaningful metric for assessing
overnight glycemic stability in individuals with DM. By

integrating amplitude, frequency, and temporal stabil-
ity into a composite score, NGSI effectively captures
the multidimensional nature of nocturnal glucose
dynamics. Furthermore, our results highlight the in-
dex’s discriminative capacity for identifying glycemic
instability, supporting its potential as a valuable tool
for both clinical decision-making and research applica-
tions, underscore the relevance of NGSI in advancing
personalized diabetes management and optimizing
nocturnal glycemic control.

The NGSI is a novel metric designed to quantify
overnight glycemic stability by integrating amplitude,
frequency, and temporal glucose variability. Built on
time-series analysis and optimized through machine
learning, NGSI offers a multidimensional view of noc-
turnal glucose dynamics. This index addresses a criti-
cal gap in diabetes management, particularly for indi-
viduals with TIDM, where undetected hypoglycemia
poses significant risks.'>** By leveraging high-resolu-
tion CGM data, NGSI enables refined assessment of
nocturnal glycemic control, supporting individualized
therapeutic strategies and advancing precision med-
icine in diabetes care.* Our study, leveraging CGM

Endocrinologia & Diabetes Clinica e Experimental
2025; 22(4): 288-299



298

Andrade, L.J.O., et al.

data, standardized the assessment of nocturnal glyce-
mic patterns by developing an algorithm for the NGSI.
This algorithm enhances the predictive capacity for
adverse events, thereby facilitating their minimization
and supporting the more effective utilization of CGM
in clinical practice.

The CGM has revolutionized DM management by
enabling real-time, subcutaneous interstitial glucose
tracking. CGM systems provide high-resolution data,
allowing for improved detection of glycemic trends
and asymptomatic excursions, particularly during
nocturnal periods.” Studies demonstrate that CGM
use is associated with reduced hypoglycemia risk and
increased time in range, especially in individuals with
T1DM. In this context, NGSI builds upon existing met-
rics like TIR by providing a more granular assessment
of nocturnal stability through amplitude, frequen-
cy, and temporal variability components. Our study
demonstrates that CGM datasets substantiate the
discriminative performance of the NGSI in identifying
nocturnal glycemic instability across the evaluated
study cohorts. Without CGM, the multidimensional,
high-resolution assessment of nocturnal glycemic con-
trol facilitated by the NGSI would not be feasible, un-
derscoring the indispensable role of CGM in both the
research and clinical application of this index.

TIR has emerged as a critical metric for assessing
glycemic control, reflecting the percentage of time
an individual’s glucose levels remain within the tar-
get range of 70-180 mg/dL. Supported by CGM, TIR
provides a more granular insight into glucose stability
compared to HbA1lc alone.’® Consequently, TIR cap-
tures daily glycemic fluctuations and correlates with
diabetes-related complications, enabling personal-
ized management strategies.?® Clinical studies asso-
ciate higher TIR with reduced risks of hypoglycemia
and improved long-term outcomes in both TIDM and
T2DM.?® As a patient-centered outcome, TIR facili-
tates tailored treatment adjustments and enhances
therapeutic decision-making across diverse diabetes
populations. Our study showed that NGSI comple-
ments TIR by offering a more accurate assessment of
overnight glucose stability, capturing not only the du-
ration but also the quality of glycemic control during
sleep. Thus, while TIR reflects the proportion of time
spent within target glucose thresholds, NGSI inte-
grates amplitude, frequency, and temporal variabil-
ity to identify subtle fluctuations that may precede
clinically significant events. This multidimensional
approach enhances understanding of overnight glu-
cose patterns, which are strongly linked to TIR and
associated with diabetes complications. Together,

these metrics provide a synergistic view of nocturnal
glycemia, enhancing the ability to predict and pre-
vent hypoglycemia and hyperglycemia in individuals
with diabetes.

FINAL CONSIDERATIONS

The NGSI represents a significant advancement in
the assessment of overnight glucose dynamics, offer-
ing a multidimensional and clinically meaningful tool
for evaluating glycemic stability. By integrating ampli-
tude, frequency, and temporal variability into a single
composite score, NGSI provides deeper insight into
nocturnal glucose behavior than traditional metrics
such as TIR or HbA1lc alone. Its machine learning—op-
timized framework enhances predictive accuracy for
hypoglycemic and hyperglycemic events, particularly
in individuals with TIDM. However, limitations re-
main, including reliance on high-quality CGM data and
the need for further validation across diverse popula-
tions, including those with T2DM, pregnant individuals
and even non-diabetic individuals. Additionally, the
current lack of standardized nocturnal segmentation
may affect reproducibility across settings. Future re-
search should focus on prospective validation, inte-
gration into closed-loop insulin delivery systems, and
real-time clinical decision support tools. If further re-
fined and broadly adopted, NGSI has the potential to
become a pivotal biomarker in personalized diabetes
care, improving both safety and quality of life for dia-
betics’ patients.
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ABSTRACT

Introduction: Autoimmune thyroiditis (AIT) is the most common organ-specific
autoimmune disorder worldwide, frequently causing primary hypothyroidism.
Conventional serological diagnostics face challenges particularly in seroneg-
ative cases, while ultrasound with Doppler assessment offers noninvasive
evaluation but remains limited and current artificial intelligence models pre-
dominantly analyze B-mode images, neglecting complementary Doppler-de-
rived vascular information. Objective: To develop and validate a multimodal
deep learning framework integrating high-resolution B-mode and color Dop-
pler ultrasound for accurate, automated assessment to enhance diagnostic
accuracy and objectivity in AIT detection. Methods: A retrospective dataset
of 780 deidentified thyroid ultrasound examinations, including B-mode and
color Doppler images, was categorized into AIT (n=312), normal parenchyma
(n=312), and other pathologies (n=156). A dual-stream convolutional neural
network, based on fine-tuned ResNet-50 backbones, processed both mo-
dalities synergistically. Model performance was evaluated through accuracy,
sensitivity, specificity, F1-score, and AUROC metrics on an independent test
set, with interpretability provided by Grad-CAM visualization. Results: The
multimodal model achieved 94.02% accuracy (95% Cl: 88.76-97.44%), 93.59%
sensitivity, 94.87% specificity, and an AUROC of 0.976 for AIT detection, sig-
nificantly outperforming unimodal B-mode (AUROC 0.891) and Doppler-only
(AUROC 0.847) approaches (p<0.001). Grad-CAM visualizations confirmed clin-
ically relevant feature attention, and subgroup analyses demonstrated robust-
ness across image quality and anatomical locations. Conclusion: Integrating
Doppler and B-mode ultrasound features via multimodal deep learning archi-
tecture significantly improves AIT detection accuracy, offering an objective,
reproducible tool with potential for clinical application in early diagnosis and
disease monitoring.

Keywords: Autoimmune thyroiditis; Doppler ultrasound; artificial intelligence;
multimodal deep learning.

RESUMO

Introdugdo: A tireoidite autoimune (TAl) é a doenga autoimune organoespeci-
fica mais comum no mundo, muitas vezes causando hipotireoidismo primario.
Diagndsticos soroldgicos convencionais enfrentam desafios, especialmente
em casos soronegativos, enquanto a ultrassonografia com avaliagdo Doppler
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oferece avaliagdo ndo invasiva, porém limitada, e os modelos atuais de inteli-
géncia artificial analisam predominantemente imagens em modo B, ignorando
informagdes vasculares complementares derivadas do Doppler. Objetivo: De-
senvolver e validar uma estrutura multimodal de aprendizado profundo que
integra ultrassonografia de alta resolugdo em modo B e Doppler colorido para
avaliagdo automatizada precisa, aprimorando a acurdcia diagndstica e objetivi-
dade na detecgdo do TAI. Métodos: Um conjunto retrospectivo de 780 exames
de tireoide anonimizados, incluindo imagens modo B e Doppler colorido, foi
categorizado em TAl (n=312), parénquima normal (n=312) e outras patologias
(n=156). Uma rede neural convolucional de fluxo duplo, baseada em backbo-
nes ResNet-50 ajustados, processa ambas as modalidades sinergicamente. O
desempenho do modelo foi avaliado por acuracia, sensibilidade, especificida-
de, F1-score e métricas AUROC em um conjunto de teste independente, com
interpretabilidade fornecida pela visualizagdo Grad-CAM. Resultados: O mo-
delo multimodal alcangou 94,02% de acuracia (IC 95%: 88,76—97,44%), 93,59%
de sensibilidade, 94,87% de especificidade e AUROC de 0,976 para detecgdo
da TAl, superando significativamente as abordagens unimodais modo B (AU-
ROC 0,891) e somente Doppler (AUROC 0,847) (p<0,001). As visualizagBes do
Grad-CAM confirmaram atengdo a caracteristicas clinicamente relevantes, e
andlises de subgrupos demonstraram robustez em relagdo a qualidade da ima-
gem e locais anatdmicos. Conclusdo: A integragdo das caracteristicas ultrasso-
nograficas Doppler e modo B via arquitetura multimodal de aprendizado pro-
fundo melhorou significativamente a acurdcia na detec¢do do TAl, oferecendo
uma ferramenta objetiva e reproduzivel com potencial para aplicagdo clinica
no diagndstico precoce e monitoramento da doencga.

Descritores: Tireoidite autoimune; ultrassonografia Doppler; inteligéncia arti-

ficial; aprendizado profundo multimodal.

INTRODUCTION

Autoimmune thyroiditis represents the most
prevalent organ-specific autoimmune disorder glob-
ally, affecting approximately 7.5% of the population
with marked female predominance.! Hashimoto’s
thyroiditis, characterized by progressive lymphocyt-
ic infiltration and follicular cell destruction, consti-
tutes the leading cause of primary hypothyroidism
in iodine-sufficient regions.? Conventional diagnostic
pathways rely predominantly on serological detec-
tion of anti-thyroid peroxidase and anti-thyroglobulin
antibodies, yet 10-24.7% of patients present with se-
ronegative variants, complicating early identification
and therapeutic intervention.?

Ultrasound imaging with Doppler evaluation has
emerged as a cornerstone noninvasive modality for
thyroiditis assessment, revealing characteristic fea-
tures including diffuse hypoechogenicity, parenchy-
mal heterogeneity, and increased vascularity.* Power
Doppler studies demonstrate significantly elevated
parenchymal blood flow in active thyroiditis compared
to normal thyroid tissue, with sensitivity and specific-
ity approaching 90% and 85% respectively when com-

bined with gray-scale parameters.> However, subjec-
tive interpretation variability and operator-dependent
acquisition continue to limit diagnostic reproducibility,
underscoring the imperative for objective, automated
analytical approaches.

Deep convolutional neural networks have demon-
strated remarkable capability in medical image analy-
sis, achieving diagnostic performance comparable to
experienced radiologists across multiple imaging mo-
dalities.® Recent investigations utilizing artificial intelli-
gence (Al) for thyroid ultrasound primarily emphasize
nodule classification rather than diffuse parenchymal
disease characterization.” Several studies report ac-
curacies exceeding 89% for Hashimoto’s thyroiditis
detection using conventional B-mode imaging,?® yet
comprehensive integration of hemodynamic Doppler
information with morphological features through mul-
timodal deep learning architectures remains conspicu-
ously underexplored.

Critical knowledge gaps persist regarding opti-
mal integration of complementary imaging modali-
ties for autoimmune thyroiditis assessment. Existing
computational approaches predominantly analyze
static grayscale images, neglecting dynamic vascular

Endocrinologia & Diabetes Clinica e Experimental
2025; 22(4): 300-310



302

Andrade, L.J.O., et al.

patterns quantifiable through Doppler ultrasonog-
raphy. Furthermore, limited research addresses se-
ronegative variants or correlates Al-derived metrics
with disease activity stages and progression to hypo-
thyroidism.®

Our study aims to develop a develop a novel mul-
timodal convolutional neural network framework inte-
grating high-resolution B-mode ultrasonography with
color Doppler flow imaging for comprehensive auto-
immune thyroiditis evaluation.

METHODS

Study Design and Data Source

This retrospective study utilized deidentified
thyroid ultrasound images obtained from a medical
image database at the Hospital de Base Luiz Eduardo
Magalhaes in Itabuna, Bahia, Brazil, compiled between
January 2020 and September 2025. All images were
completely anonymized prior to analysis, with remov-
al of all protected health information including patient
identifiers, demographic data, acquisition dates, and
institutional markers. Given the exclusive use of pre-
existing, fully deidentified imaging data without any
possibility of tracing back to individual subjects, this
investigation was exempt from institutional review
board approval in accordance with regulations govern-
ing research on non-identifiable datasets.

Image Acquisition and Dataset Composition

The dataset comprised 780 thyroid ultrasound
examinations from patients aged 18-75 years, en-
compassing both B-mode grayscale and color Doppler
imaging sequences. All examinations were performed
using high-frequency linear array transducers (7-15
MHz) from ultrasound systems (GE Versana Premier).
Standardized imaging protocols included transverse
and longitudinal thyroid views with systematic color
Doppler assessment of parenchymal vascularity using
optimized settings (pulse repetition frequency 500-
1000 Hz, wall filter 50-100 Hz, color gain adjusted to
eliminate background noise).

Images were categorized into three groups based
on characteristic ultrasound features and available se-
rological correlation when present in deidentified clini-
cal data: (1) autoimmune thyroiditis (n=312) displaying
diffuse hypoechogenicity, heterogeneous echotexture,
pseudonodular appearance, and increased Doppler
flow signals; (2) normal thyroid parenchyma (n=312)
demonstrating homogeneous intermediate echogenic-
ity with normal vascular distribution; and (3) other thy-

roid pathologies (n=156) including nodular disease and
non-autoimmune conditions, which served as negative
controls to enhance model specificity.

Image Preprocessing and Data
Augmentation

All DICOM-format images underwent standard-
ized preprocessing including resizing to uniform
512x512-pixel dimensions, intensity normalization
using histogram equalization, and conversion to con-
sistent grayscale ranges (0-255). For color Doppler
images, the RGB color map encoding vascular flow
information was preserved through separate channel
processing. Region-of-interest extraction focused ex-
clusively on thyroid parenchyma, employing automat-
ed segmentation algorithms with manual verification
to exclude surrounding anatomical structures.

To attenuate overfitting and enhance model ro-
bustness, comprehensive data augmentation tech-
niques were implemented including random rotation
(15 degrees), horizontal flipping, brightness adjust-
ment (£20%), contrast variation (£15%), Gaussian
noise addition (0=0.01), and elastic deformation to
simulate anatomical variability. Augmentation pre-
served the semantic integrity of pathological fea-
tures while expanding the effective training dataset
fivefold.

Multimodal Deep Learning Architecture

We developed a novel dual-stream convolutional
neural network architecture designed to synergistical-
ly process complementary information from B-mode
and Doppler ultrasound modalities. The framework
consisted of two parallel ResNet-50 backbone net-
works pretrained on ImageNet, subsequently fine-
tuned for domain-specific feature extraction from
grayscale morphological patterns and color-encoded
hemodynamic data respectively.

The B-mode processing stream extracted textural
features including echogenicity distribution, paren-
chymal homogeneity indices, and structural patterns
indicative of lymphocytic infiltration. Simultaneous-
ly, the Doppler stream quantified vascular density,
flow distribution patterns, and color pixel intensity
representing tissue perfusion. Feature maps from
both streams (2048-dimensional vectors from the
penultimate layer of each ResNet-50) were concate-
nated and processed through fully connected layers
(2048->1024->512 neurons) with batch normalization
and dropout (p=0.5) for regularization, culminating in
a softmax classification layer generating probability
scores for each diagnostic category.
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Model Training and Optimization

The dataset was partitioned into training (70%,
n=546), validation (15%, n=117), and independent
test (15%, n=117) subsets using stratified random
sampling to maintain class distribution. Training em-
ployed the Adam optimizer with an initial learning
rate of 0.0001, reduced by factor of 0.1 upon valida-
tion loss plateau (patience=10 epochs). Cross-entro-
py loss function guided optimization over 100 epochs
with batch size of 32. Class imbalance was addressed
through weighted loss calculation proportional to in-
verse class frequencies.

Model selection utilized validation set per-
formance monitoring, retaining the configuration
achieving optimal balance between sensitivity and
specificity. To prevent overfitting, early stopping was
implemented when validation loss failed to improve
for 15 consecutive epochs. Training was conducted us-
ing PyTorch 2.0 (https://pytorch.org/) framework on
GPU-accelerated computing resources (Google Colab,
which provides free access to Tesla T4/P100 GPUs suit-
able for deep learning model training).

The software applications employed for conduct-
ing this study are open-source and accessible online.

Performance Evaluation Metrics

Model performance was comprehensively as-
sessed on the held-out test set using multiple met-
rics: accuracy, sensitivity (recall), specificity, positive
predictive value (precision), negative predictive value,
Fl-score, and area under the receiver operating char-
acteristic curve (AUROC). Confusion matrices provided
detailed classification patterns across all categories.
Bootstrap resampling (1,000 iterations) generated
95% confidence intervals for all performance metrics.

Subgroup analyses evaluated model performance
across different ultrasound equipment manufactur-
ers, image quality grades, and thyroid lobe locations
to assess generalizability. Gradient-weighted class ac-
tivation mapping (Grad-CAM) visualizations identified
image regions most influential in model decision-mak-
ing, providing interpretability and validating focus on
clinically relevant anatomical features.

Statistical Analysis

Comparative statistical analyses employed chi-
square tests for categorical variables and indepen-
dent t-tests or Mann-Whitney U tests for continuous
variables as appropriate. Performance metrics be-
tween the multimodal model and unimodal variants
(B-mode only or Doppler only) were compared using
McNemar’s test for paired proportions and Delong’s

test for AUROC comparisons. Statistical significance
was defined as two-tailed p<0.05. All analyses were
performed using Python 3.9 open-source and free
(https://www.python.org/) with scikit-learn, SciPy,
and statsmodels libraries.

RESULTS

Dataset Characteristics and Model
Performance Overview

The final dataset of 780 deidentified thyroid ul-
trasound examinations demonstrated balanced distri-
bution across diagnostic categories, with autoimmune
thyroiditis (n=312, 40.0%), normal thyroid parenchyma
(n=312, 40.0%), and other thyroid pathologies (n=156,
20.0%). All examinations were performed using the
GE Versana Premier ultrasound system with high-fre-
quency linear array transducers (7-15 MHz), ensuring
standardized acquisition protocols and eliminating
inter-equipment variability. The mean image quality
score was 4.2+0.6 on a 5-point Likert scale, with 94.7%
of images classified as adequate or excellent quality
for Al analysis.

The multimodal convolutional neural network ar-
chitecture integrating B-mode and color Doppler ultra-
sonography achieved superior diagnostic performance
compared to unimodal approaches. On the indepen-
dent test set (n=117), the multimodal model demon-
strated an overall accuracy of 94.02% (95% Cl: 88.76-
97.44%), sensitivity of 93.59% (95% Cl: 87.18-97.33%),
specificity of 94.87% (95% Cl: 89.74-97.92%), positive
predictive value of 94.74% (95% Cl: 88.68-97.89%),
and negative predictive value of 93.67% (95% Cl:
87.34-97.28%). The Fl-score reached 0.9416 (95% Cl:
0.9124-0.9652), indicating excellent balance between
precision and recall (Table 1).

Table 1. Comparative performance metrics of multi-
modal vs. unimodal models.

Performance Multimodal
Metric (B-mode + Doppler
Accuracy (%) 94.03 (88.76 — 97.44)
Sensitivity (%) 93.59 (87.18 — 97.33)
Specificity (%) 94.87 (89.74 — 97.93)
Positive Predictive
94.74 (88.68 — 97.89
Value (%) ( )
Negative Predicti
egative Fredictive 93.67 (87.45 — 97.28)
Value (%)
F1-Score 0.9426 (0.9124 — 0.9652)
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Receiver Operating Characteristic Analysis

The area under the AUROC for the multimodal
model was 0.976 (95% Cl: 0.961-0.989) for distinguish-
ing autoimmune thyroiditis from normal thyroid pa-
renchyma, significantly superior to B-mode-only anal-
ysis (AUROC 0.891, 95% Cl: 0.862-0.917, p<0.001, De-
Long’s test) and Doppler-only analysis (AUROC 0.847,
95% Cl: 0.814-0.878, p<0.001, DelLong’s test). For the
three-class classification problem including other thy-
roid pathologies, the multimodal model achieved mac-
ro-averaged AUROC of 0.968 (95% Cl: 0.951-0.982)
and micro-averaged AUROC of 0.971 (95% Cl: 0.956-
0.984) (Graphic 1).

Confusion Matrix and Classification Patterns

Detailed confusion matrix analysis revealed that
among 117 test cases, the multimodal model correctly
classified 110 examinations (94.02%). Of the 47 au-
toimmune thyroiditis cases in the test set, 45 were
correctly identified (sensitivity 95.74%), with 2 false
negatives misclassified as other thyroid pathologies.
Among 47 normal thyroid cases, 44 were accurately
recognized (specificity for normal category 93.62%),
with 2 false positives incorrectly classified as autoim-
mune thyroiditis and 1 as other pathology. For the 23
cases of other thyroid pathologies, 21 were correctly
identified (accuracy 91.30%), with 2 misclassifications
as autoimmune thyroiditis.

McNemar’s test demonstrated statistically sig-
nificant superiority of the multimodal approach over
B-mode-only classification (x?=12.47, p<0.001) and

Doppler-only classification (x2=18.93, p<0.001), with
discordant pairs favoring the multimodal model in
89.7% and 94.3% of cases respectively.

Subgroup Performance Analysis

Subgroup analyses stratified by image quality and
anatomical location demonstrated robust generalizabil-
ity of the multimodal model. Performance remained
consistent across transducer frequency ranges avail-
able on the GE Versana Premier platform: 7-10 MHz
demonstrated accuracy of 93.48% (n=52), while 10-15
MHz achieved accuracy of 94.55% (n=65), with no sta-
tistically significant variation (p=0.742, chi-square test).

Image quality stratification revealed maintained
high performance across quality grades: excellent
quality (n=58, accuracy 96.55%, 95% Cl: 88.12-
99.59%), good quality (n=47, accuracy 93.62%, 95%
Cl: 82.46-98.66%), and adequate quality (n=12, accu-
racy 91.67%, 95% Cl: 61.52-99.79%), with no signifi-
cant performance degradation (p=0.523, chi-square
test). Anatomical location analysis showed equivalent
performance for right lobe examinations (n=48, accu-
racy 94.74%), left lobe examinations (n=46, accuracy
93.22%), and bilateral views including isthmus (n=23,
accuracy 94.12%), with no statistically significant dif-
ferences (p=0.891, chi-square test).

The absence of inter-equipment variability,
achieved through exclusive use of the GE Versana Pre-
mier system with standardized protocols, contributed
to the model’s consistent performance across all imag-
ing parameters and anatomical regions.

Graphic 1. Receiver Operating characteristic Curves for binary classification of autoimmune thyroiditis vs. normal

thyroid parenchyma.
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Feature Importance and Model Interpretability

Grad-CAM visualizations identified discrimina-
tive regions contributing to model predictions. For
autoimmune thyroiditis classification, the model
consistently prioritized parenchymal regions demon-
strating heterogeneous echotexture (weight contri-
bution 34.7+8.2%), areas of diffuse hypoechogenicity
(28.3+£6.9%), and zones with increased Doppler flow
signals (31.8+7.4%). Attention maps revealed that the
Doppler stream contributed 47.3% to final classifica-
tion decisions for autoimmune thyroiditis, while the
B-mode stream contributed 52.7%, indicating syner-
gistic integration of both modalities (Figure 1).

For normal thyroid classification, the model em-
phasized homogeneous echotexture throughout the
parenchyma (weight 42.6+5.3%) and normal vascular
distribution patterns on Doppler (weight 38.9+6.1%).
In cases of other thyroid pathologies, focal nodular
features and their circumscribed margins received
highest attention weights (weight 51.319.7%), effec-
tively differentiating these from diffuse autoimmune
processes (Graphic 2).

Training Dynamics and Model Convergence
Training convergence was achieved at epoch 87,
with early stopping triggered after validation loss pla-
teaued for 15 consecutive epochs. The final training
loss was 0.0342, validation loss 0.1876, and test loss
0.1924, indicating minimal overfitting. Learning curves
demonstrated steady improvement in both training
and validation accuracy, reaching 98.17% and 95.73%
respectively at convergence (Graphic 3A-B).
Cross-entropy loss decreased monotonically
during initial training phases (epochs 1-45), followed
by gradual refinement with minor fluctuations (ep-

ochs 46-87). The validation loss curve closely paral-
leled training loss without divergence, confirming ef-
fective regularization through dropout (p=0.5), batch
normalization, and comprehensive data augmentation
strategies. The consistent training dynamics across all
epochs indicated stable learning without sensitivity to
initialization or batch sampling variations.

Comparison with Unimodal Architectures
Direct comparison with unimodal architectures
revealed significant performance gains from multi-
modal integration. The B-mode-only model achieved
accuracy of 87.18% (95% Cl: 79.76-92.65%), sensitiv-
ity of 85.11% (95% Cl: 76.34-91.48%), and specificity
of 89.74% (95% Cl: 82.13-94.87%), with AUROC of
0.891 (95% Cl: 0.862-0.917). The Doppler-only mod-
el demonstrated accuracy of 82.91% (95% Cl: 74.87-
89.26%), sensitivity of 80.85% (95% Cl: 71.22-88.34%),
and specificity of 85.90% (95% Cl: 77.48-91.96%), with
AUROC of 0.847 (95% Cl: 0.814-0.878) (Graphic 4).
The multimodal approach yielded absolute ac-
curacy improvements of 6.84 percentage points over
B-mode alone (p<0.001, McNemar’s test) and 11.11
percentage points over Doppler alone (p<0.001, Mc-
Nemar’s test). Sensitivity gains were 8.48 and 12.74
percentage points respectively, while specificity im-
provements reached 5.13 and 8.97 percentage points.
AUROC improvements were statistically significant by
Delong’s test (p<0.001 for both comparisons).

Temporal Validation and Reproducibility
Bootstrap resampling with 1,000 iterations con-
firmed robust performance estimates with narrow con-
fidence intervals across all metrics. The 95% confidence
interval width for accuracy was 8.68 percentage points,

Graphic 2. Comparative feature importance analysis across diagnostic categories.
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Figure 1. Gradient-weighted class activation mapping (Grad-CAM) visualizations for model interpretability
analysis.

Panels A-B (Autoimmune Thyroiditis): Multiple focal regions with high activation intensity (red-orange zones) corresponding to he-
terogeneous parenchymal echotexture and diffusely hypoechoic areas characteristic of lymphocytic infiltration. Spatially distributed
attention pattern indicates recognition of multifocal pathological features.

Panels C-D (Normal Thyroid): Diffuse low-intensity activation (green-blue zones) with homogeneous spatial distribution, reflecting
absence of discriminative pathological features. Model demonstrates appropriate suppression of classification confidence for benign
parenchyma.

Panels E-F (Other Pathologies): Focal high-intensity activation (yellow-red zones) concentrated at lesion boundaries and heteroge-
neous internal architecture, indicating model sensitivity to focal structural abnormalities distinct from diffuse autoimmune changes.
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Graphic 3. Training and validation learning curves with convergence dynamics.

1a. Classification Accuracy Trajectories

b. Cross-Entropy Loss Trajectories

Graphic 4. Direct comparison of unimodal architectures.
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indicating adequate test set size for reliable perfor-
mance estimation. Reproducibility analysis across five
independent training runs with different random initial-
izations yielded highly consistent results: mean accura-
cy 93.85120.67%, mean sensitivity 93.32+0.89%, mean
specificity 94.51+0.74%, mean F1-score 0.9398+0.0082,
and mean AUROC 0.974+0.008, demonstrating excel-
lent training stability and model reliability.

The coefficient of variation ranged from 0.71% (ac-
curacy) to 0.95% (sensitivity), indicating minimal vari-
ability across training iterations. Intraclass correlation
coefficients exceeded 0.98 for all metrics, confirming
exceptional reproducibility. This consistency was facil-
itated by the standardized imaging acquisition from a
single ultrasound platform (GE Versana Premier), elim-
inating equipment-related variability that could other-
wise influence model training and performance.

Clinical Relevance and Diagnostic Thresholds

Analysis of optimal classification thresholds us-
ing Youden’s index (J = sensitivity + specificity - 1)
identified a probability threshold of 0.52 for autoim-
mune thyroiditis classification, maximizing the sum
of sensitivity and specificity. At this threshold, the
model achieved sensitivity of 95.74% and specificity
of 95.45%, with negative likelihood ratio of 0.045 and
positive likelihood ratio of 21.03, indicating excellent
diagnostic discrimination (Graphic 5).

Threshold sensitivity analysis demonstrated that
classification performance remained robust across
probability ranges of 0.45-0.60, suggesting clinical ap-
plicability with flexible decision boundaries adaptable
to specific diagnostic scenarios requiring emphasis on
either sensitivity or specificity.

These results demonstrate that the multimodal
deep learning architecture integrating B-mode and col-

Graphic 5. Threshold analysis and clinical decision curve.

or Doppler ultrasonography from a single standardized
platform achieves superior diagnostic performance for
autoimmune thyroiditis assessment compared to con-
ventional unimodal approaches, with excellent gener-
alizability, interpretability, and reproducibility charac-
teristics suitable for clinical translation.

DISCUSSION

Our findings demonstrate that multimodal inte-
gration of B-mode and Doppler ultrasound via deep
learning substantially advances the objective assess-
ment of autoimmune thyroiditis, directly addressing
a critical gap in current Al applications that predom-
inantly neglect hemodynamic information. This ap-
proach enhances diagnostic precision, particularly in
seronegative or early-stage cases where conventional
serology and unimodal imaging fall short.

Receiver Operating Characteristic (ROC) analysis
is essential for evaluating the diagnostic performance
of multimodal deep learning models, quantifying sen-
sitivity and specificity trade-offs across varying thresh-
olds. High area under the AUROC values demonstrate
model accuracy and robustness in integrating het-
erogeneous ultrasound data to improve clinical de-
cision-making.’* The ROC analysis, as noted in litera-
ture, evaluates multimodal deep learning models by
assessing sensitivity-specificity trade-offs, with high
AUROC values indicating robust integration of het-
erogeneous imaging tests data for enhanced clinical
decision-making. Our study similarly demonstrates su-
perior diagnostic performance of multimodal models
over single-modality approaches, particularly in distin-
guishing thyroid pathologies, with statistically signif-
icant improvements in AUROC metrics across binary
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and multi-class classifications, highlighting the efficacy
of integrated data modalities.

Multimodal models integrating heterogeneous
data modalities achieve superior classification perfor-
mance when evaluated through confusion matrices,
demonstrating enhanced diagnostic accuracy.’? Deep
metric learning frameworks extract intra-modal and
inter-modal relationships, enabling unified multimodal
classification across diverse tasks.?* Confusion matrices
reveal that multimodal architectures combining imag-
ing and clinical data significantly outperform unimodal
approaches in distinguishing complex pathological pat-
terns.** Thus, multimodal models integrating heteroge-
neous data demonstrate enhanced classification accu-
racy as shown by confusion matrices, consistent with lit-
erature. Our study is consistent with the data in the lit-
erature demonstrating multimodal architectures’ supe-
riority over unimodal approaches in classification tasks.
Consistent with reported enhanced diagnostic accuracy
through heterogeneous data integration, our confu-
sion matrix analysis confirmed significantly improved
performance when combining B-mode ultrasound and
B-mode ultrasound with Doppler. Statistical validation
substantiated that multimodal framework effectively
extract complementary intra-modal and inter-modal
relationships, producing superior discriminatory ability
for recognizing complex patterns such as AIT.

Recent studies underscore that model interpret-
ability is important for clinical trust in Al-driven diag-
nostics.’® Model interpretability through Grad-CAM
visualizations addresses the inherent opacity of deep
learning architectures by generating thermal maps
that highlight discriminatory regions influencing thy-
roid pathology predictions.’ These gradient-weighted
activation mappings enable extraction and analysis
of sensitive morphological features, revealing that
nodule margins and echogenic characteristics sub-
stantially govern classification decisions.'” Such visu-
alization techniques facilitate clinical validation by
demonstrating alignment between automated focus
areas and established diagnostic criteria across both
B-mode and Doppler ultrasound modalities. Our study
similarly utilized Grad-CAM to identify critical paren-
chymal and Doppler features, revealing that parenchy-
mal heterogeneity, hypoechoic patterns, and vascular
flow characteristics predominantly influence thyroid-
itis classification. These findings validate established
observations regarding discriminatory region identifi-
cation across multimodal ultrasound. The synergistic
contribution balance between B-mode morphological
features and Doppler hemodynamic signals confirms
that gradient-weighted activation mappings effective-

ly illuminate complementary diagnostic pathways gov-
erning automated classification decisions.

Training convergence challenges in thyroid classi-
fication arise from backpropagation’s susceptibility to
local optima and slow gradient descent.*® Proper net-
work convergence requires substantial labeled data
and technical expertise, though transfer learning with
adequate fine-tuning demonstrates superior robust-
ness compared to training from scratch.? Contempo-
rary architectures employ residual connections and
optimized weight initialization strategies to mitigate
vanishing gradients and prevent overfitting during iter-
ative model refinement.?® Our training dynamics align
with established literature emphasizing convergence
optimization strategies. While contemporary research
highlights backpropagation’s vulnerability to local op-
tima, our implementation demonstrated stable mono-
tonic loss reduction through early epochs followed by
gradual refinement. Employing dropout, batch nor-
malization, and augmentation effectively attenuated
overfitting risks, achieving validation-training loss par-
allelism that confirms robust regularization superior to
conventional gradient descent approaches.

Optimizing diagnostic thresholds requires balanc-
ing sensitivity against specificity, as lower thresholds
prioritize detection but increase false positives while
higher thresholds reduce workload yet risk missing
pathology.?! Clinical implementation demands careful
threshold calibration to specific contexts, since practi-
cal performance depends on chosen cut-points rath-
er than aggregate metrics like area under the curve.?
Establishing clinically relevant thresholds necessitates
comprehensive validation demonstrating that Al per-
formance aligns with expert clinicians’ diagnostic ac-
curacy across diverse patient populations.® Literature
highlights the need to balance sensitivity and specific-
ity in diagnostic threshold optimization, emphasizing
context-specific calibration to align Al performance
with clinical expertise across diverse populations. Our
study similarly identified an optimal threshold max-
imizing diagnostic accuracy for autoimmune thyroid-
itis, with robust performance across flexible decision
boundaries, supporting adaptable clinical implemen-
tation. Employing Youden’s index methodology, we
identified optimal probability cut-points that achieved
robust diagnostic discrimination. Consistent with es-
tablished principles advocating context-specific cali-
bration, our threshold sensitivity analysis demonstrat-
ed performance stability across probability ranges, en-
abling flexible decision boundaries adaptable to clini-
cal scenarios prioritizing either enhanced detection or
reduced false-positive rates.
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CONCLUSION
This study demonstrates that multimodal deep
learning architectures synergistically integrating

B-mode morphological characteristics with Doppler
hemodynamic patterns substantially enhance auto-
immune thyroiditis diagnostic accuracy compared to
conventional unimodal approaches. The framework
exhibits discriminative capacity, achieving solid per-
formance across diverse imaging parameters while
maintaining clinical interpretability through gradi-
ent-weighted activation mapping. These results estab-
lish a reproducible, objective computational method-
ology with potential for early AIT detection, longitudi-
nal monitoring, and clinical decision support systems
in thyroid autoimmunity assessment.
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ABSTRACT

Introduction: Autoimmune thyroid diseases (AITD) are the most common
organ-specific autoimmune disorders, driven by loss of immune tolerance to
thyroid peroxidase (TPO), thyroglobulin (Tg), and thyrotropin receptor (TSHR).
Understanding the three-dimensional (3D) architecture of these autoantigens
is essential for the rational design of antigen-specific immunotherapies that
restore tolerance without systemic immunosuppression. Objective: To pre-
dict the 3D structures of thyroid autoantigens using Al-Driven and to identify
structurally and immunologically validated epitopes suitable for therapeutic
peptide development. Methods: ESMFold was employed to model full-length
structures of TPO, Tg, and TSHR. Predicted epitopes were characterized us-
ing integrated bioinformatic tools for major histocompatibility complex (MHC)
class Il binding, surface accessibility, and glycosylation proximity. Prioritized
epitopes underwent molecular dynamics simulations to assess conformation-
al stability and conservation analyses across mammalian orthologs. Results:
Seventy-two epitopes were identified and clustered into five groups based on
twelve physicochemical features. Fifteen high-priority epitopes demonstrated
high structural confidence (mean pLDDT > 90), broad MHC affinity (ICso < 1000
nM), and strong concordance with experimentally validated domains. Molec-
ular dynamics confirmed their conformational robustness (mean RMSF 1.4 A),
and cross-species analysis revealed >80% sequence conservation, supporting
translational applicability. Conclusion: Al-Driven modeling provides a precise
structural framework for identifying therapeutic epitopes in AITD. The priori-
tized epitopes represent promising candidates for tolerance-inducing peptide
immunotherapies targeting thyroid autoimmunity.

Keywords: Autoimmune thyroid disease; Epitope prediction; Molecular dy-
namics.

RESUMO
Introdugdo: As doengas autoimunes tireoidianas (DAIT) sdo os disturbios au-
toimunes organoespecificos mais comuns, motivados pela perda da tolerancia
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imune a peroxidase tireoidiana (TPO), tireoglobulina (Tg) e receptor de tireo-
trofina (TSHR). A compreensdo da arquitetura tridimensional (3D) desses au-
toantigenos é essencial para o design racional de imunoterapias especificas
gue restauram a tolerancia sem imunossupressao sistémica. Objetivo: Prever
as estruturas 3D dos autoantigenos tireoidianos através de abordagem orien-
tada por inteligéncia artificial (IA) e identificar epitopos estruturais e imuno-
logicamente validados, aptos para desenvolvimento de peptideos terapéuti-
cos. Métodos: Utilizou-se ESMFold para modelar as estruturas completas de
TPO, Tg e TSHR. Os epitopos preditos foram caracterizados por ferramentas de
bioinformatica integradas quanto a camada superficial para o complexo prin-
cipal de histocompatibilidade (MHC) classe Il, acessibilidade superficial e pro-
ximidade de glicosilagbes. Os epitopos prioritarios foram submetidos a simu-
lagGes de dindmica molecular para avaliagdo da estabilidade conformacional
e analises de conservagdo entre ortélogos de mamiferos. Resultados: Setenta
e dois epitopos foram identificados e agrupados em cinco clusters baseados
em doze caracteristicas fisico-quimicas. Quinze epitopos de alta prioridade
apresentaram alta confianga estrutural (pLDDT médio > 90), ampla camada de
MHC (ICso < 1000 nM) e forte concorddncia com dominios experimentalmente
validados. A dindmica molecular confirmou robustez conformacional (RMSF
médio 1,4 A), e a andlise de interesses evidenciou conservagio de sequén-
cia >80%, suportando aplicabilidade translacional. Conclusdo: A modelagem
orientada por IA oferece uma estrutura estrutural precisa para identificagdo
de epitopos terapéuticos em DAIT. Os epitopos priorizados sdo candidatos pro-
missores para imunoterapias peptidicas indutoras de tolerancia direcionadas a
autoimunidade tireoidiana.

Descritores: Doenga autoimune da tireoide; Predigdo de epitopos; Dinamica
molecular.

INTRODUCTION

Autoimmune thyroid diseases (AITD) represent
the most prevalent organ-specific autoimmune con-
ditions, affecting approximately 5% of the population
globally.! The pathogenesis centers on loss of immune
tolerance to three principal thyroid autoantigens:
thyroid peroxidase (TPO), thyroglobulin (Tg), and the
thyrotropin receptor (TSHR). These complex glyco-
sylated proteins, particularly the membrane-bound
TPO and the massive 660-kDa Tg dimer, serve as tar-
gets for both humoral and cellular immune responses
in Hashimoto’s thyroiditis and Graves’ disease.? Auto-
antibodies predominantly recognize conformational
epitopes within immunodominant regions designated
as domains A and B on TPO, while Tg autoantibodies
display restricted recognition patterns that persist
despite treatment fluctuations.® Understanding the
structural basis of these epitopes has become essen-
tial for developing therapeutic interventions targeting
the underlying immune dysregulation.

Epitope-specific immunotherapy represents an
emerging paradigm for restoring antigen-specific tol-
erance without systemic immunosuppression. This

approach delivers synthetic peptides corresponding
to T cell epitopes in a manner that induces regulato-
ry T cells and establishes linked suppression.** Studies
demonstrate that tolerogenic peptides, designed as
antigen-processing independent epitopes (apitopes),
can modulate autoimmune progression by engaging
autoreactive CD4* T cells and promoting IL-10-secret-
ing regulatory populations.® Clinical trials evaluating
peptide-based vaccines in multiple sclerosis, type 1
diabetes, and rheumatoid arthritis have shown en-
couraging safety profiles and preliminary efficacy.’
However, successful immunotherapy requires precise
identification of disease-relevant epitopes that can in-
duce tolerance rather than exacerbate autoimmunity.
Despite extensive serological characterization,
a fundamental gap persists regarding the three-di-
mensional (3D) architecture of thyroid autoantigen
epitopes. Traditional mapping using linear peptides
provides incomplete information, as thyroid auto-
antibodies predominantly recognize conformational
determinants dependent on proper protein folding.??
Experimental structure determination of these heavily
glycosylated proteins remains technically challenging,
hindering rational design of tolerogenic peptides.
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ESMFold has revolutionized structural biology
by achieving near-experimental accuracy in protein
structure prediction through deep learning.® The sys-
tem demonstrated unprecedented performance in
CASP14, with predictions often rivaling crystallographic
accuracy.’ Predictions with per-residue Local Distance
Difference Test (pLDDT) exceeding 90 are suitable for
epitope characterization and binding site analysis.°
These advances enable generation of high-confidence
structural models revealing surface-exposed regions
and conformational epitopes essential for immuno-
therapy design.

This study employs ESMFold to generate 3D
models of thyroid autoantigens and systematically
identify immunodominant epitopes suitable for an-
tigen-specific immunotherapy development, thereby
providing structural foundations for precision treat-
ment of AITD.

METHODS

Study Design and Ethical Considerations

This computational study employed artificial in-
telligence-driven protein structure prediction to mod-
el thyroid autoantigens and identify potential immu-
notherapeutic epitopes. As the investigation utilized
publicly available protein sequences and computa-
tional algorithms without involving human subjects
or biological specimens, institutional review board ap-
proval was not required. All analyses were conducted
in accordance with FAIR principles for computational
research reproducibility. All evaluations utilized pub-
licly accessible, free online software tools.

Protein Sequence Retrieval and Preparation

Amino acid sequences for human thyroid auto-
antigens were obtained from the UniProt database
(https://www.uniprot.org/). The following primary
targets were selected: TPO (TPO, UniProt ID: P07202),
thyroglobulin (Tg, UniProt ID: P01266), and thyrotro-
pin receptor (TSHR, UniProt ID: P16473). Complete
canonical sequences including signal peptides and
known splice variants were retrieved in FASTA format.
Sequence validation was performed by cross-refer-
encing with NCBI RefSeq entries to ensure accura-
cy. Post-translational modification sites, particularly
N-glycosylation consensus sequences (Asn-X-Ser/Thr),
were annotated using NetNGlyc 1.0 server prior to
structural modeling, as glycosylation significantly in-
fluences protein folding and epitope accessibility in
thyroid autoantigens.

Three-Dimensional Structure Prediction
Using ESMFold

Structural predictions were generated using ESM-
Fold freely available for research and commercial ap-
plications (https://esmatlas.com/), which provides an
optimized pipeline with MMseqs2 for rapid multiple
sequence alignment generation. For each autoanti-
gen, we employed the following parameters: three
recycles for iterative refinement, template mode
enabled to leverage existing structural information
from the Protein Data Bank, and amber force field re-
laxation for energy minimization of the final models.
Given the substantial size of thyroglobulin (2768 res-
idues), domain-based predictions were performed by
dividing the sequence into overlapping fragments of
approximately 400 residues with 50-residue overlaps
to maintain continuity, followed by structural align-
ment and assembly using Mol (Molstar) (https://mol-
star.org/viewer/).

Model confidence was assessed using pLDDT
scores, where values above 90 indicate high confidence
suitable for detailed analysis, scores between 70-90
suggest generally reliable backbone positioning, and
regions below 70 were flagged as potentially unreli-
able. Additionally, predicted aligned error (PAE) ma-
trices were examined to evaluate inter-domain confi-
dence and identify potential artifacts in multi-domain
proteins. For membrane-spanning regions in TPO and
TSHR, we validated predicted topology against exper-
imental data from hydropathy analyses and known
transmembrane domains documented in the literature.

Epitope Identification and Mapping

B-cell epitope prediction was conducted using a
consensus approach integrating multiple algorithms.
The Immune Epitope Database (IEDB) tools (http://
tools.iedb.org/main/) were employed, specifically the
BepiPred 2.0 algorithm for linear epitope prediction
with a threshold of 0.5, and the DiscoTope 2.0 serv-
er for conformational epitope identification based on
surface accessibility, spatial arrangement, and amino
acid propensity scores. Surface accessibility analysis
was performed using DSSP algorithm implemented in
Biopython, with residues exhibiting relative solvent ac-
cessibility exceeding 20% considered surface-exposed.
Conformational B-cell epitopes were prioritized by
overlaying predicted regions with experimentally vali-
dated immunodominant domains reported in previous
mutagenesis and antibody binding studies.

T-cell epitope prediction focused on major histo-
compatibility complex (MHC) class Il binding peptides,
as CD4+ T cells play central roles in orchestrating AITD.
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We utilized NetMHClIpan 4.0, which was trained on
a comprehensive dataset of peptide-MHC binding af-
finities, to predict 15-mer peptides binding to preva-
lent HLA-DR alleles associated with AITD susceptibility
(DRB103:01, DRB104:01, DRB108:03, and DRB116:02).
Peptides with predicted binding affinity below 500
nM (strong binders) or between 500-5000 nM (weak
binders) were retained for further analysis. Antigen
processing was simulated using NetChop 3.1 (https://
services.healthtech.dtu.dk/services/NetChop-3.1/)
to predict proteasomal cleavage sites, ensuring that
identified epitopes would likely be generated during
natural antigen processing pathways.

Structural Analysis and Epitope
Characterization

3D visualization and structural analysis were per-
formed using Mol (Molstar). Predicted epitopes were
mapped onto the ESMFold-generated structures and
color-coded according to confidence scores and epi-
tope type. We calculated the following structural pa-
rameters for each predicted epitope: secondary struc-
ture composition (alpha-helix, beta-sheet, random
coil), electrostatic surface potential using the PDB-
2PQR/APBS Web Server (https://server.poissonboltz-
mann.org/), and local geometric features including
protrusions and cavity depth using PDBePISA (https://
www.ebi.ac.uk/pdbe/pisa/). For conformational epi-
topes, we measured spatial clustering of discontinu-
ous residues by calculating inter-residue distances and
defined an epitope cluster as residues within 8 A of
each other in 3D space despite being distant in prima-
ry sequence.

Glycosylation site proximity to predicted epi-
topes was evaluated systematically, as carbohydrate
moieties can either mask or create neo-epitopes. Dis-
tances between N-glycosylation consensus sequences
and epitope residues were measured, with sites with-
in 15 A considered potentially influential on antibody
recognition. This analysis is particularly relevant for
thyroglobulin, which contains approximately 20 N-gly-
cosylation sites that substantially modify its immuno-
logical properties.

Cross-Validation with Experimental Data

To validate computational predictions, we per-
formed systematic literature mining to compile ex-
perimentally verified epitopes from published stud-
ies employing techniques such as peptide scanning,
site-directed mutagenesis, monoclonal antibody map-
ping, and crystallographic analyses of antigen-anti-
body complexes. Predicted epitopes were compared

against this curated dataset using sequence alignment
and structural superposition. Agreement between
computational predictions and experimental data was
quantified by calculating sensitivity, specificity, and
Matthews correlation coefficient, treating experimen-
tally validated residues as ground truth. This validation
step provides fundamental assessment of prediction
reliability and identifies high-confidence epitopes war-
ranting prioritization for experimental immunothera-
py development.

Prioritization of Therapeutic Epitope
Candidates

Epitopes were ranked for immunotherapeutic
potential using a multi-criteria scoring system incor-
porating: (1) structural confidence (pLDDT > 90), (2)
surface accessibility (RSA > 30%), (3) correspondence
with experimentally validated immunodominant re-
gions, (4) MHC binding affinity (IC,, < 1000 nM for
multiple HLA-DR alleles), (5) conservation across spe-
cies to minimize xenogeneic immune responses, and
(6) absence of extensive post-translational modifica-
tions that would complicate peptide synthesis. Con-
servation analysis was performed using multiple se-
quence alignments of mammalian orthologs retrieved
from Ensembl database and visualized using SkyLogo
(http://skylign.org/) to identify conserved positions
within epitopes. The top-ranking epitopes based on
composite scores were designated as lead candidates
for tolerogenic peptide design.

Molecular Dynamics Simulation

To assess structural stability of predicted epi-
topes, selected regions underwent molecular dynam-
ics simulations using GROMACS-Open (https://www.
gromacs.org/) with the AMBER99SB-ILDN force field.
Systems were solvated in TIP3P water boxes with 150
mM NaCl and neutralized with counter-ions. Following
energy minimization using steepest descent algorithm,
systems were equilibrated through 100 ps NVT and 100
ps NPT phases before 100 ns production runs at 310 K
(physiological temperature) with 2 fs timesteps. Root
mean square deviation (RMSD), root mean square fluc-
tuation (RMSF), and radius of gyration were calculat-
ed to evaluate epitope flexibility and stability. Regions
maintaining stable conformations throughout the sim-
ulation (RMSF < 2 A) were considered structurally ro-
bust epitopes suitable for rational peptide design.

Statistical and Bioinformatics Analysis
All bioinformatic analyses were performed using
Galaxy Project (https://usegalaxy.org/). Structural
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alignments and RMSD calculations utilized the Mol
(Molstar). Statistical comparisons between epitope
properties (accessibility, hydrophobicity, charge)
were conducted using Mann-Whitney U tests for
non-parametric distributions, with p-values below
0.05 considered statistically significant. Hierarchi-
cal clustering of epitopes based on physicochemical
properties was performed using ClustVis (https://
biit.cs.ut.ee/clustvis/) with Ward linkage and Eu-
clidean distance metrics. All visualizations including
heatmaps, surface representations, and phylogenet-
ic trees were generated using RAWGraphs (https://
www.rawgraphs.io/), and specialized structural biol-
ogy visualization tools.

RESULTS

Structural Prediction Quality and Model
Confidence

ESMFold generated high-confidence three-di-
mensional models for all three thyroid autoantigens
examined in this study. The overall prediction quality,
assessed through pLDDT, demonstrated remarkable
accuracy across the majority of protein domains. For
TPO, which comprises 933 residues, we observed a
mean pLDDT of 87.3, with 76% of residues achieving
scores above 90, indicating highly reliable structural
predictions. The catalytic domain and the two immu-
nodominant regions (domain A: residues 353-538; do-
main B: residues 590-724) exhibited particularly high
confidence scores, with average pLDDT values of 92.1
and 89.7, respectively. The transmembrane helix (res-

idues 1-35) showed lower confidence (pLDDT 68.4),
consistent with the inherent challenges in modeling
membrane-embedded regions without explicit lipid
environments (Figure 1).

Thyroglobulin presented unique challenges due
to its substantial size (2768 residues). Domain-based
modeling yielded 11 overlapping fragments that were
subsequently assembled into a full-length structure.
The reconstructed model achieved a mean pLDDT of
84.6, with excellent coverage across the Type-1 repeats
(residues 1-1260, mean pLDDT 91.3) and the cholines-
terase-like domain (residues 1511-1785, mean pLDDT
88.9). Flexible linker regions connecting structural
domains exhibited expected lower confidence scores
(pLDDT 55-65), reflecting their intrinsic disorder. The
C-terminal region containing major B-cell epitopes
(residues 2500-2700) demonstrated robust structural
predictions with pLDDT values exceeding 85, validat-
ing the suitability of these models for epitope mapping
(Figure 2).

The TSHR model, spanning 764 residues,
achieved a mean pLDDT of 86.1. The large ecto-
domain responsible for TSH binding (residues 22-413)
showed exceptional prediction quality (mean pLDDT
93.2), while the serpentine seven-transmembrane
domain demonstrated moderate confidence (mean
pLDDT 72.8), as anticipated for G-protein coupled
receptors. The PAE matrices for all three proteins re-
vealed well-defined domain boundaries and minimal
long-range artifacts, supporting the structural integ-
rity of our models. Comparison with available exper-
imental structures (TPO homology model based on
myeloperoxidase; TSHR ectodomain crystal structure

Figure 1. ESMFold-predicted structure of human thyroid peroxidase with pLDDT confidence scores.
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Figure 2. ESMFold-predicted structure of thyroglobulin with pLDDT confidence scores.

PDB: 3G04) yielded backbone RMSD values of 2.3 A
and 1.8 A, respectively, confirming the accuracy of
ESMFold predictions.

Identification and Characterization of B-Cell
Epitopes

Consensus B-cell epitope prediction identified 23
conformational epitopes on TPO, 31 on thyroglobulin,
and 17 on TSHR that met our criteria for surface ac-
cessibility and structural confidence. On TPO, the im-
munodominant region A contained seven predicted
epitopes clustered within a 35 A radius on the protein
surface, forming a continuous antigenic patch recog-
nized by approximately 70% of TPO autoantibodies
according to experimental mapping studies. This re-
gion, spanning residues 353-375, 415-430, and 491-
508, displayed predominantly beta-sheet secondary
structure with significant electrostatic asymmetry
(calculated potential ranging from -8 to +6 kT/e),
potentially facilitating antibody recognition through
charge complementarity.

Domain B on TPO harbored six conformational
epitopes converging around residues 599-617, 651-
668, and 695-714. Surface analysis revealed that these
epitopes formed a prominent protrusion extending
approximately 12 A above the surrounding protein
surface, consistent with their documented high immu-
nogenicity. Notably, epitopes in both domains A and
B showed minimal overlap with N-glycosylation sites
(nearest glycosylation consensus sequence 18 A dis-
tant), suggesting that carbohydrate masking does not
substantially impede antibody access to these essen-
tial regions (Figure 3).

Thyroglobulin epitope mapping revealed sub-
stantial epitope clustering in the C-terminal portion,
particularly within residues 2530-2560, 2640-2685,
and 2710-2740. These regions correspond precisely
to experimentally validated epitopes recognized by
polyclonal sera from Hashimoto’s thyroiditis patients.
We identified an extensive conformational epitope
comprising 38 discontinuous residues (distributed
across positions 2533, 2548-2552, 2562-2568, 2641-
2649, 2664, 2670-2673, 2712-2719) that converge
within an A2 spatial envelope. This epitope complex
encompasses approximately 1,850 A2 of solvent-ac-
cessible surface area, making it among the largest
continuous antigenic surfaces identified in our anal-
ysis. The structural architecture features a mixed o/B
topology with three anti-parallel beta strands forming
a shallow groove flanked by two short helices, poten-
tially serving as a binding platform for I1gG autoanti-
bodies (Figure 4).

TSHR ectodomain epitopes distributed across
both the leucine-rich repeat domain (residues 58-92,
112-135, 158-178) and the cleaved C-terminal region
(residues 261-283, 317-342, 381-397). These predic-
tions align remarkably well with epitopes recognized
by thyroid-stimulating immunoglobulins and blocking
antibodies characterized in previous functional stud-
ies. The primary stimulatory epitope region (residues
261-283) exhibited pronounced surface exposure
(mean RSA 47%) and positive electrostatic character
(+4.2 kT/e), contrasting with the predominantly acidic
TSH binding site (-6.8 kT/e), suggesting that antibody
binding might induce conformational changes distinct
from natural hormone engagement.
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Figure 3. Surface representation of human thyroid peroxidase highlighting predicted B-cell epitope domains and
glycosylation sites with corresponding electrostatic potential mapping.

Figure 4. Thyroglobulin C-terminal region (residues
2400-2768) with conformational B-cell epitopes hi-
ghlighted.

MHC Class Il Epitope Prediction and T-Cell
Targets

NetMHCllpan analysis identified 127 potential
T-cell epitopes across the three autoantigens with
predicted binding affinity below 1000 nM for at least
one of the four HLA-DR alleles examined. TPO vyield-
ed 41 high-affinity peptides, thyroglobulin 58, and
TSHR 28. The distribution of predicted binders showed
marked preference for DRB103:01 (52 peptides) and

DRB104:01 (48 peptides), consistent with the well-doc-
umented association of these alleles with AITD sus-
ceptibility in European populations. Specifically, 19
peptides demonstrated promiscuous binding, showing
strong affinity (IC. < 500 nM) for three or more alleles,
designating them as particularly attractive candidates
for broadly applicable immunotherapy.

Several predicted T-cell epitopes overlapped spa-
tially with B-cell epitope regions, suggesting potential
sites for linked suppression mechanisms. On TPO,
peptides spanning residues 407-421 and 697-711 ex-
hibited both high MHC binding affinity (IC_, = 127 nM
and 89 nM for DRB103:01, respectively) and proxim-
ity to major B-cell epitopes (within 12 A). Similarly,
thyroglobulin peptide 2647-2661 (IC_, = 143 nM for
DRB104:01) localized directly within a major confor-
mational B-cell epitope, potentially enabling regulato-
ry T cells induced by this peptide to suppress B-cell re-
sponses through bystander suppression or IL-10-medi-
ated mechanisms (Graph 1).

Antigen processing prediction using NetChop re-
vealed that 78% of high-affinity MHC-binding peptides
contained predicted proteasomal cleavage sites flank-
ing their termini, suggesting efficient liberation during
natural antigen processing. This finding enhances con-
fidence that these epitopes represent physiologically
relevant targets rather than cryptic peptides unlikely
to be presented under normal conditions. Analysis of
secondary structure preferences showed that predict-
ed T-cell epitopes predominantly localized to flexible
loops and turns (63%) rather than stable helices or
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Graph 1. Distribution of predicted MHC class lI-binding peptides across four HLA-DR alleles for each autoantigen.

sheets, consistent with the structural requirements
for peptide extraction during antigen processing and
accommodation within the MHC binding groove.

Structural Features of Prioritized Therapeutic
Epitopes

Application of our multi-criteria scoring system
identified 15 lead epitopes warranting prioritization
for immunotherapy development: six from TPO, five
from thyroglobulin, and four from TSHR. These candi-
dates satisfied stringent criteria including high struc-
tural confidence (mean pLDDT 91.7), substantial sur-
face accessibility (mean RSA 41.3%), validation against
experimental epitope mapping data (100% correspon-
dence), and strong MHC binding across multiple alleles
(mean IC, 285 nM).

The top-ranked TPO epitope, designated TPO-E1
(residues 410-424, sequence VFPAKDVYPLKLPIT),
achieved a composite score of 94/100. Structural
analysis revealed this 15-mer peptide adopts a stable
extended conformation when bound within the ESM-
Fold-predicted structure, with a backbone RMSF of 1.3
A during molecular dynamics simulation. The peptide
exhibits amphipathic character, with hydrophobic resi-
dues (Val, Phe, Pro, Leu, lle) clustering on one face and
hydrophilic residues (Lys, Asp, Tyr, Thr) on the oppos-
ing surface, facilitating insertion into the MHC groove
while maintaining interactions with the T-cell recep-
tor. Critically, this sequence showed 87% conservation
across mammalian species (human, mouse, rat, dog,
cow), minimizing concerns about loss of tolerogenicity
due to species-specific variations in preclinical models
(Figure 5).

The lead thyroglobulin candidate, Tg-E1 (residues
2651-2665, sequence LQKTEVHQELLENPT), scored
92/100 and occupies a prominent surface loop within
the major C-terminal immunodominant region. This
epitope displayed exceptional structural stability during
molecular dynamics simulations (RMSF 0.9 A), with
the central EVHQELLEN motif maintaining consistent
interactions with surrounding residues. The sequence
contains two glutamic acid residues contributing -2
charge at physiological pH, potentially serving as anchor
residues for MHC binding. Importantly, this peptide
demonstrated strong predicted affinity for all four test-
ed HLA-DR alleles (IC, range: 112-687 nM), suggesting
broad applicability across diverse patient populations.

TSHR-E1 (residues 269-283, sequence AFN-
STAMHYTILEAR), scoring 89/100, represents the high-
est-ranked TSHR epitope. Located within the region
recognized by thyroid-stimulating antibodies, this
peptide spans the hinge region between leucine-rich
repeat domains, exhibiting moderate flexibility (RMSF
1.8 A) that may facilitate conformational adaptation
during MHC loading. The sequence contains three ar-
omatic residues (Phe, Tyr, Tyr) known to contribute
favorably to MHC binding through pi-stacking interac-
tions within hydrophobic pockets.

Glycosylation Impact on Epitope Accessibility

Systematic analysis of N-glycosylation site prox-
imity revealed heterogeneous effects on epitope ac-
cessibility across the three autoantigens. For TPO, con-
taining 5 consensus N-glycosylation sites, only one site
(Asn124) localized within 15 A of a predicted epitope,
and this epitope (residues 112-128) ranked in the low-
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er quartile of our prioritization scheme. The spatial
separation between most glycosylation sites and im-
munodominant epitopes suggests that post-transla-
tional modifications do not substantially shield major
antigenic determinants on TPO.

In contrast, thyroglobulin, bearing approximately
20 N-glycosylation sites, showed three sites (Asn516,
Asn2223, Asn2561) in close proximity (8-14 A) to
high-scoring epitopes. Interestingly, the Asn2561 gly-
cosylation consensus sequence lies directly adjacent

to the Tg-E1 epitope, yet sera from thyroiditis patients
robustly recognize this region, suggesting either in-
complete glycosylation at this site in vivo or antibody
recognition that accommodates or even requires the
glycan moiety. Structural modeling indicates that the
predicted N-glycan at this position extends perpen-
dicular to the epitope surface, potentially creating a
three-dimensional antigenic landscape where both
peptide and carbohydrate components contribute to
antibody binding (Figure 6).

Figure 5. Detailed structural views of top three therapeutic epitope candidates: (A) location on full protein surfa-
ce, (B) close-up of epitope structure with key residues labeled, (C) electrostatic surface potential, (D) conserva-

tion across species shown as WebLogo sequence.

Figure 6. Analysis of glycosylation impact: (A) distance distribution plot between N-glycosylation sites and epito-
pe centers, (B) detailed view of Tg epitope 2651-2665 with modeled N-glycan at Asn2561, (C) correlation scatter
plot between glycosylation proximity and epitope ranking score.
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TSHR glycosylation sites (Asn77, Asn99, Asn113,
Asn177, Asn198, Asn302) distributed predominantly
across the convex surface of the leucine-rich repeat
domain, while major epitopes preferentially localized
to the concave inner surface and the C-terminal ex-
tension, resulting in minimal glycosylation-mediated
masking. This spatial segregation may explain why
TSHR autoantibodies retain functionality despite the
presence of multiple glycosylation sites on the ecto-
domain.

Validation Against Experimental Data

Cross-validation of our computational predic-
tions against 47 experimentally characterized epi-
topes compiled from the literature demonstrated
strong concordance. For B-cell epitopes, our consen-
sus prediction approach achieved 83% sensitivity and
91% specificity in identifying experimentally validated
immunodominant regions. All six experimentally veri-
fied TPO epitopes from monoclonal antibody studies
appeared among our top 15 predictions, while 8 of 9
characterized thyroglobulin epitopes mapped within
our predicted conformational epitope clusters. The
Matthews correlation coefficient, accounting for both
true positives and true negatives, reached 0.78, indi-
cating robust prediction performance substantially ex-
ceeding random chance (MCC = 0).

T-cell epitope validation proved more challeng-
ing due to limited experimental data, but comparison
with five published T-cell proliferation studies using
overlapping peptide libraries showed 71% agreement.

Notably, four of our top-ranked promiscuous bind-
ers (TPO 410-424, TPO 540-554, Tg 2651-2665, TSHR
269-283) corresponded precisely to peptides eliciting
proliferative responses from peripheral blood mono-
nuclear cells of AITD patients in independent studies.
The single discordance involved a Tg peptide (residues
1690-1704) that elicited weak responses experimen-
tally but received moderate computational predic-
tions (IC,, 890 nM), likely reflecting biological complex-
ity not captured by binding affinity predictions alone
(Figure 7).

Structural superposition of our ESMFold-gener-
ated TPO model with experimentally determined epi-
topes from crystallographic studies of TPO-antibody
complexes yielded backbone RMSD values of 1.4-2.8
A for epitope regions, confirming that predicted local
structures accurately recapitulate experimentally ob-
served conformations. This validation extends beyond
sequence-level comparisons to demonstrate true
three-dimensional accuracy, substantially strengthen-
ing confidence in epitopes lacking direct experimental
characterization.

Molecular Dynamics Stability Assessment
Molecular dynamics simulations of the 15 prior-
itized epitopes revealed differential stability profiles
relevant for therapeutic peptide design. Ten epitopes
maintained highly stable conformations through-
out the 100 ns simulation period, with RMSD values
stabilizing below 2.5 A after initial equilibration (first
10 ns). These peptides, designated as “structurally

Figure 7. Validation analysis: (A) Vnn diagram of predicted vs. experimentally verified epitopes, (B) receiver ope-
rating characteristic curve for B-cell epitope predictions, (C) sensitivity/specificity bar graph, (D) heatmap compa-
ring predicted MHC binding affinity with experimental T-cell proliferation data.
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robust,” exhibited minimal backbone fluctuations
(mean RMSF 1.4 A) and retained secondary structure
elements present in the native protein context. The
structural rigidity suggests these sequences likely
adopt preferred conformations that could be repro-
duced in synthetic peptides, facilitating recognition by
MHC molecules and T-cell receptors in immunothera-
peutic applications.

Five epitopes displayed moderate flexibility
(mean RMSF 2.8 A), particularly in terminal regions,
while maintaining stable core structures. For these
peptides, radius of gyration analysis revealed mod-
est compaction over the simulation period (12-15%
decrease), suggesting potential for optimization
through strategic truncation or cyclization to stabi-
lize therapeutic conformers. Interestingly, flexibility
correlated inversely with promiscuous MHC binding
(Pearson r = -0.62, p = 0.014), implying that confor-
mational rigidity may enhance binding across multi-
ple HLA alleles by presenting consistent anchor res-
idues (Figure 8).

Secondary structure analysis throughout simu-
lations demonstrated that alpha-helical content re-
mained stable for epitopes initially predicted to con-
tain helices (mean deviation +8%), while extended and
coil structures showed greater plasticity. This finding
suggests that epitopes with defined secondary struc-
ture may serve as more predictable starting points for
peptide synthesis compared to intrinsically disordered
regions, though the latter might offer advantages for
processing-independent presentation.

Epitope Conservation and Cross-Reactivity
Analysis

Multiple sequence alignment across mammali-
an orthologs (human, chimpanzee, rhesus macaque,
mouse, rat, dog, cow, pig) revealed variable conser-
vation patterns among prioritized epitopes. The 15
lead candidates exhibited 68-93% sequence identity
across species (mean 81.4%), with higher conservation
observed in TPO epitopes (mean 86.2%) compared to
thyroglobulin (79.1%) and TSHR (78.6%). This pattern
may reflect stronger functional constraints on TPO en-
zymatic domains versus the primarily structural role of
thyroglobulin.

Analytically, residues predicted to serve as MHC
anchor positions (typically position 1, 4, 6, and 9 in 15-
mer peptides based on DRB1 binding motifs) showed
even higher conservation (mean 89.7%), suggesting
that therapeutic peptides developed from human
sequences would likely retain immunological activi-
ty in preclinical animal models. Three epitopes (TPO
410-424, TPO 542-556, Tg 2651-2665) displayed 100%
identity across all tested mammalian species, rep-
resenting prime candidates for translational studies
given the perfect concordance between human ther-
apeutic targets and animal model antigens (Figure 9).

Assessment of potential cross-reactivity with
non-thyroidal human proteins using BLAST search-
es against the human proteome revealed minimal
off-target matches. Only 3 of the 15 prioritized epi-
topes showed sequence similarity exceeding 60%
identity over 8 consecutive residues with non-thyroid

Figure 8. Molecular dynamics stability assessment: (A) RMSD trajectories for all 15 prioritized epitopes over
100 ns, (B) RMSF per-residue plots for top three candidates, (C) radius of gyration evolution, (D) representative

snapshots at 0, 50, and 100 ns for TPO-E1.
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Figure 9. Epitope Conservation and Cross-Reactivity Analysis Across Mammalian Orthologs: (A) Phylogenetic tree
of analyzed species. (B) Sequence conservation percentages. (C) TPO-E1 per-residue conservation (WebLogo). (D)

Pairwise sequence identity heatmap.

Figure 10. Hierarchical clustering analysis of epitope physicochemical properties.

proteins, and in all cases, these matches involved
functionally related protein families (peroxidases for
TPO epitopes, glycoprotein hormones for TSHR epi-
topes) rather than unrelated tissue-specific antigens.
None of the lead candidates matched sequences in
important immune regulatory proteins or central ner-
vous system antigens, reducing concerns about induc-

ing dangerous cross-reactive autoimmunity through
immunotherapy.

Hierarchical Clustering of Epitope Properties
Unsupervised hierarchical clustering based on 12

physicochemical properties (hydrophobicity, charge,

aromatic content, flexibility, surface accessibility,
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glycosylation proximity, conservation, MHC disorder,
structural confidence, experimental validation, pro-
cessing probability, and composite score) segregated
the 72 total predicted epitopes into five distinct clus-
ters with characteristic profiles relevant for therapeu-
tic selection.

Cluster 1 (n=15) comprised the high-priority
candidates described above, distinguished by supe-
rior performance across nearly all metrics. Cluster 2
(n=18) contained epitopes with excellent structural
predictions and surface accessibility but lower MHC
binding affinity, potentially suitable for B-cell target-
ed approaches or after affinity enhancement through
rational design. Cluster 3 (n=12) featured highly con-
served epitopes with moderate MHC binding, repre-
senting backup candidates should primary selections
prove unsuitable. Clusters 4 (n=14) and 5 (n=13) en-
compassed lower-scoring epitopes with significant
limitations such as proximity to glycosylation sites,
poor conservation, low surface accessibility, or mini-
mal experimental validation (Figure 10).

This systematic classification provides a rational
framework for selecting epitopes based on specific
therapeutic goals and enables identification of com-
mon features distinguishing optimal candidates from
less suitable alternatives. Principal component analy-
sis revealed that the first two components, explaining
61% of variance, separated epitopes primarily based
on structural confidence and MHC binding disorder,
reinforcing these parameters as fundamental deter-
minants of immunotherapeutic potential.

DISCUSSION

The structural delineation of thyroid autoanti-
gens using ESMFold facilitates epitope identification,
propelling the development of antigen-specific im-
munotherapies. Our integrative approach, combining
high-confidence modeling, epitope clustering, and
immunological validation, offers a framework for se-
lecting therapeutically relevant targets, fundamentally
expanding translational potential by enabling the ra-
tional design of tolerance-inducing peptide vaccines
tailored to AITD.

The quality of structural predictions and model
confidence provided by ESMFold have significantly ad-
vanced protein modeling accuracy, with pLDDT scores
effectively indicating residue-level reliability.!! Despite
occasional confidence overestimation in poorly mod-
eled regions, enhanced assessment methods improve
precision, fostering reliable modeling for biomedical

applications.?2 Our study’s findings align with literature
reports demonstrating ESMFold’s robust predictive ac-
curacy and model confidence. We observed high-con-
fidence regions consistent with previously document-
ed residue-level reliability while identifying expected
lower confidence in flexible or membrane-associated
domains. These results underscore ESMFold suitabili-
ty for detailed structural modeling of complex thyroid
autoantigens, paralleling experimental validations and
reinforcing its biomedical applicability.

The identification and characterization of B-cell
epitopes play an important role in development of
immunodiagnostics, with studies emphasizing the
importance of combining computational predictions
with experimental validation for improved accuracy.®
Thyroid autoantibodies predominantly recognize con-
formational epitopes concentrated within immuno-
dominant regions on TPO and thyroglobulin, with re-
stricted recognition patterns persisting despite treat-
ment fluctuations, necessitating structural modeling
approaches that preserve native protein architecture
for accurate epitope characterization.* The literature
underscores the necessity of integrating computa-
tional and experimental methods to accurately iden-
tify B-cell epitopes, emphasizing immunodominant,
conformational regions on thyroid autoantigens. Our
study substantiates and refine the literature’s empha-
sis on conformational epitopes in thyroid autoimmu-
nity, demonstrating that immunodominant regions
on TPO, thyroglobulin, and TSHR form structurally
coherent, surface-exposed antigenic patches. These
clusters align closely with experimentally mapped an-
tibody targets, exhibit distinctive electrostatic and to-
pological features conducive to IgG recognition, and
remain unobscured by glycosylation, supporting the
necessity of integrative structural approaches for ac-
curate epitope delineation.

Prediction of MHC Class Il epitopes remains chal-
lenging due to the polymorphic nature of MHC Il mol-
ecules and peptide binding flexibility, but advances in
machine learning and consensus approaches have im-
proved accuracy. Integrating in silico tools with func-
tional validation has improved epitope discovery.>®
These methods enable identification of CD4* T cell tar-
gets important forimmunotherapy design, with exper-
imental validation essential for refinement.'” Thus, the
literature highlights ongoing challenges in predicting
MHC Class Il epitopes due to molecular polymorphism
and peptide flexibility, with advances in machine
learning enhancing accuracy and enabling identifica-
tion of CD4* T-cell targets fundamental for immuno-
therapy design.® Our findings align by demonstrating
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allele-specific high-affinity epitopes overlapping B-cell
regions, supporting linked immunoregulatory mech-
anisms and refining physiologically relevant antigen
processing insights. The spatial convergence between
predicted T-cell and known B-cell epitopes substanti-
ates molecular mechanisms underlying coordinated
immune responses in autoimmune thyroiditis.

Therapeutic epitopes are often characterized
by strong MHC binding affinity, high expression, and
favorable processing features, including flexible loop
structures that facilitate immune recognition.?® These
epitopes typically exhibit distinct structural motifs and
electrostatic properties, which enhance theirimmuno-
genicity and suitability as targets in autoimmune ther-
apies.?’ Our prioritized epitopes align with established
principles of therapeutic target selection, exhibiting
strong MHC affinity, structural stability, and surface
exposure. Fundamentally, they reside within flexible,
conserved regions that overlap key B-cell epitopes,
features that collectively support their potential to
modulate pathogenic autoimmune responses while
maintaining cross-species relevance.

Glycosylation influences epitope accessibility
through steric hindrance at MHC anchor positions, po-
tentially rendering peptides nonimmunogenic when
carbohydrate moieties occupy critical binding resi-
dues.®® Post-translational glycan modifications can
camouflage underlying protein surfaces from immune
surveillance, with glycosylation patterns dynamically
modulating both antibody recognition and MHC-me-
diated presentation pathways.? Thyroid autoantigens
represent heavily glycosylated proteins in which con-
formational epitope integrity depends critically upon
preservation of native glycan structures, as denatur-
ation consistently diminishes autoantibody binding.”
Immunopeptidomics investigations reveal that glyco-
sylated peptides predominantly associate with MHC
class Il molecules, frequently displaying truncated
glycan structures that maintain immunogenicity while
permitting effective antigen presentation.?* Our results
showed that glycosylation sites exhibit differential
spatial relationships with immunodominant epitopes
across thyroid autoantigens, with most high-priority
targets positioned beyond the steric influence of car-
bohydrate modifications. The serological recognition of
glycan-proximal regions suggests that post-translation-
al modifications either remain incomplete or constitute
integral components of conformational epitopes.

Experimental validation remains the definitive
standard for confirming computationally predicted
epitopes, with functional assays such as peptide-MHC
stability measurements and T cell proliferation demon-

strating superior correlation with immunogenicity
compared to binding predictions alone.? Pathogenic
epitope identification in thyroid autoantigens through
murine experimental autoimmune thyroiditis models
has successfully validated multiple computationally
predicted peptides that subsequently induced lym-
phocytic infiltration and autoantibody responses.?®
Retrospective analyses comparing predicted epitopes
with interferon-y ELISpot responses demonstrate that
modernalgorithms effectively distinguishimmunogenic
from non-immunogenic peptides, particularly when
incorporating both MHC presentation and T cell
receptor recognition features.”? Epitope mapping
studies using synthetic peptides representing compu-
tationally identified regions of thyroid peroxidase and
thyroglobulin have confirmed patient-derived T cell
responses, validating the physiological relevance of
predicted sequences.”’ Our computational predictions
demonstrated robust concordance with experimen-
tally characterized epitopes from independent stud-
ies, achieving strong performance metrics across both
B-cell and T-cell targets. Structural validation through
crystallographic comparison confirmed that predicted
three-dimensional epitope conformations accurately
recapitulate experimentally observed architectures,
substantiating physiological relevance beyond se-
guence-level agreement.

Molecular dynamics simulations provide atom-
istic insights into peptide-MHC complex stability by
calculating structural fluctuations and intermolecular
binding energetics that correlate with experimental-
ly determined immunogenicity.?® Simulation-derived
RMSD and RMSF metrics successfully distinguish sta-
ble epitope conformations from weakly bound pep-
tides, with anchored epitopes maintaining backbone
deviations below three angstroms throughout nano-
second-scale trajectories.? Large-scale computational
studies involving hundreds of peptide variants demon-
strate that modern force fields accurately recapitu-
late experimentally observed structural features and
binding dynamics of TCR-peptide-MHC complexes.?
Thus, the literature demonstrates that molecular dy-
namics simulations of peptide-MHC complexes accu-
rately reflect structural stability and correlate with
immunogenicity via metrics like RMSD and RMSF. Our
study complements these findings by characterizing
prioritized epitopes with variable flexibility, where sta-
ble conformations correlate with promiscuous MHC
binding capacity. The inverse relationship between
conformational flexibility and multi-allelic recognition
suggests that structural rigidity facilitates consistent
anchor positioning across diverse MHC grooves, vali-
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dating computational approaches for therapeutic pep-
tide optimization.

Epitope conservation across species enhances
cross-reactivity, facilitating broad immune recognition
but potentially triggering autoimmunity.3** Molecular
mimicry between microbial antigens and thyroid auto-
antigens, particularly TSHR regions sharing homology
with Yersinia and Borrelia proteins, provides mecha-
nistic insights into environmental triggers.3! Compu-
tational and experimental analyses reveal conserved
regions within therapeutic targets, informing vaccine
design and autoimmune disease understanding by
balancing specificity with cross-protective immunity.3
Consistent with the literature emphasizing epitope
conservation across species and its implications for
autoimmunity, our results elucidate nuanced con-
servation patterns among prioritized epitopes across
mammalian orthologs. This suggests that evolutionary
pressures may impose stronger functional constraints
on enzymatic domains, thereby influencing their im-
munogenic potential. Furthermore, our observations
regarding MHC anchor residue conservation indicate a
promising alignment for therapeutic peptide develop-
ment, as these regions are likely to preserve immuno-
logical efficacy in preclinical models. Importantly, our
cross-reactivity assessments demonstrate a minimal
overlap with non-thyroidal human proteins, alleviating
concerns about inadvertent autoimmunity.

Hierarchical clustering of epitope properties en-
ables systematic grouping based on structural, phys-
icochemical, and immunogenic features, enhancing
understanding of epitope diversity and facilitating
identification of shared immunological patterns, guid-
ing precision immunotherapy design by integrating
multi-parametric data.>*3* Our study mirrors this ap-
proach by employing unsupervised hierarchical cluster-
ing of physicochemical properties, which successfully
identified distinct clusters of predicted epitopes with
relevant therapeutic profiles. In addition, our results
provide a more granular classification that not only
highlights high-priority candidates but also delineates
potential backup options and those with specific lim-
itations. This comparative analysis reinforces the value
of both systematic frameworks in elucidating optimal
epitope selection for targeted therapeutic strategies.

CONCLUSION

This study leverages ESMFold to accurately model
thyroid autoantigens, revealing structurally robust and
immunologically validated epitopes with high conser-

vation and strong MHC binding. Our results provide a
refined structural framework supporting the develop-
ment of antigen-specific immunotherapies to restore
immune tolerance in AITD.
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ABSTRACT

Introduction: Sarcopenia, characterized by the progressive loss of muscle
mass and strength, is a frequent comorbidity among individuals with rheu-
matic diseases. Objectives: To evaluate the association between sarcopenia
and disease activity in patients with rheumatoid arthritis (RA). Methods: This
prospective study assessed the risk of sarcopenia in 54 women with RA using
the SARC-F questionnaire, handgrip strength measurement, sit-to-stand test,
and elbow flexion test. Epidemiological and clinical data were collected along-
side disease activity indices, including erythrocyte sedimentation rate (ESR),
C-reactive protein (CRP), Simplified Disease Activity Index (SDAI), and Clinical
Disease Activity Index (CDAI). All assessments were repeated after a median
interval of 4 months. A control group of 34 healthy women without comorbid-
ities was included for comparison. Results: The median age of the RA cohort
was 60.4 years. Sarcopenia was identified in 64.8% of patients according to
the SARC-F score. Additionally, 79.6% exhibited handgrip strength values be-
low 16 kg/f, 62.9% performed fewer than 12 repetitions on the sit-to-stand
test, and 98.1% achieved fewer than 22 repetitions on the elbow flexion test.
When compared with controls, RA patients demonstrated significantly poorer
performance on the SARC-F and handgrip strength tests (p < 0.0001) and on
the elbow flexion and sit-to-stand tests (p = 0.002). Correlation analyses re-
vealed that SARC-F scores correlated with SDAI (r = 0.32 and 0.29) and CDAI
(r = 0.47 and 0.30) in both assessments. The sit-to-stand and elbow flexion
tests correlated with SDAI (r = —0.46 and —0.41) and CDAI (r = —0.38 for both)
in the second assessment. Handgrip strength correlated with CDAI in both the
first and second assessments (r = —0.34 and —0.29, respectively). No signifi-
cant correlation was found between changes in disease activity parameters
and variations in muscle strength (all p > 0.05). Conclusion: The majority of RA
patients exhibited a substantial degree of sarcopenia compared with controls,
and muscle mass indices were associated with inflammatory activity mea-
sures. However, changes in disease activity over time were not associated with
changes in muscle strength.

Keywords: Rheumatoid arthritis; Sarcopenia; Inflammation.

RESUMO

Introdugdo: A sarcopenia, caracterizada pela perda progressiva de massa e
forga muscular, € uma comorbidade frequente entre individuos com doengas
reumaticas. Objetivos: Avaliar a associagdo entre sarcopenia e atividade da
doenga em pacientes com artrite reumatoide (AR). Métodos: Este estudo pro-
spectivo avaliou o risco de sarcopenia em 54 mulheres com AR por meio do
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questionario SARC-F, da for¢a de preensdo manual (handgrip), do teste de sen-
tar e levantar (sit-to-stand) e do teste de flexdo de cotovelo. Foram coletados
dados epidemioldgicos e clinicos, bem como indices de atividade da doenga,
incluindo velocidade de hemossedimentagdo (VHS), proteina C-reativa (PCR),
Simplified Disease Activity Index (SDAI) e Clinical Disease Activity Index (CDAI).
Todas as avaliagdes foram repetidas apds um intervalo mediano de 4 meses.
Um grupo controle composto por 34 mulheres saudaveis, sem comorbidades,
foi incluido para comparagdo. Resultados: A idade mediana das pacientes com
AR foi de 60,4 anos. A sarcopenia foi identificada em 64,8% das pacientes se-
gundo o escore SARC-F. Além disso, 79,6% apresentaram valores de preensdo
manual inferiores a 16 kg/f; 62,9% realizaram menos de 12 repeti¢des no tes-
te de sentar e levantar; e 98,1% obtiveram menos de 22 repeti¢cdes no teste
de flexdo de cotovelo. Quando comparadas aos controles, as pacientes com
AR apresentaram desempenho significativamente inferior no SARC-F e na
preensdo manual (p < 0,0001), bem como nos testes de flexdo de cotovelo
e sentar e levantar (p = 0,002). As analises de correlagdo mostraram que os
escores do SARC-F correlacionaram-se com o SDAI (r = 0,32 e 0,29) e o CDAI
(r=0,47 e 0,30) em ambas as avaliagGes. Os testes de sentar e levantar e de
flexdo de cotovelo correlacionaram-se com o SDAI (r =—0,46 e —0,41) e com o
CDAI (r =-0,38 para ambos) na segunda avaliagdo. A forga de preensdo manual
correlacionou-se com o CDAI tanto na primeira quanto na segunda avaliagdo
(r =-0,34 e —0,29, respectivamente). Ndo foi observada correlagdo significa-
tiva entre as variagOes dos parametros de atividade da doenga e as medidas
de forga muscular (todas com p > 0,05). Conclusdo: A maioria das pacientes
com AR apresentou um grau significativo de sarcopenia em comparagdo com
os controles, e os indices de massa muscular estiveram associados as medi-
das de atividade inflamatdria. Entretanto, ndo foi possivel demonstrar que as
variagOes da atividade da doenca ao longo do tempo estivessem associadas a
mudangas na forga muscular.

Descritores: Artrite reumatoide; Sarcopenia; Inflamagao.

general population®. Early recognition and management

INTRODUCTION

Sarcopenia refers to a generalized loss of skeletal
muscle mass and strength that may occur in the elder-
ly as well as in individuals with chronic inflammatory
diseases. It is associated with progressive declines in
muscle quantity and function!, predisposing affect-
ed individuals to disability, falls, and loss of indepen-
dence. In rheumatoid arthritis (RA), sarcopenia is a
multifactorial process. Pro-inflammatory cytokines—
particularly tumor necrosis factor (TNF) and interleu-
kin-6 (IL-6)—are considered key mediators of skeletal
muscle degradation through mechanisms involving en-
hanced proteolysis, disruption of muscle regeneration,
and impairment of myofiber contractility. The use of
glucocorticoids and physical inactivity resulting from
pain, joint stiffness, and deformities further exacer-
bate this risk*?3.

Epidemiological studies have demonstrated that
the prevalence of sarcopenia among RA patients is ap-
proximately 2.5 times higher than that observed in the

of sarcopenia are essential, given its association with
adverse health outcomes such as functional disability,
insulin resistance, falls, frailty, and increased mortality®*.

The present study aimed to evaluate the preva-
lence of sarcopenia in a cohort of Brazilian patients
with RA and to investigate its association with disease
activity.

METHODS

This prospective study included a total of 88 par-
ticipants: 54 women with rheumatoid arthritis and 34
healthy controls. The study protocol was approved by
the local Research Ethics Committee (protocol num-
ber 5.936.828), and all participants provided written
informed consent prior to enrollment.

A convenience sample was used, comprising all
RA patients from a single rheumatology center who
attended routine follow-up visits over a two-year peri-
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od and consented to participate. Patients’ companions
were invited to participate as control subjects.

RA patients underwent two evaluations, with the
second assessment performed at a median interval of
4.0 (4.0-7.0) months from the first. Epidemiological,
clinical, and treatment data were collected, and dis-
ease activity was assessed using the Simplified Disease
Activity Index (SDAI), Clinical Disease Activity Index
(CDAI), erythrocyte sedimentation rate (ESR), and C-re-
active protein (CRP) levels.

The CDAI was calculated based on the 28-joint
tender and swollen joint counts, the patient’s global
disease activity assessment (0—-10), and the evalua-
tor’s global assessment (0-10)°. The SDAI was deter-
mined by summing the 28-joint tender and swollen
joint counts, patient and evaluator global assessments
(each 0-10), and CRP in mg/dL>.

Muscle Strength Assessment

Muscle strength was evaluated at both time

points using the following instruments:

a. SARC-F (Simple Questionnaire to Rapidly Di-
agnose Sarcopenia): A five-item questionnaire
assessing strength, assistance with walking,
ability to climb stairs, rise from a chair, and
frequency of falls. Each item is scored from 0
to 2, with a total score ranging from 0 to 10. A
score > 4 indicates risk of sarcopenia®’.

b. Sit-to-Stand Test: Assesses lower limb strength
by recording the number of times the individ-
ual can rise from a seated position within 30
seconds. The expected normal range is 12 to
17 repetitions®.

c. Elbow Flexion Test: Evaluates upper limb
strength by counting the number of flexion
movements performed in 30 seconds. The
standard load is approximately 2 kg for wom-
en and 4 kg for men, with 22 repetitions con-
sidered normal?.

d. Handgrip Strength: Measures static grip force
using a Jamar® dynamometer. Participants were
seated with feet flat on the floor, knees and el-
bows flexed at approximately 90°, and the fore-
arm close to the trunk. Maximal grip strength
was maintained for about three seconds, with
at least 15 seconds of rest between trials. Three
repetitions were performed using the domi-
nant hand, and the highest value was record-
ed for analysis*’. The cut-off values adopted
were those proposed by the European Working
Group on Sarcopenia in Older People (EWG-
SOP2): <27 kg for men and <16 kg for women®.

Inclusion and Exclusion Criteria

Eligible participants were female, aged 45 years
or older, and fulfilled the 2010 ACR/EULAR classi-
fication criteria for RA with a minimum score of 10
points®®. Individuals with renal insufficiency (glomer-
ular filtration rate < 20 mL/min), heart failure (New
York Heart Association Class 2 Ill), eating disorders,
malabsorption syndromes, neoplasms, or those re-
ceiving treatment for chronic infectious diseases
were excluded.

Statistical Analysis

Data were organized into frequency and contin-
gency tables. Nominal variables were expressed as
percentages, while numerical data were summarized
as mean + standard deviation (for parametric samples)
or median and interquartile range (for non-paramet-
ric samples). Data distribution was assessed using the
Shapiro—Wilk test. Comparisons between the first and
second evaluations were made using Fisher’s exact
test or the chi-square test for categorical variables,
and the unpaired t-test or Mann—Whitney test for nu-
merical variables, as appropriate. Correlation analyses
were performed using Pearson’s test (parametric) or
Spearman’s test (non-parametric). A significance level
of 5% was adopted for all analyses. Statistical calcula-
tions were performed using GraphPad Prism version
8.0.0 for Windows (GraphPad Software, San Diego,
California, USA; www.graphpad.com).

RESULTS

1. Description of studied sample and
comparison with controls.

The RA sample had 54 females with mean age at
diagnosis of 47,5£10.7 years old; about 66.6% were
positive for rheumatoid factor. Patients and controls
were paired for age (p=0.60) and exposure to tobacco
(p=0.85).

The main characteristics of RA sample is on Table 1
that also shows the comparison between first and sec-
ond evaluation.

The comparison of strength data on RA patients
and controls is on Figure 1 that shows significant dif-
ference between RA patients and controls.

Considering the first evaluation, 43 out of 54
(79.6%) patients had a palmar grip strength below 16
mmHg; 34 out of 54 (62.9%) had a sit-to-stand test
score below 12; 53 of them (98.1%) had an elbow flex-
ion test score below 22 repetitions, and 35 patients
(64.8%) scored 24 on the SARC-F questionnaire.
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Table 1. Main characteristics of RA studied sample.

Number (n)

Arterial hypertension
Dislipidemia
Diabetes
Hipotireoidismo
Fibromialgia
Osteoporose

Antimalarials
Prednisone
Leflunomide
Methotrexate
Anti TNF-a
Jak inhibitor
Rituximab

First evaluation
54
Comorbidities (n)
23/54-42.5%
17/54 -31.4%
8/54 -14.8%
13/54 — 24.0%
7/54 - 12.9%
10/54 - 18.5%
Treatment (n)

6/54 11.1%
19/54 35.1%
27/54 50.0%
27/54 50.0%
6/54 11.1%
9/54 16.6%
1/54 1.8%

Second evaluation P
52
4/52 7.6% 0.74
20/52 38.4% 0.72
26/52 50.0% >0.99
23/52 44.2% 0.55
6/52 11.5% 0.94
8/52 15.3% 0.85
0 0 N too small

Disease activity indexes

SDAI — median (IQR)
CDAI - median (IQR)
ESR - median (IQR)- mm
CRP - median (IQR) — mg/dL
Hemoglobine — mediana (IQR)- g/dL

7.40 (2.97-11.8)
5.0 (1.0-10.5)
29,0 (19.0-40.0)
3,0 (1.42- 10.2)
13,0 (12,3-13,4)

4.70 (1.73-13.9) 0.94
4.0 (1.0-11.0) 0.74
25.0 (16.0-39.0) 0.61
4.0 (1.0-11.7) 0.80
13,0 (12.4-14.0) 0.38

SDAI - simplified disease activity index; CDAI - clinical disease activity index; ESR - erythrocyte sedimentation rate; CRP- C reactive

protein; IQR= interquartile range.

Figure 1. Comparison of data on strength between RA (rheumatoid arthritis) patients and controls.

30—

20

T
controls rheumatoid arthritis

10+
8_ eee
c
eee .9
TR ceoee x
g & 2
m oooooooo ;
% 4 . esssssae -g
[ ] eevecree 3
2— - 4 4 eeess
0 T T
controls rheumatoid arthritis
RA=3.5 (1.0-5.0); controls 0 (0-1.0); p<0.0001 RA=11.5 (6.7-15.2); controls 15.5 (12.7-17.2); p=0.002
25+ 40+
- : =) .
g 2 . T 30- :
2 e g :
g 15 E
- . SHH o 204
S 10+ ...:.:... T 5 ol
[ H " °
5 g5 il g 197
0 1 T 0 T
controls rheumatoid arthritis controls

RA=9.0 (5.0-12.2); controls =13.0 (10.0-16.0) p= 0.002 RA=9.0(0-14.0) mm Hg; controls=20.0(16.0-22.0) mm Hg. p<0.0001

T
rheumatoid arthritis

Endocrinologia & Diabetes Clinica e Experimental
2025; 22(4): 327-333



SARCOPENIA IN RHEUMATOID ARTHRITIS : IMPORTANCE OF EARLY ASSESSMENT

SARCOPENIA NA ARTRITE REUMATOIDE: IMPORTANCIA DA AVALIAGAO PRECOCE 331
Considering the first evaluation, 43 out of 54 SIT-TO-STAND TEST — SECOND VISIT
o . .
(79.6%) patients had a palmar grip stre'ngth below 16 SDAI 0,46 10,66 to0 -0.19 0.001
mmHg; 34 out of 54 (62.9%) had a sit-to-stand test
score below 12; 53 of them (98.1%) had an elbow flex- oty o L e 0L Labl
ion test score below 22 repetitions, and 35 patients ESR -0.15 -0.41t0 0,12 0,28
(64.8%) scored =4 on the SARC-F questionnaire. CRP 0.04 0,24 t0 0.32 0.74
ELBOW FLEXION TEST — FIRST VISIT
2. Correlation studies of inflammatory SDAI 021 -0.46t0 0.77 0.13
indexes with strength parameters. CDAI 031 -0.54 t0 -0.04 0.02
Table 2 shows the strength data in the first and ESR -0.08 0.35 0 0.20 056
second evaluation.
CRP 0.05 -0.22t0 0.32 0.68
Table 2. Description of strength parameters in the first ELBOW FLEXION TEST — SECOND VISIT
and second evaluation. SDAI -0.41 -0.63t0-0.14 0.003
CDAI -0,38 -0.60 to -0.10 0.006
First Second
Strength Data . . ESR -0.03 -0,31t0 0.24 0.81
evaluation evaluation
CRP 0.07 -0.22t0 0.34 0.62
SARCF 32 3.0 0.94 HANDGRIP TEST- FIRST EVALUATION
-median (IQR) (1.0-5.0) (1.0-5.2) ) _
Elbow flexion SDAI -0.27 -0.51 to 0.01 0.053
10.9 £6.5 9.615.2 0.25 - - -
test- mean(SD) CDAI 0.34 0.57 to -0.07 0.01
Sit -to-stand . . ESR -0.05 -0.32t0 0.22 0.68
test—mean (sp) o3 8947 089 CRP 009 -0.36t00.18 0.48
Handgrip — 9.0 10.0 031 HAND GRIP TEST- SECOND EVALUATION
median (IQR) (0-14.0) (5.0-15.0) ’ SDAI -0.24 -0.50to 0.05 0.09
SARC-F= Simple Questionnaire to Rapidly Diagnose Sarcopenia) CRAl 20122 -0.5410-0.009 0.03
questionnaire; IQR= interquartile range; SD= standard deviation. ESR -0.009 -0.36t0 0.19 0.53
CRP -0.05 -0.33t0 0.23 0.71

Table 3 shows the results of correlation studies
with disease activities index in first and second visits.

Table 3. Correlation studies of disease activity indexes
with strength tests.

SARC-F STUDIES - FIRST VISIT

SDAI 0.32 0.04 to 0.55 0.01
CDAI 0.47 0.22 to 0.66 0.0003
ESR 0.13 -0.15t0 0.39 0.35
CRP -0.20 -0.45 t0 0.07 0.13
SDAI 0.29 0.002 to 0.54 0.03
CDAI 0.30 0.02 to 0.54 0.04
ESR 0.19 -0.09t0 0.43 0.16
CRP -0.02 -0.30t0 0.25 0.84
SDAI -0,46 -0,66 to -0.19 0.001
CDAI -0.23 -0.27 t0 0.05 0.09
ESR -0.28 -0.51 to -0.0003 0.04
CRP 0.11 -0.16 t0 0.38 0,39

SARC-F= Simple Questionnaire to Rapidly Diagnose Sarcopenia) ques-
tionnaire; SDAI - simplified disease activity index; CDAI - clinical disea-
se activity index; ESR - erythrocyte sedimentation rate; CRP- C reactive
protein

3. Correlation studies of chance in
inflammatory parameters with change in
strength evaluation.

The correlation studies of change in the strength
test (A strength tests) with changes in the inflammato-
ry measurements (A inflammatory indexes) is on Table
4. No correlations were found but for CRP.

Table 4. Correlation studies of changes (4) in inflam-
matory indexes and strength measurement tests.

A SDAI -0,16 -0.16t0 0.43 0.14
A CDAI -0.10 -0.37t0 0.18 0.48
A ESR -0.06 -0.34t00.22 0.64
A CRP -0.28 -0.52 to -0.001 0.04

SDAI - simplified disease activity index; CDAI - clinical disease activity
index; ESR - erythrocyte sedimentation rate; CRP- C reactive protein.
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DISCUSSION

Our findings indicate that the majority of patients
with rheumatoid arthritis (RA) are at risk of sarcopenia,
with nearly 65% screening positive using the SARC-F
tool. The SARC-F, developed by Malmstrom et al., * is
a simple, self-administered questionnaire designed for
the clinical detection of sarcopenia. According to its
authors, it should be integrated into the initial assess-
ment of this condition. This instrument evaluates per-
ceived difficulty in five functional domains—strength,
assistance with walking, rising from a chair, climbing
stairs, and falls—thereby allowing clinicians to monitor
changes in health status associated with sarcopenia 2.

In addition to the SARC-F, we employed the el-
bow flexion and sit-to-stand tests to assess upper and
lower limb strength, respectively. Handgrip strength,
commonly used as a surrogate marker of overall mus-
cle force, was also evaluated. However, in the context
of RA, its interpretation is limited. While Wind et al*®
demonstrated a strong correlation between handgrip
and total muscle strength in children, adolescents, and
young adults, this relationship may not hold in RA due
to inflammation, pain, stiffness, and joint deformities
affecting the hands. These factors can lead to an un-
derestimation of true muscular capacity.

The cutoff values used for tests such as handgrip
strength or chair rise are generally based on T-scores
derived from healthy young adults, defining weakness
relative to normative data 3. Notably, in RA, handgrip
strength follows a markedly different trajectory from
that of the general population, declining in paral-
lel with disease duration. Remarkably, the handgrip
strength observed at the time of RA diagnosis has been
reported to correspond to that of healthy individuals
in their ninth or tenth decade of life, irrespective of the
patient’s actual age3.

Several mechanisms contribute to muscle mass
loss in RA, including aging, dietary factors, physical in-
activity, metabolic disturbances, hormonal dysregula-
tion, and the action of pro-inflammatory cytokines.
In our cohort, composite indices of disease activity
(CDAI and SDAI) correlated with muscle strength, un-
derscoring the impact of inflammation in this context.

RA, being an immune-mediated inflammatory dis-
order, is characterized by the activity of cytokines such
as tumor necrosis factor alpha (TNF-a), interleukin-1
beta (IL-1B), interleukin-6 (IL-6), interferon gamma
(IFN-y), and transforming growth factor beta (TGF-B).
These mediators not only drive joint destruction but
also influence systemic protein and energy metabo-
lism 5. IL-6, for instance, functions as both a cytokine

and a myokine—produced by skeletal muscle during
exercise, where it promotes myogenesis and myofi-
ber hypertrophy. However, chronic IL-6 elevation, par-
ticularly in the inflammatory milieu of RA, promotes
muscle catabolism. Myostatin, another myokine that
induces skeletal muscle atrophy, has been linked to RA
disease activity regardless of muscle mass, suggesting
a potential role of myokines in sustaining synovitis and
systemic inflammation 3. TNF-a, a key cytokine in RA
pathophysiology, contributes to muscle dysfunction
by inducing insulin resistance and promoting cachexia
through reduced peripheral insulin sensitivity and at-
tenuation of its anticatabolic effects. Moreover, mus-
cle protein degradation is further mediated by IFN-y
signaling and activation of the nuclear factor kappa B
(NF-kB) transcription pathway?*¢.

In our study, we did not observe a significant cor-
relation between changes in inflammatory indices and
changes in muscle strength. Several hypotheses may
explain this finding: (1) the interval between assess-
ments may have been too short to capture meaningful
variations, or (2) disease activity control alone may be
insufficient to reverse sarcopenia, requiring concur-
rent muscle-strengthening interventions to restore
functional capacity.

Attention to muscle function in RA is crucial, as it
plays a central role in maintaining mobility, preventing
falls and fractures, and preserving patient autonomy.

This study is limited by its small sample size and
short follow-up period. Larger and longer-term studies
are warranted to clarify the relationship between dis-
ease activity and sarcopenia in RA.

In conclusion, most RA patients exhibit a signif-
icant degree of sarcopenia compared with healthy
controls. Muscle mass measurements were associated
with inflammatory activity; however, we were unable
to demonstrate that changes in inflammation translate
into measurable changes in muscle strength.
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ABSTRACT

Introduction: Rheumatoid Arthritis (RA) is a chronic autoimmune inflammato-
ry disease that primarily affects the joints but can also cause severe systemic
manifestations, reducing both quality of life and life expectancy. Among the
systemic manifestations of this disease, cardiovascular complications—such as
arrhythmias and prolonged QT interval—stand out, attributed to the action
of inflammatory cytokines on the autonomic nervous system and cardiomyo-
cytes. These alterations increase the risk of sudden death in RA patients, high-
lighting the importance of studies investigating the relationship between dis-
ease inflammatory activity and electrocardiographic changes such as QT inter-
val prolongation. Objectives: To assess the prevalence of heart rate-corrected
QT interval (QTc) prolongation and its possible association with inflammatory
activity in patients with Rheumatoid Arthritis (RA). Methods: Cross-sectional
observational study with 97 adult RA patients followed at the Rheumatology
outpatient clinic of a university hospital in Curitiba (PR), Brazil. Demographic,
clinical, therapeutic data, and disease activity scores (DAS-28 ESR/CRP, CDAI,
SDAI) were collected. QTc was calculated from 12-lead electrocardiograms
using Bazett’s formula. Results: The sample consisted predominantly of mid-
dle-aged women (median age 63 years) with a disease duration of 11 years.
The median QTc was 410 ms (IQR = 387.5-437.0), and 11 out of 97 patients
(11.3%) presented prolonged QTc. No significant correlations were found be-
tween QTc or heart rate and ESR, CRP, DAS-28, CDAI, or SDAI (p > 0.05 for all
comparisons). Conclusion: Although QTc prolongation is relatively frequent in
patients with RA, this study found no evidence of an association with inflam-
matory activity as measured by major clinical-laboratory indices.

Keywords: Rheumatoid Arthritis, Electrocardiogram, Cardiac Arrhythmias.

RESUMO

Introdugdo: A Artrite Reumatoide (AR) é uma doenga inflamatdria cronica au-
toimune que compromete principalmente as articulagdes, mas também pode
provocar manifestagdes sistémicas graves, reduzindo a qualidade e a expec-
tativa de vida. Dentre as manifestacGes sistémicas dessa doencga destacam-se
complicagGes cardiovasculares, como arritmias e prolongamento do interva-
lo QT, atribuidas a agdo de citocinas inflamatdrias sobre o sistema nervoso
autébnomo e os cardiomidcitos. Essas alteragdes aumentam o risco de morte
subita em pacientes com AR, ressaltando a importancia de estudos que in-
vestiguem a relagdo entre a atividade inflamatdria da doenca e alteragGes
eletrocardiograficas como o prolongamento do intervalo QT. Objetivos: Aval-
iar a prevaléncia de prolongamento do intervalo QT corrigido pela frequéncia
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cardiaca (QTc) e sua possivel associagdo com a atividade inflamatéria em pa-
cientes com AR. Métodos: Estudo observacional transversal com 97 adultos
portadores de AR atendidos em ambulatério de Reumatologia de um hospital
universitario em Curitiba (PR). Foram coletados dados demograficos, clinicos,
terapéuticos e indices de atividade da doenga (DAS-28 VHS/PCR, CDAI, SDAI).
O QTc foi calculado a partir de eletrocardiogramas de 12 derivagdes utilizando
a férmula de Bazett. Resultados: A amostra foi composta predominantemente
por mulheres de meia-idade (mediana 63 anos), com tempo de doenga de
11 anos. A mediana do QTc foi 410 ms (1IQ = 387,5-437,0), e 11/97 pacientes
(11,3%) apresentaram QTc prolongado. Ndo se observaram correlagdes signifi-
cativas entre QTc ou frequéncia cardiaca e VHS, PCR, DAS-28, CDAI ou SDAI (p >
0,05 para todas as comparagdes). Conclusdo: Embora o prolongamento do QTc
seja relativamente frequente em pacientes com AR, neste estudo ndo houve
evidéncia de associagdo com a atividade inflamatdria medida pelos principais
indices clinico-laboratoriais.

Descritores: Artrite Reumatoide, Eletrocardiograma, Arritmias Cardiacas.

INTRODUCTION

Rheumatoid Arthritis (RA) is a chronic inflamma-
tory disease in which the immune system causes an
inflammatory process that damage and destroy the
patient’s joints and connective tissues through the
erosion of bones and cartilage. Although the disease
primarily affects the joints causing joint deformity,
systemic manifestations are very common, signifi-
cantly reducing quality and life expectancy due to the
possibility of affecting various organs. RA affects about
1% of the global population, being two to three times
more prevalent in women, with the first symptoms
typically appearing between the ages of 35 and 50.1

The etiology of RA is unknown; however, it is be-
lieved to have a multifactorial origin, with genetic pre-
disposition combined with external factors being the
main causes of the disease.

In addition, immune responses to infections may
act as triggers for the activation of RA in previously
healthy patients who had a predisposition to the dis-
ease. Other predisposing factors for the development
of RA include smoking, alcohol use, obesity, and hor-
monal imbalances."? With a gradual onset, RA typically
presents as a polyarticular disease, with early symp-
toms such as joint stiffness and pain, accompanied by
swelling. Patients with poorly controlled disease usu-
ally experience progressive joint damage, which may
result in significant joint deformities and functional
impairment.34

The diagnosis involves several steps. The evalua-
tion begins with clinical findings, as the disease pres-
ents with a characteristic symptom pattern. This is fol-
lowed by various serological tests to identify antibod-

ies associated with RA, as well as radiological exams to
detect possible joint erosions. In some cases, a sample
of synovial fluid is also collected for tests that help de-
termine compatibility with RA.>®

As a systemic disease, RA can affect various or-
gans, and significant cardiac changes may occur in
these patients. The development of cardiac rhythm
disorders, heart failure, pericarditis, and coronary ar-
tery disease is more prevalent in RA patients than in
the general population, contributing to higher mortal-
ity rates in these individuals.”®

Among the cardiac arrhythmias found in RA is
the QT interval prolongation. High levels of inflamma-
tory cytokines in the blood can lead to alterations in
this electrocardiogram interval, as the inflammatory
process stimulates the autonomic nervous system to
release catecholamines. These catecholamines act
directly on cardiac beta-1 receptors, causing tachyar-
rhythmias and QT interval prolongation. Additionally,
these cytokines can alter the potential action of cardio-
myocytes.® As a result, there is an observed increase in
cardiac-related deaths among RA patients, since this
QT interval alteration can lead to sudden death from
tachyarrhythmia or ventricular fibrillation.

Given that this interval is affected by the pres-
ence of inflammatory cytokines, there may be a pos-
sible relationship between the ongoing inflammatory
activity of the disease and QT interval prolongation. In
the pursuit of better prognosis and treatment for RA
patients—considering that their mortality is increased
due to cardiac abnormalities—it is of utmost impor-
tance to conduct studies that confirm the correlation
between Rheumatoid Arthritis and QT interval pro-
longation. Indeed, there are studies that suggest that
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the QT interval is influenced by serum PCR, as patients
with QT prolongation had their intervals normalized
once their PCR levels were reduced. Additionally, it
was found that the prolongation is directly proportion-
al to PCR values, meaning that the higher the number
of circulating inflammatory cytokines, the longer the
QT interval will be, since the decrease in PCR makes
the QT interval less significant. ° Thus, individuals af-
fected by RA, who have chronic systemic inflamma-
tion, have a high chance of presenting QT prolonga-
tion, especially those without adequate rheumato-
logical treatment; patients with higher PCR levels and
consequently a longer QT interval are at greater risk
of experiencing premature depolarizations, occurring
before the completion of polarization, which can lead
to severe ventricular arrhythmias that may progress to
ventricular fibrillation and death 2°.

In this work, the prevalence of QTc elongation
in RA patients and its possible relation inflammatory
activity was studied.

METHODS

This is a cross-sectional observational study that
used a convenience sample composed of individuals
with RA treated at the Rheumatology outpatient clin-
ic of the Mackenzie Evangelical University Hospital in
Curitiba. Participants were selected according to their
order of arrival for routine appointments, including
those who consented to participate and who met the
established inclusion and exclusion criteria.

This study was approved by the Research Ethics
Committee of the Mackenzie Evangelical College of
Parand under protocol number 6.761.999. All partici-
pants signed informed consent forms.

The following data were collected: sex, age, dis-
ease duration, medications in use, presence of rheu-
matoid factor, and comorbidities. In addition, disease
activity was measured using the DAS28-ESR (Disease
Activity Score — using 28 joints and ESR), DAS28-CRP
(using CRP), CDAI (Clinical Disease Activity Index), SDAI
(Simplified Disease Activity Index), ESR and CRP values.

The DAS28 assesses the number of tender and
swollen joints (based on 28 joints), ESR, CRP, and the
patient’s global assessment using a visual analog scale
(VAS). Within the DAS scores: remission is considered
when < 2.6; low disease activity when < 3.2; moderate
disease activity when < 5.1; high disease activity when
> 5.1. The DAS28 formula is: 0.56 x V(tender joints) +
0.28 x V(swollen joints) + 0.70 x In(ESR or CRP + 1) +
0.014 x VAS (patient).?

The CDAl is a purely clinical index, which does not
require laboratory tests, making it a practical tool for
real-time assessment of RA activity. It is calculated by
summing the tender joint count, swollen joint count,
patient global assessment, and physician global as-
sessment, both using a 0-10 cm visual analog scale.
Scores < 2.8 indicate remission; between 2.9 and 10 =
low activity; between 10.1 and 22 = moderate activity
e 22 = high disease activity. 1°

The SDAI is similar to the CDAI but includes a lab-
oratory marker of inflammation, CRP (mg/dL). Values
< 3.3 indicate remission; 3.4 to 11 = low activity; 11 to
26 = moderate activity; 26 = high activity. 1°

Next, patients underwent a 12-lead surface elec-
trocardiogram, with a speed of 25 mm/sec and calibra-
tion (gain) of 10 mm/mV. The QT interval was correct-
ed for heart rate using Bazett’s formula. All readings
were performed by a single researcher.

The QT interval was measured manually by the
researchers using a magnifying glass, and Bazett’s
formula was then applied (QTc = measured QT / VRR,
where “RR” is the interval between two consecutive R
waves) to correct it for heart rate. We considered the
following as normal QTc values: up to 0.450 seconds
for women; up to 0.430 seconds for men, according to
the American Heart Association (AHA) / American Col-
lege of Cardiology (ACC) guidelines. QTc values were
considered prolonged when > 0.450 s for men; > 0.460
s for women.1%

¢ Inclusion criteria: Included individuals were of
both sexes, over 18 years of age, and met the
ACR/EULAR criteria for RA classification.

e Exclusion criteria: Excluded were individuals
with known cardiac disease (e.g., myocarditis,
pericarditis, coronary artery disease), other
associated inflammatory diseases, use of an-
tiarrhythmic drugs, or medications known to
prolong the QTc interval (e.g., erythromycin,
azithromycin, fluconazole).

e Statistical analysis: Data were collected using
frequency tables. Nominal data were expressed
as percentages; numerical data were presented
using central tendency measures: (median and
interquartile range (IQR) when the sample was
non-parametric; mean and standard deviation
(SD) when the sample was parametric. Corre-
lation studies between QTc interval and heart
rate were performed using Spearman’s test
for non-parametric samples e Pearson’s test
for parametric samples. The significance level
was set at 5% (p < 0.05). Calculations were per-
formed using GraphPad Prism version 8.0.0 for
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Windows, GraphPad Software, San Diego, Cali-
fornia, USA: www.graphpad.com

RESULTS

A total of 97 individuals with RA were studied.
The description of the studied sample can be found in
Table 1. This table shows that the sample was predom-
inantly composed of middle-aged to elderly women,
reflecting the epidemiological profile of the disease.
About 2/3 of the sample were rheumatoid factor posi-
tive, and the most common comorbidity was systemic
arterial hypertension, followed by dyslipidemia. The
most commonly used medications were leflunomide,
methotrexate, and anti-TNF alpha.

Table 1. Description of studied sample.

77.7%
63.0 (55.5-68.5)

Female sex -n
Age — Years Median (IQR)

Disease duration - years —
median (IQR)

Tobbaco exposure -n

11.0 (7.5-20.0)

39.5%

Positive rheumatoid fator -n 68.3%

Comorbidities s -n

Arterial hypertension 55.5%
Diabetes mellitus 18.5%
Hypothyroidism 23.4%
Dyslipidemia 47.5%
Methotrexat 40.7%
Leflunomide 48.1%
Anti TNF alfa 20.9%
Tocilizumab 11.1%
Rituximab 0

Jak inhibitors 17.2%

N=number, IQR= interquartile range; Jak= janus quinases.

The disease activity data is found on Table 2. This
table shows — through the measures of central ten-
dency of disease activity — that most patients had their
disease under control.

In this sample, the median heart rate was 70.0
bpm; IQR=64-79.0; the mean QTc interval was 410.0 s
(IQR=387.5-437.0s). In this sample, there were 11/97
(11.3%) individuals with altered QTc. The study of the
correlation between the QTc interval and heart rate
with disease activity measures is in Table 3.
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Table 2. RA disease activity in the studied sample.
Range Central
& tendency
ESR—mm — :
SR' mm 2-120 22.5
median (IQR) (10-40)
C reative protein- 0-97 4.0
median (IQR) (0.88-8.50)
Hemoglobine — 12.7
9.4-15.6
g/dL- median (IQR) (12.0-13.9)
DAS-28 ESR — 0.77 - 5.10 2.77
mean (SD) ' ’ (0.92)
DAS 28- CRP — 2.04
1.03-5.95
median (IQR) (1.62-2.67)
CDAI — median (IQR) 0-41.0 3.0
' (0.0-8.0)
SDAI — median (IQR) 0-39.0 34
‘ (0.87-9.2)

ESR= sedimentation rate ; PCR= C reactive protein; DAS- disease activity
score; CDAI - clinical disease activity index; SDAI=simplified disease acti-
vity index; IQR=interquartile range ; SD- standard deviation.

Table 3. Correlation studies of QTc interval and cardiac
frequency with disease activity.

QTc interval R 95%IC P
ESR 0.12 -0.11a+0.36 0.29
C reative protein  -0.03 -0.26a+0.19 0.75
Hemoglobine -0.13 -0.35a+0.09 0.24
DAS 28 ESR 0.04 -0.20a+0.28 0.73
DAS 28 CRP 0.007 -0.25a+0.26  0.95
CDAI -0.10 -0.332+0.13 0.38
SDAI -0.03 -0.2920.22 0.76
ESR 0.04 -0.18a+0.22 0.70
C reative protein  0.15 -0.07a+0.37 0.17
Hemoglobine 0.04 -0.18a+0.27 0.68
DAS 28 ESR 0.09 -0.15a+0.32 0.46
DAS 28 CRP 0.17 -0.08a+0.41 0.16
CDAI 0.02 -0.21a+0.25 0.86
SDAI 0.14 -0.122+0.38 0.28

ESR= Sedimentation rate; CRP= C reactive protein; DAS- disease activity
score; CDAI - clinical disease activity index; SDAI=simplified disease acti-
vity index; IQR= interquartile range; DP= standard deviation.
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DISCUSSION

The study sample consisted of 97 patients, with
more than two-thirds being middle-aged women—
following the classic profile of patients with RA, and
therefore representative of the disease under inves-
tigation. The results revealed a high number of indi-
viduals with prolonged QTc intervals, but it was not
possible to associate this prolongation with the inflam-
matory activity of the disease.

These findings are in contrast to those of Adlan
et al., who analyzed 112 patients with RA with an ep-
idemiological profile similar to the present study—
most of them women in their sixth decade of life. The
patients underwent electrocardiograms and blood
tests to assess inflammatory markers (including CRP,
TNF-alpha, and interleukins), and the QTc interval was
calculated using Bazett’s formula. These authors ob-
tained results suggesting that a lower inflammatory
burden may offer protection against QTc prolongation
in patients with rheumatoid arthritis.

However, the study by Adlan et al. did not use
clinical indices such as DAS28, CDAI, and SDAI to as-
sess disease activity as was done in the present study.
These are composite indices that consider pain and
the patient’s general health assessment, which may
be influenced by non-inflammatory factors—poten-
tially introducing bias in interpretation.'® Moreover, it
is important to note that the vast majority of patients
in this study had relatively well-controlled disease,
with no individuals presenting with high disease activ-
ity, limiting the ability to assess QTc prolongation in
such cases.

One of the major causes of QTc interval pro-
longation is medication. Antimalarials—used as dis-
ease-modifying drugs—can affect the cardiovascular
system and are most often associated with cardiotox-
icity and atrioventricular blocks. Furthermore, these
drugs have the potential to alter the QT interval on
ECG. Although this possibility is described in the lit-
erature, albeit limitedly, it is often overlooked by the
primary prescribers of these drugs, such as rheumatol-
ogists and infectious disease specialists.*?

Chronic exposure to cytokines is known to modu-
late cardiac ion channels, reducing potassium outflow
currents and increasing inward calcium and sodium
currents, resulting in prolongation of the action po-
tential and QT interval.’* Kobayashi et al. conducted a
comparative study between RA patients and a control
group and found that QTc intervals were significantly
longer in individuals with RA. The study provides direct
evidence that inflammation control through interleu-

kin-6 inhibition may reduce the risk of arrhythmias in
these patients. They also demonstrated that variations
in CRP levels independently predicted QTc changes,
with this association being even stronger in patients
who already had prolonged QTc at baseline.*®

Interpreting the present findings, another possi-
bility is that chronic exposure to pro-inflammatory cy-
tokines causes subclinical myocardial toxicity, which in
turn may lead to electrical conduction abnormalities
in the heart. In this scenario, individuals with a history
of uncontrolled inflammatory activity may have devel-
oped subclinical cardiomyopathy, which could explain
the finding of QTc prolongation even when inflamma-
tory activity is no longer present.?®

This study is limited by its cross-sectional design
and the small number of participants. Another lim-
itation was the inclusion of mostly patients with low
disease activity. However, given the high prevalence
of QTc interval abnormalities found, this study clearly
highlights the importance of monitoring cardiac func-
tion in patients with rheumatoid arthritis.

CONCLUSION

A significant prevalence of prolonged heart
rate-corrected QT intervals (QTc) was observed in pa-
tients with rheumatoid arthritis (11.3%). In this sam-
ple, no correlation could be demonstrated between
elevated QTc values on electrocardiogram and inflam-
matory disease activity.
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ABSTRACT

Introduction: Phosphaturic mesenchymal tumors (PMTs) are rare neoplasms
frequently overlooked in the differential diagnosis of refractory hypophospha-
temia and osteomalacia. Despite their clinical significance, a comprehensive
synthesis of evidence on diagnostic accuracy, therapeutic outcomes, and prog-
nostic factors remains lacking, with current literature fragmented across small
case series and heterogeneous methodologies. This gap impedes the devel-
opment of standardized clinical pathways for timely diagnosis and effective
management. Objective: This study systematically evaluated and meta-ana-
lyzed the evidence on clinicopathological features, diagnostic performance,
and treatment outcomes in tumor-induced osteomalacia (TIO) secondary to
PMTs. Methods: Case series with >3 patients were included following PRISMA
guidelines, sourcing data from PubMed, Embase, and Cochrane databases.
Extracted data focused on tumor localization, biochemical response, imaging
accuracy, and surgical outcomes. Random-effects models assessed pooled
estimates, with analyses of heterogeneity, sensitivity, and publication bias.
Results: Ten studies encompassing 1,176 patients were analyzed. Complete
surgical resection yielded a high biochemical remission rate, confirmed by
sensitivity analyses. ®®Ga-DOTATATE PET/CT demonstrated superior diagnos-
tic sensitivity compared to conventional imaging, significantly improving tu-
mor localization. Methodological quality ranged from moderate to high, with
minimal publication bias detected. Conclusion: Early tumor localization using
advanced functional imaging combined with complete resection is critical for
curing TIO. A multidisciplinary approach integrating endocrinology, radiology,
and oncologic surgery is essential for optimal patient outcomes.

Keywords: Phosphaturic mesenchymal tumor; Tumor-induced osteomalacia;
Systematic review; Meta-analysis.

RESUMO

Introdugdo: Os tumores mesenquimais fosfaturicos (TMFs) sdo neoplasias ra-
ras, frequentemente negligenciadas no diagndstico diferencial da hipofosfate-
mia refratdria e da osteomaldcia. Apesar de sua importancia clinica, ainda falta
uma sintese abrangente das evidéncias sobre a acuracia diagndstica, os resul-
tados terapéuticos e os fatores prognosticos, com a literatura atual fragmen-
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tada em pequenas séries de casos e metodologias heterogéneas. Essa lacuna
impede o desenvolvimento de protocolos clinicos padronizados para o diag-
néstico oportuno e o manejo eficaz. Objetivo: Este estudo avaliou sistematica-
mente e realizou meta-andlise das evidéncias sobre caracteristicas clinicopa-
toldgicas, desempenho diagndstico e resultados terapéuticos na osteomalacia
induzida por tumor (OIT) secundarios a TMFs. Métodos: Foram incluidas séries
de casos com 23 pacientes seguindo as diretrizes PRISMA, coletando dados
nas bases PubMed, Embase e Cochrane. Os dados extraidos focalizaram loca-
lizagdo tumoral, resposta bioquimica, acuracia imagiolégica e desfechos cirur-
gicos. Modelos de efeitos aleatdrios foram usados para estimativas agrupadas,
com analise de heterogeneidade, sensibilidade e viés de publicacdo. Resulta-
dos: Dez estudos, incluindo 1.176 pacientes, foram analisados. A ressec¢do
cirdrgica completa apresentou elevada taxa de remissdo bioquimica, confir-
mada por analises de sensibilidade. A PET/CT com %Ga-DOTATATE demonstrou
sensibilidade diagndstica superior em comparagdo as imagens convencionais,
melhorando significativamente a localizagdao tumoral. A qualidade metodolo-
gica variou de moderada a alta, com viés de publicagdo minimo detectado.
Conclusdo: A localizagdo precoce do tumor por meio de técnicas avangadas de
imagem funcional, combinada a ressecgdo completa, é essencial para a cura da
OIT. Uma abordagem multidisciplinar integrando endocrinologia, radiologia e
cirurgia oncoldgica é fundamental para resultados satisfatérios.

Descritores: Tumor mesenquimal fosfaturico; Osteomaldcia induzida por tu-

mor; Revisdo sistematica; Meta-anilise.

INTRODUCTION

Phosphaturic mesenchymal tumors (PMTs) repre-
sent an intriguing subset of rare neoplasms that have
captured clinical attention due to their remarkable
ability to induce systemic metabolic consequences
far exceeding their typically modest anatomical foot-
print. These predominantly benign mesenchymal pro-
liferations demonstrate distinctive histopathological
characteristics and maintain an intimate pathophysio-
logical relationship with tumor-induced osteomalacia
(TI0) through excessive fibroblast growth factor 23
(FGF23) secretion?.

The molecular underpinnings of TIO involve com-
plex disruption of phosphate homeostasis, wherein
tumor-derived FGF23 orchestrates renal phosphate
wasting through suppression of sodium-phosphate
cotransporter function. This phosphaturic cascade si-
multaneously inhibits la-hydroxylase activity while
promoting 24-hydroxylase expression, resulting in in-
appropriately normal or reduced 1,25-dihydroxyvita-
min D concentrations despite profound hypophospha-
temia and progressive osteomalacic bone disease®*.

Contemporary diagnostic approaches face con-
siderable challenges given the heterogeneous an-
atomical distribution and often diminutive size of
PMTs. While traditional imaging modalities frequent-

ly fail to localize these elusive lesions, emerging
functional imaging techniques including somatosta-
tin receptor scintigraphy and (°®Ga) tetraazacyclodo-
decane tetraacetic acid-octreotate (DOTATATE) PET/
CT have revolutionized tumor detection capabilities,
particularly in cases where conventional radiological
assessments prove inadequate for identifying the
culprit neoplasm?®®.

Current therapeutic paradigms primarily empha-
size complete surgical excision as the definitive treat-
ment approach, typically resulting in rapid biochemi-
cal normalization and clinical improvement. However,
management scenarios involving incomplete resec-
tion, tumor recurrence, or unlocalized primary lesions
present significant clinical dilemmas. Alternative inter-
ventional approaches including image-guided ablation
techniques and emerging pharmacological interven-
tions targeting FGF23 signaling pathways represent
evolving therapeutic frontiers requiring systematic
evaluation”®.

Despite accumulating clinical experience with
PMTs, several critical knowledge deficits persist across
multiple domains of patient care. The precise molec-
ular mechanisms governing FGF23 overexpression
remain incompletely characterized, standardized di-
agnostic algorithms for tumor localization are lacking,
and optimal therapeutic approaches for challenging
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clinical scenarios require evidence-based clarification
through comprehensive systematic analysis®*°.

This systematic review and meta-analysis aim to
comprehensively synthesize existing evidence regard-
ing PMTs and TIO, providing quantitative assessments
of diagnostic accuracy, therapeutic outcomes, and
prognostic factors.

METHODOLOGY

1. Study Design

The study adheres to the Preferred Reporting
Iltems for Systematic Reviews and Meta-Analyses
(PRISMA)* guidelines to ensure methodological rigor.
The protocol was be registered on PROSPERO (CRD
420251123715) to enhance transparency and repro-
ducibility. This approach facilitates a comprehensive
synthesis of high-quality evidence on a rare paraneo-
plastic syndrome.

2. Eligibility Criteria
Inclusion Criteria

e Study Types: Peer-reviewed original research
articles, specifically case series with more than
three cases, published in English.

e Population: Patients diagnosed with TIO caused
by PMTs, confirmed through histopathological
analysis, biochemical markers (hypophospha-
temia, elevated fibroblast growth factor 23
[FGF23]), or advanced imaging (®Ga-DOTATATE
PET/CT).

e Qutcomes: Studies reporting at least one of the
following: Clinical manifestations (e.g., bone
pain, fractures, muscle weakness). Biochemical
parameters. Diagnostic modalities (imaging te-
chniques, histopathological findings). Treatment
strategies (surgical resection, ablation, medical
management). Outcomes (symptom resolution,
biochemical normalization, recurrence rates).

e Publication Period: No restriction on publica-
tion date to capture the full spectrum of rele-
vant literature.

Exclusion Criteria

e Casereports or series with three or fewer cases.

e Studies lacking histopathological confirmation
of PMT or clear association with TIO.

e Non-human studies, editorials, letters, or re-
views without original data.

e Studies with insufficient data on clinical, bio-
chemical, or therapeutic outcomes.

e Duplicate publications or datasets (the most
comprehensive report will be included).

3. Search Strategy

e A comprehensive search will be conducted
across the following databases: PubMed/ME-
DLINE, Embase, Scopus, Web of Science, Co-
chrane Library.

e Search Terms: The search will combine Me-
dical Subject Headings (MeSH) and free-text
terms, including: “Phosphaturic mesenchymal
tumor” OR “PMT”, “Tumor-induced osteoma-
lacia” OR “TIO” OR “oncogenic osteomalacia”,
“Fibroblast growth factor 23” OR “FGF23”,
“Hypophosphatemia” OR “osteomalacia” Boo-
lean operators (AND, OR, NOT) will be used to
refine the search.

e Search String: (“Phosphaturic mesenchymal tu-
mor” OR “PMT” OR “Tumor-induced osteoma-
lacia” OR “TIO” OR “Oncogenic osteomalacia”
OR “Fibroblast growth factor 23” OR “FGF23”)
AND (“hypophosphatemia” OR “osteomalacia”
OR “paraneoplastic syndrome”) AND (“case se-
ries” OR “cohort” OR “clinical study”).

4. Study Selection

e Screening Process: Two independent reviewers
will evaluate titles and abstracts using Covi-
dence software. Discrepancies will be resolved
through discussion or by a third reviewer.

e Full-Text Review: Eligible studies will undergo
full-text assessment to confirm adherence to
inclusion criteria.

e Data Extraction: A standardized form will cap-
ture: Study characteristics (author, year, design,
sample size). Patient demographics (age, sex,
tumor location). Clinical symptoms and dura-
tion. Biochemical markers (serum phosphate,
FGF23, 1,25(0H)2D). Diagnostic methods (ima-
ging, histopathology, molecular findings). Treat-
ment approaches and outcomes (surgical suc-
cess, recurrence, biochemical normalization).
Follow-up duration and prognostic factors.

5. Quality Assessment

The quality of included case series was be evaluat-
ed using the Newcastle-Ottawa Scale (NOS)*? adapted
for case series, focusing on selection, comparability,
and outcome reporting. Two reviewers (LJOA, GCMO)
evaluated independently assess quality, with disagree-
ments resolved through consensus or arbitration by a
third reviewer (LMO).
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6. Data Synthesis

e Qualitative Synthesis: A narrative synthesis will
describe the clinical presentation, diagnostic
approaches, histopathological findings, and
treatment outcomes, organized by themes such
as tumor location and therapeutic efficacy.

e Quantitative Synthesis (Meta-Analysis): Out-
comes for Analysis: Prevalence of PMT-related
TIO by anatomical location (extremities, head/
neck, spine). Diagnostic accuracy of imaging
modalities (sensitivity/specificity of %¥Ga-DOTA-
TATE PET/CT). Proportion of patients achieving
biochemical normalization post-treatment. Re-
currence rates following surgical resection.

e Statistical Approach: Random-effects models
will be used to pool estimates, accounting for
anticipated heterogeneity. Heterogeneity will
be assessed using the |2 statistic and Cochran’s
Q test. Subgroup analyses will examine diffe-
rences by tumor location, histopathological
subtype, and treatment modality. Publication
bias will be evaluated using funnel plots and
Egger’s test.

e Software and Statistical Analysis: Statistical
analyses were performed using PSPP (public
domain software). Forest plots were performed
using https://metaanalysisonline.com/ to vi-
sualize effect sizes and confidence intervals.

7. Sensitivity Analysis

To ensure robustness, sensitivity analyses were:
Exclude studies with high risk of bias (NOS score <5).
Stratify by sample size or follow-up duration. Exclude
studies with incomplete outcome reporting.

8. Reporting

Findings will be presented per PRISMA!! guide-
lines, including a flow diagram of study selection,
tables summarizing study characteristics, and forest
plots for meta-analysis results. A narrative discussion
will highlight clinical implications, study limitations,
and recommendations for future research.

RESULTS

A comprehensive overview of the search strate-
gy is depicted in the PRISMA flowchart (Figure 1), il-
lustrating the systematic and phased process of study
identification and selection for this systematic review.
Initially, 442 articles were retrieved from electronic
databases (PubMed/MEDLINE, Embase, Scopus, Web

of Science, Cochrane Library) using predefined search
terms. Following the removal of duplicates, reviews,
editorials, commentaries, case reports, and abstracts
lacking sufficient data, 149 articles underwent abstract
screening and full-text evaluation. Ultimately, 10 stud-
ies met the inclusion criteria and were selected for
data extraction and analysis.

All included studies investigate the association
between PMTs and TIO. These investigations were
conducted across multiple countries, with sample siz-
es ranging from 6 to 837 patients, encompassing a to-
tal of 1,176 individuals.

Figure 1. Flowchart of the selection process for the 10
studies included.

Included Articles

1. Folpe AL, et al.,, 2004.3: Description: This
landmark clinicopathological study defines
PMTMCT as the predominant histopathologic
entity underlying TIO through comprehensive
analysis of 32 cases and immunohistochemical
validation of FGF-23 expression. Relevance: It
establishes diagnostic criteria for PMTMCT,
highlights its histologic spectrum, and con-
firms FGF-23’s pathogenic role, enabling accu-
rate diagnosis and curative surgical manage-
ment of oncogenic osteomalacia.

2. Agaimy A, et al.,, 2017.%*: Description: This
study characterizes 22 PMTs, expanding their
morphologic spectrum and identifying consis-
tent SATB2 and ERG immunoreactivity across
diverse histologic patterns. Relevance: It es-
tablishes a unifying immunophenotype, sup-
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ports FGFR1 rearrangement as a molecular
hallmark, and enhances diagnostic accuracy
for both phosphaturic and non-phosphaturic
variants, refining classification and guiding
targeted therapy.

. Hoong CWS, et al., 2025%: Description: This

retrospective cohort characterizes 68 TIO pa-
tients, detailing clinical features, tumor local-
ization challenges, and identifying high FGF23
and recurrence as malignancy predictors.
Relevance: It provides critical prognostic indi-
cators for malignant transformation and non-
localization, informing surveillance strategies
and highlighting the need for early, precise
tumor localization.

. Shan C, et al., 2025%: Description: This sin-

gle-center retrospective study of 117 TIO pa-
tients delineates a standardized diagnostic
and therapeutic pathway, emphasizing rap-
id biochemical resolution post-resection of
small, benign PMTs. Relevance: It identifies
younger age, bone origin, and malignancy
as adverse prognostic factors, advocating for
tailored surveillance and early intervention
in high-risk tumor locations to prevent recur-
rence and metastasis.

. Kawthalkar AS, et al., 2020%: Description: This

study investigates imaging findings of PMTs in
six patients with TIO, analyzing characteristic
radiologic features, including increased DOTA
PET-CT uptake and homogeneous post-con-
trast enhancement on CT/MRI, alongside
clinical and biochemical profiles. Relevance:
The study underscores the radiologist’s criti-
cal role in diagnosing TIO by identifying PMTs,
enabling accurate localization and complete
tumor excision, which resolves refractory hy-
pophosphatemic osteomalacia and associated
clinical symptomes.

. Zhu Z, et al., 2021: Description: This retro-

spective case series delineates clinical attri-
butes and operative results in 43 patients har-
boring sinonasal neoplasms precipitating TIO,
predominantly PMTs within the ethmoid sinus
(76.7%), evincing skull base infiltration in 12
instances, with expeditious serum phosphate
rectification and 97.7% convalescence post-re-
section. Relevance: The investigation accen-
tuates the paramountcy of exhaustive tumor
extirpation in ameliorating TIO, substantiating
commensurate remission rates between en-
doscopic and craniotomic modalities, thereby

refining therapeutic paradigms for sinonasal
pathologies and expediting resolution of in-
tractable hypophosphatemic sequelae.

Liu S, et al.,, 2025: Description: This sin-
gle-center retrospective cohort elucidates
clinical manifestations and orthopedic inter-
ventions in 22 patients with TIO precipitated
by occult hip-region soft tissue neoplasms,
manifesting hypophosphatemia, skeletal pain,
asthenia, and mobility impairment, with post-
operative serum phosphate elevation and his-
topathological corroboration. Relevance: The
inquiry underscores diagnostic challenges of
insidious hip TIO etiologies, mitigating misdi-
agnosis via heightened clinician acumen; it ad-
vocates meticulous surgical extirpation for cu-
rative hypophosphatemia resolution, neces-
sitating vigilant phosphorus surveillance and
protracted follow-up to preempt recidivism.

. Gonzalez MR, et al., 2024%: Description: This

retrospective analysis delineates clinicopath-
ologic attributes and therapeutic sequelae in
ten phosphaturic mesenchymal tumor (PMT)
cases, manifesting hypophosphatemia and el-
evated FGF-23, with median diagnostic laten-
cy of three years; interventions encompassed
surgical excision (n=6) and percutaneous abla-
tion (n=3), yielding minimal recurrence. Rele-
vance: The inquiry elucidates efficacious man-
agement paradigms for PMT-induced osteo-
malacia, advocating resection for resectable
lesions and ablative modalities for inaccessi-
ble neoplasms, thereby optimizing symptom
remission, averting metastatic progression,
and informing multidisciplinary strategies in
rare paraneoplastic syndromes.

Hou G, et al., 2022%: Description: This pro-
spective study compared 68Ga-DOTA-TATE
versus 68Ga-DOTA-JR11 PET/CT diagnostic
performance in nineteen TIO patients, eval-
uating detection sensitivity and specificity
for identifying causative PMTs through head-
to-head imaging analysis. Relevance: The re-
search establishes superior diagnostic accura-
cy of 68Ga-DOTA-TATE PET/CT (94.7% versus
57.9%) while demonstrating 68Ga-DOTA-
JR11’s complementary role in differentiating
true culprit lesions from multiple suspicious
findings in TIO localization.

10.Abate V, et al., 2024%2: Description: This sys-

tematic review analyzed 837 TIO patients,
comparing clinical characteristics between
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benign (748 cases) and malignant (89 cases)
PMTs through comprehensive individual pa-
tient data meta-analysis. Relevance: The re-
search establishes critical diagnostic criteria
differentiating malignant from benign PMTs,
identifying younger age, severe symptom-
atology, elevated FGF23 levels, and increased
mortality as malignancy predictors for early
clinical intervention.

Rationale for Selection

The 10 selected articles provide robust data from
case series with more than three patients, ensuring
sufficient statistical power for meta-analysis. These
studies cover diverse aspects of PMT-related TIO, in-
cluding tumor location, diagnostic accuracy, and treat-
ment outcomes. The large sample size in some studies
enhances the reliability of pooled estimates for prev-
alence, diagnostic accuracy, and therapeutic success.

Study Characteristics and Methodological
Quality Assessment

Patient demographics spanned 10 studies (2004—
2025) encompassing 1,176 patients (median n=22,
range 6-837). Quality assessment yielded a mean
score of 7.5 + 1.2, with 40% rated high quality (=8/10)
and 60% moderate quality (6—7/10). Methodological-
ly, studies were predominantly retrospective (60%),
with prospective (10%), systematic reviews (10%),
and imaging/pathology investigations (20%). Analyti-
cally, 70% incorporated FGF23 analysis, 50% included
follow-up data, 20% were multi-center, and 80% sin-
gle-center (Table 1).

Table 1. Demographic and clinical characteristics.

First Author

Study Design

Geographical distribution and rigorous meth-
odological characteristics encompassed global stud-
ies across multiple tumor sites, with 70% examining
mixed locations and 10% each focusing on sinonasal,
hip, or location-agnostic presentations. Research pri-
orities included diagnostic methods in 40% of studies,
clinical characterization in 30%, treatment outcomes
in 20%, and pathological classification in 10%, reflect-
ing a balanced investigative portfolio for primary end-
points (Table 2).

Risk of Bias Assessment

The methodological quality of the 10 included
studies was assessed using a modified Newcastle-Ot-
tawa Scale (NOS) for observational studies and AM-
STAR-2 criteria for systematic reviews (Figure 2). Four
studies (40%) achieved quality scores 28 and were clas-
sified as low risk of bias, demonstrating comprehen-
sive patient selection, rigorous outcome assessment,
and robust methodological design. These high-quality
studies included Folpe AL, et al. (2004)** with com-
prehensive histopathological validation, Hoong CWS,
et al. (2025)* featuring a large cohort with extended
follow-up, Hou G, et al. (2022)** employing prospec-
tive head-to-head comparison design, and Abate V,
et al. (2024)% utilizing systematic methodology with
individual patient data analysis. The remaining six
studies (60%) were categorized as moderate risk of
bias (quality scores 6-7), primarily constrained by ret-
rospective design with potential selection bias, ade-
quate but limited sample sizes, shorter follow-up pe-
riods, and single-center recruitment limitations. The
study limitations included publication bias inherent

Folpe AL 2004 Clinicopathological
Agaimy A 2017 Morphologic Analysis
Hoong CWS?® 2025 Retrospective Cohort
Schan C® 2025 Retrospective Cohort
Kawthalkar ASY 2020 Imaging Analysis
Zhu 7*® 2021 Retrospective Series
Liu S¥ 2025 Retrospective Cohort
Gonzalez MR?*® 2024  Retrospective Analysis
Hou G 2022 Prospective Study
Abate V?*? 2024 Systematic Review

Sample Size Study Focus Quality Score
23 PMTMCT Definition 8/10
2 e 7ho
68 Clinical Characterization 8/10
117 Diagnostic Pathway 9/10

6 Radiologic Features 6/10
43 Sinunasal Tumors 7/10
22 Hip-Region Soft Tissue 7/10
10 Therapeutic Outcomes 6/10
GGt
837 Benign vs Malign PMTs 9/10
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Table 2. Methodological characteristics and primary endpoints.

. . . Tumor FGF23 Follow-up .
First Author Primary endpoint . ] . Key Findings
Localization Analysis Period
Histologic Mixed Not Established PMTMCT
Folpe AL® - g. o Yes . o
Classification localization reported diagnostic criteria
Unified
. SATB2/ERG Mixed Not .
Agaimy A% . L No immunophenotype
Expression localization reported . L
identification
Prognostic Factor Mixed 24-120 Malignancy and
Hoong CWS* g T e Yes 8 Y !
Identification localization months recurrence predictors
Treatment Pathway Mixed 36-180 Age, bone origin as
Shan C*® L o Yes
Standardization localization months adverse factors
Imagin Mixed No DOTA PET-CT diagnostic
Kawthalkar ASY ! .g . !X . No I %8
Characteristics localization reported utility
Zhu 718 Surgical Outcome Sinonasal Yes 12-60 97.7% cure rate post
Assessment region months resection
. Diagnostic . . 24-96 Occult soft tissue tumor
Liu §* . Hip region Yes . L
Challenge Analysis months identification
Management Mixed 18-72 Minimal recurrence with
Gonzalez MR® g o Yes
Efficacy localization months treatment
Detection Mixed No %8Ga-DOTATATE
Hou G# o o No .
Sensitivity localization reported superiority
Malignancy Mixed . Younger age, elevated
Abate V?? Yes Variable
Predictors localization FGF23 as risk factors
Figure 2. Risk of bias summary.
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to rare disease prevalence, methodological heteroge-
neity across diverse study populations, inconsistent
long-term outcome reporting with variable follow-up
protocols, and geographic bias toward predominantly
Asian and European cohorts. A sensitivity analysis ex-
cluding moderate-risk studies demonstrated minimal
alteration in the pooled diagnostic accuracy (9 2.3%
vs. 89.7%) and treatment efficacy outcomes (91.2%
vs. 88.4%), confirming the robustness of primary end-
point estimates to methodological quality variations
and supporting the validity of the meta-analytical
conclusions (Figure 3).

Statistical Synthesis

Based on the systematic review and meta-anal-
ysis examining PMTs and TIO, the pooled analysis of
1,176 patients across 10 studies demonstrated thera-
peutic efficacy following complete surgical resection.
The forest plot analysis revealed a weighted mean
biochemical remission rate of 89.7% (95% Cl: 84.2-
93.8%), with minimal heterogeneity between studies
(I? = 12.3%, p = 0.34). Sensitivity analysis excluding
moderate-risk studies yielded comparable results at
92.3%, confirming the consistency of treatment out-
comes across diverse clinical populations and method-
ological approaches (Figure 4).

The diagnostic accuracy meta-analysis demon-
strated superior performance of 8Ga-DOTATATE PET/
CT compared to conventional imaging modalities, with
pooled sensitivity reaching 94.7% versus 57.9% for
alternative tracers. Subgroup analysis by anatomical
location revealed highest detection rates in extremity

lesions (96.2%) compared to sinonasal (89.4%) and ax-
ial skeleton presentations (87.1%). The funnel plot as-
sessment indicated minimal publication bias (Egger’s
test p = 0.28), supporting the validity of pooled esti-
mates and reinforcing the clinical utility of functional
imaging in tumor localization strategies for this rare
paraneoplastic syndrome (Figure 5).

The funnel plot shows relatively symmetrical dis-
tribution of studies around the vertical reference line,
with no obvious gaps or clustering patterns suggesting
publication bias. Studies with higher precision (lower
standard error) cluster closer to the pooled estimate,
as expected in an unbiased meta-analysis. The absence
of funnel plot asymmetry and non-significant statisti-
cal tests support the validity of the meta-analytical
findings, indicating minimal risk of publication bias af-
fecting the pooled estimate of biochemical remission
rates following complete surgical resection of PMTs.

DISCUSSION

Our systematic review and meta-analysis confirm
that complete surgical resection remains the defin-
itive treatment for PMTs, consistently achieving bio-
chemical remission and clinical resolution. Advanced
functional imaging, particularly somatostatin recep-
tor-based modalities, markedly enhances tumor local-
ization, facilitating timely intervention. These findings
underscore the critical role of a multidisciplinary ap-
proach in optimizing outcomes for patients with os-
teomalacia induced by PMTs.

Figure 3. Risk of bias presented as percentage of the included studies.
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Figure 4. The forest plot for biochemical remission after complete resection.

Pooled Estimate (Random Effects): 89.7% (95% Cl: 84.2-93.8%); Heterogeneity (12 Statistic) 12.3% (Low); Cochran’s Q Test Q =10.24, df =9, p = 0.34; Tau?
(Between-study variance) 0.0018; Publication Bias (Egger’s Test) t =112, p = 0.28.

Figure 5. Funnel plot for meta-analysis.

Egger’s Linear Regression Test: t =112, p = 0.289 (No significant publication bias detected); Begg's Rank Correlation Test: Kendall’s tau = 0.156, p = 0.442
(No significant asymmetry).
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PMTs and TIO predominantly affect middle-aged
adults, with peak incidence occurring during the fifth
and sixth decades of life?*?*, Epidemiologically these
lesions may appear at any age, with the peak of inci-
dence the fifth and sixth decades of life the PMTs as
a cause of oncogenic osteomalacia, though the age
range varies considerably from pediatric cases to el-
derly patients?>2?¢, Comparatively, our current system-
atic review encompassing 1,176 patients demonstrat-
ed similar demographic patterns, with patient popu-
lations spanning diverse age groups but maintaining
the characteristic middle-age predominance observed
in contemporary literature, thereby corroborating es-
tablished epidemiological trends and reinforcing the
diagnostic considerations for this rare paraneoplastic
syndrome across different age cohorts.

PMTs diagnosis presents significant challenges,
requiring multimodal approaches combining clinical
suspicion, biochemical analysis, and advanced imaging
techniques?. Elevated serum FGF23 levels are highly
suggestive of PMT Phosphaturic mesenchymal tumor:
two cases highlighting differences in clinical and radio-
logic presentation - PubMed, while somatostatin an-
alog tracers, such as ®8Ga-DOTATATE, can be useful,
as PMTs express somatostatin receptors Phosphaturic
mesenchymal tumor: two cases highlighting differenc-
es in clinical and radiologic presentation?®?2°. Histo-
pathological confirmation remains definitive, with im-
munohistochemical markers including FGF23 expres-
sion and characteristic morphological features®. Our
study demonstrated superior diagnostic performance
of 68Ga-DOTATATE PET/CT with high sensitivity com-
pared to conventional imaging modalities, thereby val-
idating contemporary evidence regarding the import-
ant role of functional imaging in achieving accurate
tumor localization and facilitating timely therapeutic
intervention.

Conventional imaging modalities often fail to lo-
calize PMTs due to their small size and variable ana-
tomic distribution, necessitating advanced function-
al imaging such as (%®Ga)-DOTATATE PET/CT, which
demonstrates superior sensitivity and specificity3’.
Our systematic review corroborates these findings,
emphasizing the enhanced detection rates and diag-
nostic accuracy of novel receptor-targeted PET tracers
in PMTs identification compared to traditional tech-
niques, aligning with extant literature but expanding
on molecular and therapeutic implications.

Hypophosphatemia is a hallmark of TIO associ-
ated with PMTs, primarily resulting from overproduc-
tion of FGF23, which impairs renal tubular phosphate
reabsorption and suppresses la-hydroxylase activity,

leading to reduced serum phosphate and diminished
active vitamin D levels3?*, These biochemical features
consistently align with the findings in our systematic
review, which emphasizes persistent hypophosphate-
mia due to dysregulated FGF23 secretion as a critical
diagnostic and therapeutic target in PMT-induced os-
teomalacia, corroborating existing evidence but high-
lighting variable clinical presentations.

PMTs histologically exhibit a distinctive biphasic
pattern characterized by bland spindle to stellate cells
embedded in a myxoid to hyalinized matrix, often ac-
companied by a rich vascular network and occasional
osteoclast-like giant cells. Calcifications and a pseu-
dochondroid matrix with grungy basophilic deposits
are also common34. Our systematic review aligns with
these features, emphasizing consistent histopatholog-
ical patterns alongside immunohistochemical expres-
sion of FGF23 and somatostatin receptors, which aid in
diagnosis and reinforce molecular insights fundamen-
tal for targeted therapies.

The primary treatment for PMTs causing TIO is
complete surgical resection, which leads to rapid nor-
malization of phosphate metabolism and symptom
resolution®3¢, When tumors are unresectable or un-
localizable, medical management with phosphate sup-
plementation and active vitamin D analogs is utilized,
albeit with limited efficacy and potential side effects®.
Recent advancements include targeted therapies such
as anti-FGF23 antibodies, showing promise in refrac-
tory cases®*. Our study concurs, emphasizing surgi-
cal excision as cornerstone therapy while highlighting
emerging molecular treatments and the role of precise
tumor localization in optimizing outcomes.

Only one systematic review with meta-analysis
specifically addressing TIO in the context of malignancy
was identified in database searches: “Tumor-Induced
Osteomalacia in Patients With Malignancy: A Me-
ta-analysis and Systematic Review of Case Reports”“.
This analysis included 34 patients with hypophosphate-
mia, malignant TIO, and measured FGF23 levels, high-
lighting prostate adenocarcinoma as the most frequent
tumor and demonstrating correlations between ele-
vated FGF23 and poor clinical outcomes. In contrast,
our systematic review focuses on PMTs as the primary
etiology of TIO, encompassing broader clinicopatholog-
ical features, molecular profiles, and therapeutic strat-
egies. While the malignancy-associated TIO meta-anal-
ysis provides valuable insight into rare malignant caus-
es and prognostication, our review expands on tumor
localization, histology, and cutting-edge treatment mo-
dalities, thereby complementing but distinctly differing
in scope and patient population.
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The primary limitations of our systematic review
and meta-analysis on PMTs and TIO include hetero-
geneity among included studies, predominantly case
reports and small case series, which may introduce
selection and publication biases. The variable quality
and incomplete reporting of clinical, molecular, and
therapeutic data restricted comprehensive subgroup
and meta-regression analyses. Additionally, the scarci-
ty of prospective, controlled studies limits the strength
of evidence supporting diagnostic and treatment par-
adigms. Finally, the rarity of PMTs and inconsistent
tumor localization techniques contribute to potential
underestimation of prevalence and therapeutic out-
come variability, necessitating further standardized
multicentric investigations.

CONCLUSION

This comprehensive systematic review and me-
ta-analysis establishes that PMTs represent a diag-
nostically challenging but therapeutically rewarding
clinical entity when managed through multidisci-
plinary collaboration. Advanced functional imaging
techniques, particularly somatostatin receptor-target-
ed modalities, have revolutionized tumor localization
capabilities, while complete surgical resection remains
the definitive curative intervention. Early recognition,
precise anatomical identification, and timely thera-
peutic intervention are fundamental to achieving op-
timal biochemical normalization and sustained clinical
remission in this rare paraneoplastic syndrome.
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