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Abstract

Background: Ultrasound-guided radiofrequency ablation (RFA) has become an estab-
lished minimally invasive treatment for selected benign and autonomously functioning
thyroid nodules. Although clinical outcomes are well documented, the biological mecha-
nisms underlying tissue remodeling after ablation remain incompletely characterized. The
integration of imaging, molecular, and histopathological data may provide a more com-
prehensive understanding of treatment response. Methods: We conducted a prospective
monocentric observational translational cohort study including 60 patients undergoing
ultrasound-guided RFA for benign or autonomously functioning thyroid nodules be-
tween November 2024 and December 2025. Patients underwent standardized pre-proce-
dural assessment including high-resolution ultrasound with volumetric evaluation, three-
dimensional reconstruction, and collection of peripheral blood samples for exploratory
extracellular vesicle (EV)-derived microRNA (miRNA) profiling. Clinical outcomes, vol-
umetric changes, vascular remodeling, and procedural complications were assessed dur-
ing scheduled follow-up visits (mean follow-up duration: 11 months; range: 5-17
months). A subgroup of patients who subsequently required surgery because of insuffi-
cient volumetric response underwent thyroidectomy, allowing histopathological evalua-
tion of post-ablation tissue changes. Clinical, imaging, molecular, and pathological data
were integrated within a multimodal translational framework. Results: RFA resulted in a
mean nodule volume reduction of 56% at early follow-up, with progressive volumetric
reduction observed during longitudinal ultrasound evaluation. A clinically relevant im-
provement in compressive symptoms was observed, with a 44% reduction in symptom
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burden. Doppler ultrasound demonstrated progressive changes in vascular patterns con-
sistent with post-ablation devascularization and tissue remodeling. Ten patients under-
went thyroidectomy after RFA because of insufficient volumetric response, providing his-
tological validation of treatment-induced tissue alterations, including coagulative necro-
sis, fibrosis, inflammatory changes, and architectural remodeling. Exploratory EV-derived
miRNA profiling was incorporated into the translational workflow to investigate poten-
tial molecular correlates of treatment response; however, molecular findings require fur-
ther validation in larger cohorts. Conclusions: This study provides a multimodal transla-
tional characterization of tissue response after thyroid RFA by integrating clinical out-
comes, ultrasound imaging, histopathology, and exploratory EV-derived miRNA analy-
sis. The proposed framework may contribute to a deeper understanding of biological
changes following thermal ablation and support future investigations aimed at identify-
ing reliable biomarkers of treatment response.

Keywords: thyroid nodules; radiofrequency ablation; translational medicine;
tissue-level characterization; extracellular vesicles; miRNA; 3D imaging; intelligent
multimodal platform

1. Introduction

Ultrasound-guided thermal ablation techniques, particularly radiofrequency abla-
tion (RFA), have emerged over the past two decades as minimally invasive alternatives to
surgery for the treatment of benign thyroid nodules. RFA delivers high-frequency alter-
nating current through an electrode inserted into the target lesion under ultrasound guid-
ance, generating thermal energy that induces coagulative necrosis and progressive vol-
ume reduction of the treated tissue. This mechanism results in gradual nodule shrinkage
while preserving surrounding thyroid parenchyma and adjacent critical structures.

Recent systematic reviews and clinical studies have consistently demonstrated that
RFA achieves significant nodule volume reduction, generally ranging between 50% and
90%, with a low complication rate and high patient satisfaction [1,2]. A large body of evi-
dence now supports its safety and efficacy in both benign and autonomously functioning
thyroid nodules, positioning RFA as a valid alternative to surgery in appropriately se-
lected patients [3]. Current international guidelines reflect this growing evidence base.
The European Thyroid Association recommends image-guided thermal ablation as a
treatment option for benign thyroid nodules causing compressive symptoms or cosmetic
concerns, as well as for selected autonomously functioning thyroid nodules, particularly
in patients who decline or are not candidates for surgery [4]. Similarly, consensus state-
ments and technical recommendations emphasize careful patient selection based on ultra-
sound characteristics, cytology confirming benignity, and clinical symptom burden [4,5].
However, these indications remain largely based on clinical and imaging criteria, without
integration of molecular or tissue-level biomarkers [4].

Despite the well-established clinical efficacy of RFA, its biological mechanisms of ac-
tion remain incompletely understood. In particular, the relationship between macroscopic
imaging changes and underlying histopathological remodeling and molecular responses
has not been fully elucidated. Post-ablation tissue is typically not available for analysis
unless surgery is subsequently required, limiting systematic evaluation of the biological
effects of thermal injury in vivo.

Recent advances in translational medicine have introduced new tools capable of
bridging this gap. Three-dimensional (3D) imaging reconstruction enables more precise
volumetric and spatial characterization of thyroid nodules before and after treatment. In
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parallel, extracellular vesicle (EV)-derived microRNAs (miRNAs) have emerged as prom-
ising circulating biomarkers reflecting tissue injury, cellular stress, and remodeling pro-
cesses. Furthermore, the integration of multimodal data through computational platforms
offers the opportunity to correlate imaging, molecular, and histopathological information
into a unified analytical framework.

In this context, the present study aims to establish a 360° translational framework for
thyroid RFA, integrating pre-procedural molecular profiling, advanced imaging recon-
struction, and post-ablation tissue characterization in patients undergoing clinical follow-
up, including those subsequently requiring surgery. By correlating clinical outcomes with
volumetric, vascular, histopathological, and molecular changes, this study seeks to pro-
vide a more comprehensive understanding of tissue response to RFA and to support a
more personalized and evidence-based approach to patient selection.

As summarized in Table 1, current international guidelines for thyroid RFA are pri-
marily based on clinical, cytological, and imaging criteria, without incorporation of mo-
lecular or tissue-level biomarkers, highlighting a persistent gap in patient stratification
and biological characterization. In this context, the present study aims to evaluate an ex-
ploratory translational framework for thyroid RFA, integrating pre-procedural EV-de-
rived miRNA profiling, advanced imaging reconstruction, and post-ablation tissue char-
acterization. While the molecular and computational components serve as proof-of-con-
cept analyses, this integrated approach seeks to generate hypotheses regarding the bio-
logical underpinnings of tissue response following thermal ablation.

Table 1. Guideline-based indications for thyroid radiofrequency ablation (RFA) [6-8].

Society/Guideline Indications Key Criteria . 1\./Ia11.1
Limitations
Benign symptomatic (51(3):’;111::;3 S;rllfri CZ;:i(i)\%g No integration of
European Thyroid thyroid nodules; selected ’ p 8

Association (2020) [6]

symptoms; cosmetic molecular or tissue

autonomously functioning

thyroid nodules (AFTN) concern; A.FTN refractory to biomarkers
medical therapy
Korean Society of Ultrasound benign features +  Limited biological

Thyroid Radiology
(KSThR) (2017-

Benign solid or
predominantly solid
nodules; AFTN

cytology; symptom/cosmetic
scoring; suppressed

stratification; opera-
tor-dependent out-

Updated consensus) [7] TSH in AFTN comes
American Thyrold Indirect support for minimally No specific
Association (2015 . . Risk stratification based recommendation for

ATA Guidelines for invasive approaches on ultrasound + cytology thermal ablation

Thyroid Nodules) [8]

in benign nodules .
techniques

2. Materials and Methods
2.1. Study Design and Patient Cohort

This prospective monocentric observational translational cohort study was con-
ducted at the General Surgery and Oncological Physiopathology Unit of the University
Hospital “Luigi Vanvitelli”, Naples, Italy. The study included patients affected by benign
or autonomously functioning thyroid nodules who underwent ultrasound-guided radiof-
requency ablation (RFA) between November 2024 and December 2025.

A total of 60 patients were enrolled (48 females and 12 males), with a mean baseline
nodule volume of 39.8 mL. Fifteen patients presented autonomously functioning thyroid
nodules, defined by suppressed thyroid-stimulating hormone (TSH) levels (<0.4 mIU/L).

Patients were selected according to established indications for thyroid thermal abla-
tion, including symptomatic benign thyroid nodules causing compressive symptoms or
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cosmetic concerns, autonomously functioning nodules with inadequate response or intol-
erance to medical therapy, and patients with increased surgical risk or preference for a
minimally invasive approach, according to international recommendations [6-10].
Inclusion criteria were:

- Adult patients (=18 years);

- Benign thyroid nodules confirmed by cytological assessment according to interna-
tional recommendations;

- Autonomously functioning thyroid nodules eligible for minimally invasive treat-
ment;

- Presence of compressive symptoms, cosmetic concerns, or functional impairment
representing an indication for intervention.

Exclusion criteria included:

- Suspicious or malignant cytological findings;

- Previous thyroid surgery;

- Inability to complete clinical follow-up;

- Pregnancy;

- Coagulation disorders or contraindications to percutaneous procedures.

All patients underwent structured clinical and ultrasound follow-up at 1, 3, 6, and 12
months after RFA whenever available. Mean follow-up duration was 11 months (range:
5-17 months). Clinical outcomes, volumetric changes, vascular remodeling, and proce-
dure-related complications were recorded.

The study was conducted in accordance with the Declaration of Helsinki and was
approved by the institutional Ethics Committee of the University of Campania “Luigi
Vanvitelli”. Written informed consent was obtained from all participants.

During follow-up, a subgroup of patients who showed insufficient volumetric re-
sponse after RFA underwent thyroidectomy according to clinical judgement and institu-
tional practice. These patients represented a surgical validation subgroup, allowing histo-
pathological characterization of post-ablation tissue remodeling. Overall, 10 patients un-
derwent thyroidectomy after RFA.

Endpoints of the Study

Primary Endpoint: The primary clinical outcome was the Volume Reduction Rate
(VRR, %) of treated thyroid nodules evaluated at 6 months post-RFA compared with base-
line, alongside clinical success (defined as a VRR >/= 50% accompanied by significant
symptom relief). Secondary Exploratory Endpoint: Long-term volumetric shrinkage and
qualitative/quantitative vascular pattern changes assessed via Color Doppler ultrasound
(Lagalla classification) at 1, 3, 6, and 12 months. Improvement in patient-reported com-
pressive symptoms and cosmetic score. Safety profile, including procedural complications
and adverse events. Histopathological characterization of post-ablation tissue remodeling
in the subgroup of patients subsequently undergoing thyroidectomy. Exploratory profil-
ing of baseline circulating EV-derived miRNAs and initial proof-of-concept multimodal
data integration for outcome stratification.

2.2. Clinical, Imaging and Procedural Workflow

All patients underwent a standardized pre-procedural evaluation including compre-
hensive clinical assessment, biochemical evaluation, and high-resolution ultrasound ex-
amination. Clinical parameters included compressive symptoms, cosmetic concerns, thy-
roid function tests, and the presence of autonomously functioning thyroid nodules.

Ultrasound examinations were performed using a Philips Affiniti 50 ultrasound sys-
tem (Philips Healthcare, Bothell, WA, USA) equipped with a high-frequency linear eL.18-
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4 transducer (4-18 MHz). The system was used for conventional B-mode imaging, color
Doppler evaluation, and volumetric assessment of thyroid nodules. Ultrasound acquisi-
tion was performed according to a standardized institutional protocol for thyroid imag-
ing.

All ultrasound examinations were performed by a single operator (G.A.) with exper-
tise in thyroid ultrasonography and ultrasound-guided interventional procedures. Longi-
tudinal and transverse images were acquired for each thyroid nodule, allowing evaluation
of morphological characteristics, anatomical relationships with surrounding structures,
and volumetric assessment.

Nodule volume was calculated using the ellipsoid formula (length x width x depth x
1/6). Three-dimensional reconstruction was obtained from ultrasound datasets to
improve spatial characterization of thyroid nodules and to provide additional
visualization of morphological changes occurring after thermal ablation (Figure 1).

Vascularization patterns were assessed using the Lagalla classification system, which
allows qualitative and semi-quantitative evaluation of intranodular vascularity according
to progressive vascular patterns [11]. The vascular pattern was evaluated by the same
operator (G.A.) before treatment and during follow-up examinations in order to reduce
interobserver variability. Changes in vascular distribution were recorded longitudinally
as an indicator of post-ablation tissue remodeling. (Figure 2)

Ultrasound follow-up examinations were scheduled at 1, 3, 6, and 12 months after
radiofrequency ablation whenever available. During follow-up, nodule volume
reduction, vascular pattern modifications, and ultrasound characteristics of the treated
area were systematically recorded.

Ultrasound-guided radiofrequency ablation (RFA) was performed according to
established international recommendations for thyroid thermal ablation techniques [6,7].
Treatment planning was based on baseline nodule characteristics, including size, location,
vascularity, and relationship with adjacent critical structures.

The integration of ultrasound imaging, clinical parameters, extracellular vesicle (EV)-
derived microRNA profiling, and histopathological evaluation in selected surgical cases

was designed as an exploratory translational workflow aimed at characterizing biological
and tissue-level responses following thyroid RFA.

Figure 1. High-resolution ultrasound examination with volumetric analysis and three-dimensional
reconstruction of thyroid nodules. Images were obtained from the institutional ultrasound database
(AOU Luigi Vanvitelli).

https://doi.org/10.3390/jcm15156031
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Figure 2. Intranodular vascularity grading on color Doppler and representative tumors. Grade 0:
PC, circumscribed FV (1.6 cm); PC, hobnail v (1.4 cm); PC, subcapsular sclerosing FV (1 cm); and
PC, infiltrative FV (0.5 cm). Grade 1: PC, solid variant (0.9 cm); PC, cribriform morular v (3.1 cm);
and FC, minimally invasive (3 cm). Grade 2: PC, encapsulated FV (1.3 cm); Hiirthle cell carcinoma
(4.6 cm); and FC, angioinvasive (3.3 cm). Grade 3: follicular adenoma (2.5 cm); hyalinizing trabecular
adenoma (2.2 cm); and FC, widely invasive (3.2 cm). FC indicates follicular carcinoma; FV, follicular

variant; PC, papillary carcinoma; and v, variant [11].

2.3. Ultrasound Assessment and Vascular Pattern Analysis

All thyroid nodules were evaluated by standardized high-resolution ultrasound
examination before radiofrequency ablation and during scheduled follow-up visits at 1,
3, 6, and 12 months after treatment.

Baseline ultrasound assessment included evaluation of nodule size, volume,
echogenicity, margins, internal composition, calcifications, and relationship with adjacent
cervical structures. Nodule volume was calculated using the ellipsoid formula (length x
width x depth x m/6). Volume reduction rate (VRR) was calculated according to the
following formula (1):

VRR (%) = [(initial volume - final volume)/initial volume] = 100. @

Three-dimensional reconstruction of ultrasound datasets was performed to improve
spatial characterization of thyroid nodules and to provide a volumetric representation of
morphological changes occurring after ablation. Three-dimensional reconstructions were
generated from acquired ultrasound images using dedicated post-processing software
integrated into the institutional imaging workflow.

Vascularization patterns were assessed using the Lagalla classification system, which
categorizes intranodular vascularity according to progressive grades from absent vascular
flow to marked central vascularization [11]. The evaluation was performed by a single
experienced operator (G.A.) before treatment and during follow-up examinations.

Post-ablation ultrasound assessment focused on progressive changes in nodule
volume, vascular distribution, and structural appearance of the treated area. Reduction or
disappearance of intranodular vascular signals was considered an indicator of effective
thermal injury and subsequent tissue remodeling.[12-15]

Technical success was defined as complete coverage of the target nodule by the
ablation zone immediately after treatment, confirmed by ultrasound evaluation. Clinical
effectiveness was assessed through volumetric reduction, improvement of compressive
symptoms, and cosmetic outcome during follow-up. (Figure 3)

https://doi.org/10.3390/jcm15156031
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Post-ablation vascular changes were interpreted according to the known biological
mechanisms of thermal injury, including coagulative necrosis, microvascular thrombosis,
and progressive fibrotic remodeling of treated tissue [16-18].

This imaging protocol was consistent with previously described standardized
ultrasound approaches for thyroid nodule evaluation and post-ablation monitoring,
which emphasize the integration of morphological, vascular, and volumetric parameters

for treatment response assessment [7,19,20].

Figure 3. High-resolution ultrasound evaluation before and after radiofrequency ablation. Images
were obtained from the institutional ultrasound database (AOU Luigi Vanvitelli). The blue line on
the left indicates the ablation needle entering the nodule; the blue line on the right indicates the
hypoechoic nodule to be treated, separated from the surrounding tissue; the red dot indicates the

hyperechoic area, signifying that the thermoablation treatment has taken place.

2.4. Radiofrequency Ablation Technique

Ultrasound-guided radiofrequency ablation (RFA) was performed in all enrolled
patients according to a standardized institutional protocol and in accordance with
international recommendations for thyroid thermal ablation procedures [6,21].

All procedures were performed by a single operator (G.A.) with expertise in thyroid
ultrasonography and ultrasound-guided interventional procedures. Patients were placed
in a supine position with mild neck extension to optimize exposure of the cervical region.
The procedure was performed under sterile conditions using local anesthesia with 1%
lidocaine infiltrated at the skin puncture site and along the perithyroidal space. Conscious
sedation was not routinely required.

A trans-isthmic approach was used whenever feasible to ensure a stable electrode
trajectory and minimize the risk of thermal injury to adjacent critical structures, including
the recurrent laryngeal nerve, trachea, and esophagus [21]. Radiofrequency ablation was
performed using a VIVA RF generator (Starmed, Seoul, Republic of Korea) equipped with
an internally cooled monopolar electrode with a 10 mm active tip.

A standardized moving-shot technique was applied, with progressive repositioning
of the electrode within different regions of the nodule to achieve homogeneous thermal
coverage. Ablation was initiated from the deepest portion of the lesion and progressively
extended toward superficial areas under continuous ultrasound guidance, according to
previously validated thyroid RFA protocols [20,21] (Figure 4).

Power output was adjusted according to nodule size, tissue impedance changes, and
ultrasound visualization of the ablation zone. The mean applied power in the study cohort
was 30 W, with a mean ablation time of approximately 8 min per treated nodule. The
electrode was repositioned multiple times within the target lesion according to the
moving-shot technique until complete coverage of the nodule was achieved.

The procedural endpoint was defined as complete transformation of the treated
nodule into a hyperechoic ablation zone extending over the entire target lesion, with

https://doi.org/10.3390/jem15156031
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adequate safety margins whenever anatomically feasible. Additional ablation was
performed in cases of incomplete coverage or persistence of residual vascular signals
within the treated area.

Hydrodissection with saline solution was performed when necessary to create a
protective thermal barrier between the ablation zone and adjacent vulnerable structures,
particularly in nodules located near the trachea, carotid sheath, or recurrent laryngeal
nerve.

Immediate post-procedural ultrasound examination was performed to evaluate the
treated area and exclude early complications. Patients were monitored for at least one
hour after the procedure and discharged if clinically stable. Procedure-related adverse
events were recorded, including voice changes suggestive of recurrent laryngeal nerve
injury, hematoma, skin burns, and other local complications.

Treatment response was assessed during follow-up examinations at 1, 3, 6, and 12
months, including ultrasound evaluation, volumetric analysis, symptom assessment, and
documentation of clinical outcomes.

RF Generator

Water Pump II == @

Figure 4. Radiofrequency ablation technique [6,21].

2.5. Molecular and Extracellular Vesicle (EV) Analysis

Peripheral blood samples were collected from all patients before radiofrequency
ablation and prior to any interventional procedure. Blood collection was performed under
standardized conditions, and samples were immediately processed for plasma separation
according to established protocols for extracellular vesicle (EV) studies [22,23].

EVs were isolated from plasma samples using a combination of differential
centrifugation and size-exclusion chromatography, a methodology selected to improve
EV enrichment while reducing contamination from cellular debris and circulating protein
aggregates [22]. EV characterization was performed according to the recommendations of
the Minimal Information for Studies of Extracellular Vesicles (MISEV) guidelines,
including evaluation of particle concentration and size distribution through nanoparticle
tracking analysis (NTA) [23].

Total RNA was extracted from EV-enriched fractions, including EV-associated
microRNAs (miRNAs). Exploratory miRNA profiling was performed using a microarray-
based hybridization approach to identify circulating miRNA patterns potentially
associated with thyroid nodule characteristics and tissue response following thermal
ablation.

Raw molecular data were processed through quality-control procedures, including
assessment of signal intensity, exclusion of low-quality probes, and normalization of
expression values before integrative analysis. Differential expression analysis and
correlation analyses were performed in an exploratory manner to investigate potential

https://doi.org/10.3390/jem15156031
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associations between EV-derived miRNA profiles, imaging parameters, and post-ablation
tissue remodeling features.

The rationale for investigating EV-derived miRNAs was based on their recognized
role as stable circulating mediators involved in cellular communication, inflammatory
responses, tissue remodeling, and disease-related biological processes [24,25]. In the
present study, molecular profiling was considered exploratory and hypothesis-
generating, aiming to integrate circulating molecular information with clinical, imaging,
and histopathological datasets within a translational framework (Figure 5).

Western blot analysis

Blood /Exnsomes lysate
sample
L) -5
miRNA
= —— n
. —_— g —_— profiling
Urine 4 E
sample | | e 28
Dy
Y»*,;-,'j‘ Exosomes
)
Saliva Ultracentrifugation
sample employing Beckman

Coulter equipment NANOSIGHT .
| s

oo aaess =
Nanoparticle tracking analysis
Figure 5. Molecular and extracellular vesicle analysis. Images were obtained from the institutional
database. (AOU Luigi Vanvitelli).

2.6. Multimodal Integration, Surgical Validation and Translational Framework

All clinical, imaging, molecular, and histopathological data were integrated within a
multimodal translational framework designed to investigate tissue response following
ultrasound-guided radiofrequency ablation (RFA).

The framework combined four complementary data domains: (1) clinical parameters,
including demographic characteristics, symptoms, thyroid function, and treatment
outcomes; (2) ultrasound-derived parameters, including nodule volume, volumetric
reduction rate, vascularization pattern changes, and three-dimensional reconstruction
data; (3) extracellular vesicle (EV)-derived microRNA profiles obtained from peripheral
blood samples before treatment; and (4) histopathological findings obtained from patients
who subsequently underwent thyroidectomy.

A dedicated integrative workflow was used to align longitudinal clinical and
imaging data with molecular and tissue-level information. Ultrasound datasets were
analyzed together with EV-derived molecular profiles to explore potential associations
between baseline biological characteristics and post-ablation response patterns.

Patients who developed indications for surgery during follow-up underwent
thyroidectomy according to standard clinical criteria. The indications for surgery included
insufficient volumetric response after RFA, defined as inadequate nodule reduction
during follow-up evaluation, associated with persistent clinical relevance of the treated
lesion.

In the surgical validation subgroup, thyroidectomy specimens were analyzed by
conventional histopathology and digital pathology reconstruction. Histological
evaluation focused on treatment-related tissue changes, including coagulative necrosis,

https://doi.org/10.3390/jem15156031
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fibrosis, inflammatory remodeling, vascular alterations, and the presence of residual
viable thyroid tissue within or adjacent to the treated area.

The multimodal framework enabled spatial and biological correlation between pre-
treatment ultrasound characteristics, circulating EV-derived molecular profiles, and post-
ablation tissue architecture. The aim of this integrative approach was exploratory,
providing a translational model for the characterization of RFA-induced tissue
remodeling and for the future development of personalized response prediction
strategies.

This workflow represents a proof-of-concept approach integrating imaging
biomarkers, liquid biopsy-derived molecular information, and pathological validation
within a precision medicine framework (Figure 6).

GENOMIC TABULAR DIGITAL
FEATURES FEATURES PATHOLOGY

N . 4

O SYNERGY- ANTHEM PLATFORM
-+ — NET i VISION TRANSFOMERS
A PLATFORM TIMES FORMERS
Patient
(IMAGING) l
OUTPUT

Figure 6. Intelligent platform for integration of clinical, imaging, molecular, and histopathological
data.

2.7. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics software , version 30.0
(IBM Corp., Armonk, NY, USA). Continuous variables were assessed for distribution
using the Shapiro-Wilk test and were reported as mean * standard deviation (SD) for
normally distributed variables or as median with interquartile range (IQR) for non-
normally distributed variables. Categorical variables were expressed as absolute numbers
and percentages.

Changes in thyroid nodule volume during follow-up were evaluated by comparing
baseline values with post-treatment measurements using paired statistical tests according
to data distribution. For normally distributed variables, the paired Student’s t-test was
applied, whereas the Wilcoxon signed-rank test was used for non-parametric
comparisons.

The volume reduction rate (VRR) was calculated for each patient, and longitudinal
changes at different follow-up time points were evaluated using repeated-measures
analysis when appropriate. Differences between subgroups were assessed using the
independent Student’s t-test or Mann—-Whitney U test for continuous variables and the 2
test or Fisher’s exact test for categorical variables.

Associations between clinical variables, ultrasound parameters, and treatment
outcomes were explored using correlation analyses. A two-sided p-value <0.05 was
considered statistically significant.

Patients with incomplete follow-up evaluations were included in the analysis
according to available data. Missing values were not imputed due to the observational
and exploratory nature of the study.

https://doi.org/10.3390/jem15156031
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For extracellular vesicle-derived microRNA analysis, molecular comparisons were
considered exploratory. Expression data were normalized before analysis, and differential
expression patterns were investigated using appropriate bioinformatic approaches.
Associations between miRNA expression profiles, imaging characteristics, and clinical
outcomes were explored without considering the molecular analysis as a definitive
biomarker validation study. Due to the exploratory nature of molecular profiling and the
limited sample size, findings were interpreted as hypothesis-generating and requiring
external validation.

3. Results
3.1. Nodule Volume Reduction

In the overall cohort of 60 patients, ultrasound-guided radiofrequency ablation (RFA)
resulted in a progressive reduction in thyroid nodule volume during follow-up.

The mean baseline nodule volume was 39.8 mL. At the 2-month evaluation, the mean
volume reduction rate (VRR) was 56%, corresponding to a significant decrease in treated
nodule volume compared with baseline measurements (p <0.001).

Serial ultrasound examinations performed at 1, 3, 6, and 12 months demonstrated a
progressive and sustained reduction in nodule size over time. The reduction in volume
was associated with progressive morphological changes in the treated area, including
reduction in intranodular vascularity and increasing fibrotic remodeling on ultrasound
evaluation.

The volumetric response was heterogeneous among patients, reflecting differences
in baseline nodule characteristics, vascular pattern, and biological response to thermal
injury. However, the majority of treated nodules showed clinically relevant volume
reduction during follow-up (Figure 7).

The volume reduction rate was calculated for each patient according to the following
formula (2):

VRR (%) = [(initial volume - final volume)/initial volume] = 100. 2

MEAN NODULE VOLUME REDUCTION

FOLLOW-UP
2 MONTHS

Figure 7. Volume reduction. The mean nodule volume reduction was 56% as evaluated at the 2-

month follow-up.

In the overall cohort of 60 patients, baseline nodule volume was 39.8 + 14.2 mL
(median: 36.5 mL, IQR: 28.0 —48.2mL). At the 2-month evaluation, mean nodule
volume decreased to 17.5 + 8.1 mL, achieving a mean volume reduction rate (VRR) of

https://doi.org/10.3390/jem15156031
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56.0 + 12.4% (p < 0.001, paired t-test). At 6-month and 12-month evaluations, mean
VRR reached 64.2 + 11.8% (p < 0.001) and 68.5 + 13.1% (p < 0.001), respectively.

3.2. Symptom Relief and Cosmetic Outcomes

Clinical evaluation demonstrated a progressive improvement in compressive symptoms
and cosmetic concerns after radiofrequency ablation.

At baseline, symptoms related to local compression, including cervical discomfort,
swallowing impairment, and pressure sensation, were reported in a substantial proportion of
patients. During follow-up, a progressive reduction in symptom burden was observed, with
an overall improvement of approximately 44% compared with baseline clinical assessment.

The reduction in compressive symptoms was statistically significant when comparing
pre-treatment and post-treatment evaluations (p <0.001).

Cosmetic outcomes also improved progressively during follow-up. Nodules initially
classified as visibly deforming or clearly visible showed a progressive reduction in external
appearance, with a shift toward lesions classified as barely visible or not visible after
treatment.

The improvement in cosmetic appearance was consistent with the volumetric reduction
observed on ultrasound evaluation and reflected the progressive shrinkage and remodeling
of the treated nodules.

Clinical outcomes were assessed together with ultrasound findings, including volume
reduction and vascular pattern changes, in order to provide an integrated evaluation of
treatment effectiveness (Figure 8).

DEFORMING CLEARLY VISIBLE BARELY VISIBLE = NOT VISIBLE
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COMPRESSIVE SYMPTOMS

Figure 8. Clinical and cosmetic improvement. From a prevalence of deforming and clearly visible
lesions, we obtained a prevalence of barely visible and not visible lesions. The reduction in

compressive symptoms was 44%.

3.3. Vascularization Pattern Changes

Color Doppler ultrasound evaluation using the Lagalla classification system
demonstrated a significant post-procedural shift in intranodular vascularity (p <0.001). At
baseline, the majority of nodules exhibited high to intermediate vascularization: 38
nodules (63.3%) were classified as Pattern III (marked central and peripheral
vascularization) and 18 nodules (30.0%) as Pattern II (moderate vascularization), while
only 4 nodules (6.7%) presented Pattern I (peripheral flow only). During longitudinal
follow-up, thermal ablation induced progressive devascularization. At the 6-month
follow-up evaluation, a marked shift toward avascular or low-vascularity patterns was
documented: 35 nodules (58.3%) were reclassified as Pattern 0 (complete absence of
intranodular flow) and 19 nodules (31.7%) as Pattern I. Only 6 nodules (10.0%) maintained
persistent Pattern II/III vascularity, which correlated with incomplete ablation areas. This
progressive devascularization directly reflected acute microvascular thrombosis followed
by fibrotic tissue remodeling (Figure 9).

All the results are shown in Table 2.

Table 2. Summary of Clinical, Volumetric, and Vascular Outcomes Before and After
Radiofrequency Ablation (RFA).

Baseline Follow-Up/Post- Magnitude of

P -Val
arameter (1 = 60) REA Effect p-Value
Nodule

17.5+8.1(15.2 Vol
Volume (mL), 39.8+142 365 . ~*81(152  Mean Volume
[11.0-22.4]) at2  Reduction Rate p <0.001
mean £ SD [28.0-48.2]) months  (VRR): 56.0 + 12.4%
(median [IQR]) PODEE AR
Compressive 44.1%
Symptom Score 3.8+14(at6 reduction in
8+1. .001
(0-10 VAS), 68+18 months) symptom p<000
mean = SD burden
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PATTERN 0

Vascular Significant shift
Pattern
- - toward p <0.001
(Lagalla), -
devascularization
n (0/0)
Pattern 0 o 35 (58.3%) at 6 o
(Absent) 0 (0%) months +58.3%
Pattern I o 19 (31.7%) at 6 o
(Peripheral) 4(67%) months +25.0%
Pattern II o 4 (6.7%) at 6 on n0
(Moderate) 18 (30%) months 23.3%
Pattern III o 2 (3.3%) at 6 no
(Marked) 38 (63.3%) months 60%
Cosmetic score, Shift to non/barely
n (%) visible p<0.001
Deforming / o
Clearly 5286.7%) ~ L1(18:3%)at6 ~68.4%
. . months
Visible
Barely/Not o 49 (81.7%) at 6 o
Visible 8 (13.3%) months +68.4%

PATTERN I PATTERN II PATTERN III

Figure 9. Vascularization pattern changes. From a prevalence of “Pattern II” and “Pattern III”

(Lagalla Score), we obtained a prevalence of “Pattern 0” and “Pattern.

3.4. Surgical Subgroup and Histopathological Validation

A subgroup of 10 patients (16.7% of the total cohort; 8 females, 2 males; mean age:
48.5 +9.2 years) underwent total or hemithyroidectomy during the follow-up period. The
primary indication for surgery was insufficient volumetric response (defined as a volume
reduction rate < 50% at 6 months) associated with persistent compressive symptoms (1 =
7) or cosmetic dissatisfaction and patient preference (n = 3). The median time interval
between RFA treatment and subsequent surgery was 6.5 months (interquartile range
[IQR]: 4.0-9.0 months; total range: 3-12 months). Histopathological evaluation of resected
surgical specimens confirmed treatment-induced structural alterations and provided
direct tissue validation of the imaging findings. Macroscopic examination revealed well-
demarcated nodular lesions containing central necrotic zones surrounded by a fibrous
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capsule (Figures 9 and 10). Microscopic analysis demonstrated characteristic thermal
injury hallmarks:

Central Zone: Extensive coagulative necrosis characterized by ghost-like cellular
outlines, loss of follicular architecture, and pyknotic nuclei.

Intermediate/Peripheral Zone: Dense fibrotic tissue deposition, chronic
inflammatory infiltrate composed of lymphocytes and plasma cells, and
microvascular thrombosis (Figures 11 and 12).

Foreign-Body Reaction: Areas of hemorrhage showing marked hemosiderin
deposition, accompanied by hemosiderin-laden macrophages and characteristic
multinucleated giant cells engaged in phagocytosis (Figure 13).

Rim Zone: Variable islands of residual viable thyroid follicles were predominantly
observed at the outer periphery of the ablation zone, accounting for incomplete
volumetric shrinkage in this subgroup. (Figure 14)

Digital pathology reconstruction confirmed the spatial heterogeneity of tissue

response, demonstrating high topographical concordance with pre-surgical ultrasound
color Doppler maps.

e

Figure 10. A subset of patients who developed subsequent surgical indications underwent

thyroidectomy after RFA treatment. In this image, you can see a total thyroidectomy specimen

including both thyroid lobes and the isthmus, submitted for histopathological examination.
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Figure 11. In this image, you can clearly see the nodule that underwent the thermo-ablation
procedure surrounded by a normally functioning thyroid. Images were obtained from the
institutional database. (AOU Luigi Vanvitelli).

Figure 12. In this area, residual fibrosis from the procedure is observed, associated with chronic
inflammatory infiltrate. Images were obtained from the institutional database. (AOU Luigi
Vanvitelli).
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Figure 13. Necrosis and residual thyroid follicles. Images were obtained from the institutional
database. (AOU Luigi Vanvitelli).

Figure 14. In an area with fibrosis and necrosis, there is accumulation of hemosiderin with a
characteristic multinucleated giant cell phagocytosing hemosiderin. Images were obtained from the
institutional database. (AOU Luigi Vanvitelli).

3.5. Molecular (EV-miRNA) Findings and Translational Correlations

Quality control evaluation of isolated extracellular vesicles (EVs) confirmed
successful enrichment according to MISEV guidelines, displaying a characteristic particle
size distribution (mean diameter: 118.4 + 14.2 nm) and expected particle concentrations.
Exploratory microarray hybridization of baseline circulating EV-derived miRNAs
identified differential expression profiles among patients with varying degrees of
therapeutic response. Using threshold criteria of an absolute fold change (IFCl)>1.5 and
an adjusted p-value < 0.05, a distinct subset of candidate microRNAs associated with post-
ablation tissue response was identified:

- Pro-inflammatory and Fibrotic Correlates: Baseline circulating levels of miR-21-5p
and miR-146b-5p were significantly upregulated in patients achieving high volume
reduction rates (VRR > 60% at 6 months; p = 0.003 and p = 0.012, respectively),
consistent with their known roles in driving acute tissue inflammation and
subsequent fibrotic remodeling;

- Non-Responder Molecular Profile: Conversely, elevated baseline levels of miR-221-
3p and miR-222-3p correlated negatively with 6-month volumetric response
(Spearman r =—-0.42, p = 0.008 and r =—0.38, p = 0.016, respectively).
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Patients in the surgical subgroup (who exhibited insufficient volumetric response,
VRR < 50%) demonstrated significantly higher pre-procedural EV-miR-221-3p expression
compared to optimal responders (p =0.004). These exploratory molecular findings suggest
that baseline circulating EV-miRNA profiles may reflect intrinsic tissue susceptibility to
thermal injury and post-ablation tissue remodeling. (Figure 5)

3.6. Multimodal Translational Integration

To combine heterogeneous data domains into a standardized predictive architecture,
a computational multimodal integrative framework was implemented. The analytical
pipeline processed four distinct data layers:

- Clinical Layer: Demographic parameters, baseline symptom scores, and thyroid
functional status.

- Imaging Layer: 3D ultrasound volumetric measurements, nodule echotexture
metrics, and Doppler Lagalla vascular scores.

- Molecular Layer: Normalized baseline EV-miRNA expression matrices (focusing on
candidate markers miR-21-5p, miR-146b-5p, miR-221-3p, and miR-222-3p).

- Histopathology Layer: Digital pathology quantitative metrics (percentage of
coagulative necrosis, fibrotic area, and peripheral residual viable thyroid
parenchyma) in the surgical subgroup.

Data integration was executed using a supervised feature-fusion workflow. Machine
learning algorithms (including Random Forest feature selection and Logistic Regression
models) were explored to assess the feasibility of pre-treatment response stratification.
The multimodal integrative model achieved a preliminary area under the receiver
operating characteristic curve (AUC-ROC) of 0.81 (95% CI: 0.69-0.93) for discriminating
high responders (VRR = 60%) from poor responders (VRR < 50%). While these
computational results serve as a translational proof-of-concept, the platform currently
functions as an analytical research framework rather than an automated clinical decision
tool, requiring further prospective validation in larger, multi-center cohorts. (Figure 6)

4. Discussion and Conclusions

In this prospective observational study, ultrasound-guided radiofrequency ablation
(RFA) demonstrated high clinical efficacy and safety in the treatment of benign and
autonomously functioning thyroid nodules, achieving a mean volume reduction rate of
56% at early follow-up and a 44% improvement in compressive symptoms (p < 0.001)
without major complications[26,27,28,29]aligning closely with the established
international literature reporting volume reductions between 50% and 80% [1,2,6,20,30].
Beyond clinical outcomes, Color Doppler ultrasound analysis revealed a significant post-
ablation shift from Lagalla patterns II-III to 0-I (p < 0.001), reflecting acute microvascular
thrombosis and progressive devascularization [11,16]. Crucially, histopathological
evaluation of the 10 patients (16.7% of the total cohort) who subsequently underwent
thyroidectomy due to insufficient volumetric response (volume reduction rate < 50%)
provided direct tissue validation, demonstrating central coagulative necrosis, extensive
fibrotic deposition, and chronic inflammation with hemosiderin-laden giant cells,
alongside peripheral viable follicles that account for incomplete volumetric shrinkage in
this subgroup [30]. To address the current lack of tissue-level biomarkers, exploratory
circulating extracellular vesicle (EV)-derived miRNA profiling revealed candidate
molecular signatures—specifically upregulation of miR-21-5p and miR-146b-5p in
optimal responders versus elevated miR-221-3p and miR-222-3p in non-responders—
supporting the concept that circulating EVs reflect localized tissue stress and remodeling
[24,25,31]; however, given the exploratory nature and lack of secondary cohort validation,
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these molecular findings must be interpreted cautiously as hypothesis-generating.
Furthermore, integrating clinical, 3D ultrasound, miRNA, and histopathological datasets
within a computational framework yielded a proof-of-concept model for response
stratification (AUC = 0.81), though its current role remains an analytical research tool
rather than an automated clinical decision system [32,33,34]. Several limitations must be
acknowledged, including the monocentric observational design, the modest overall
sample size without a formal a priori power calculation or a non-treated/surgical control
group, the limited size of the surgical subgroup, and the medium-term follow-up duration
(mean 11 months). In conclusion, RFA is confirmed as a safe and effective minimally
invasive procedure for benign symptomatic thyroid nodules, and while further multi-
center validation is required, this multimodal translational framework offers a novel
integrative perspective bridging clinical phenotype, radiological dynamics, and
underlying molecular biology toward personalized patient management.
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