: : : Journal of
ersonalized Medicine
@00 g

Special Issue Reprint

Interventional Radiology

Towards Personalized Medicine

Edited by
Fabio Corvino

mdpi.com/journal/jpm

WVI\DPI

F




Interventional Radiology: Towards
Personalized Medicine






Interventional Radiology: Towards
Personalized Medicine

Guest Editor

Fabio Corvino

F
rM\D\Py Basel o Beijing ® Wuhan e Barcelona e Belgrade ¢ Novi Sad e Cluj ¢ Manchester
/



Guest Editor

Fabio Corvino

Azienda Ospedaliera di
Rilievo Nazionale Antonio
Cardarelli

Naples

Italy

Editorial Office

MDPI AG
Grosspeteranlage 5
4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal
Journal of Personalized Medicine (ISSN 2075-4426), freely accessible at: https://www.mdpi.com/
journal/jpm/special_issues/39RR3RZOQL.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-6400-3 (Hbk)
ISBN 978-3-7258-6401-0 (PDF)
https://doi.org/10.3390/books978-3-7258-6401-0

© 2026 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms
and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https:/ /creativecommons.org/licenses/by-nc-nd /4.0/).



Contents

About the Editor . . . . . . . . e
Preface . . . . . . . e

Fabio Corvino
Interventional Radiology: Towards Personalized Medicine
Reprinted from: J. Pers. Med. 2025, 15, 553, https://doi.org/10.3390/jpm15110553 . . . ... ..

Fabio Corvino, Francesco Giurazza, Marcello Andrea Tipaldi, Tommaso Rossi, Francesco
Daviddi, Orsola Perrone, et al.

Real-World Outcomes of Splenic Artery Embolization in Blunt Splenic Trauma: Insights from an
Italian Multicenter Cohort

Reprinted from: J. Pers. Med. 2025, 15, 420, https://doi.org/10.3390/jpm15090420 . . . ... ..

Ghizlane Touimi Benjelloun, Malek Mokbli, Tarek Kammoun, Sinda Ghabri, Skander
Sammoud, Wissem Nabi, et al.

Efficacy and Safety of Personalized Percutaneous Single-Probe Cryoablation Using Liquid
Nitrogen in the Treatment of Abdominal Wall Endometriosis

Reprinted from: |. Pers. Med. 2025, 15, 373, https:/ /doi.org/10.3390/jpm15080373 . . . . .. ..

Genti Xhepa, Lucilla Violetta Sciacqua, Andrea Vanzulli, Andrea Enzo Cani, Velio Ascenti,
Alexis Ricoeur, et al.

Prostate Artery Embolization (PAE) with Small Beads for the Treatment of Benign Prostatic
Hyperplasia (BPH)

Reprinted from: J. Pers. Med. 2024, 14, 613, https://doi.org/10.3390/jpm14060613 . . . . . . ..

Claudio Trobiani, Nicolo Ubaldi, Leonardo Teodoli, Marcello Andrea Tipaldi, Federico
Cappelli, Sara Ungania and Giulio Vallati

The Deterioration of Sarcopenia Post-Transarterial Radioembolization with Holmium-166 Serves
as a Predictor for Disease Progression at 3 Months in Patients with Advanced Hepatocellular
Carcinoma: A Pilot Study

Reprinted from: |. Pers. Med. 2024, 14, 511, https:/ /doi.org/10.3390/jpm14050511 . . . . .. ..

Paolo Zerbinati, Jonathan Bemporad, Andrea Massimiani, Edoardo Bianchini, Davide
Mazzoli, Davide Glorioso, et al.

Lateral Pectoral Nerve Identification through Ultrasound-Guided Methylene Blue Injection
during Selective Peripheral Neurectomy for Shoulder Spasticity: Proposal for a New Procedure
Reprinted from: J. Pers. Med. 2024, 14, 116, https:/ /doi.org/10.3390/jpm14010116 . . . . . . ..

Hasaam Uldin, Ibrahim Kanbour, Anish Patel and Rajesh Botchu

Image-Guided Musculoskeletal Interventional Radiology in the Personalised Management of
Musculoskeletal Tumours

Reprinted from: J. Pers. Med. 2024, 14, 1167, https:/ /doi.org/10.3390/jpm14121167 . . . . . . . .

Marco Femia, Carlo Valenti Pittino, Enrico Maria Fumarola, Marco Tramarin, Maurizio Papa,
Francesco Giurazza, et al.

Genicular Artery Embolization: A New Tool for the Management of Refractory Osteoarthritis-
Related Knee Pain

Reprinted from: J. Pers. Med. 2024, 14, 686, https://doi.org/10.3390/jpm14070686 . . . ... ..

Fabio Corvino, Francesco Giurazza, Paolo Marra, Anna Maria Ierardi, Antonio Corvino,
Antonio Basile, et al.

Damage Control Interventional Radiology in Liver Trauma: A Comprehensive Review
Reprinted from: J. Pers. Med. 2024, 14, 365, https:/ /doi.org/10.3390/jpm14040365 . . . . .. ..



Eliodoro Faiella, Domiziana Santucci, Daniele Vertulli, Elva Vergantino, Federica Vaccarino,
Gloria Perillo, et al.

Irreversible Electroporation (IRE) for Prostate Cancer (PCa) Treatment: The State of the Art
Reprinted from: J. Pers. Med. 2024, 14, 137, https:/ /doi.org/10.3390/jpm14020137 . . . ... ..

vi



About the Editor

Fabio Corvino

Fabio Corvino, MD, currently works at the Interventional Radiology Unit of AORN Cardarelli
Hospital in Naples, Italy. He has been the chief of the junior council of the Italian College of
Interventional Radiology (ICIR-SIRM) since 2020. His clinical and research interests include diagnostic
and interventional radiology, minimally invasive image-guided procedures, venous and oncologic
interventions, and the integration of advanced imaging techniques into personalized therapeutic
pathways. He has authored numerous peer-reviewed publications, serves as a reviewer and editorial
board member for several international journals, and contributes to national and international research
collaborations. His work is dedicated to promoting innovation, education, and evidence-based practice

in interventional radiology.

vii






Preface

The Reprint, “Interventional Radiology towards Personalized Medicine”, reflects our intention
to provide a clear and unified perspective on how image-guided procedures are reshaping modern
clinical practice. The aim of this collection is to present high-quality contributions that demonstrate
how technological advancement, refined imaging interpretation, and personalized decision making
converge to optimize patient outcomes. The Reprint is addressed to clinicians, radiologists, trainees,
and researchers who seek an updated understanding of the expanding potential of interventional
radiology across diagnostic and therapeutic pathways. We are grateful to all contributors for their

commitment and to the readers who will use these insights to advance patient-centered care.

Fabio Corvino
Guest Editor






Journal of K\
Personalized Medicine M D\Py

Editorial
Interventional Radiology: Towards Personalized Medicine

Fabio Corvino 12

1 Section of Radiology, Department of Biomedicine, Neuroscience and Advanced Diagnostics (BiND),

University Hospital “Paolo Giaccone”, 90127 Palermo, Italy; fabio.corvino@unipa.it; Tel.: +39-0817473828
2 Interventional Radiology Department, AORN “A. Cardarelli”, 80131 Naples, Italy

1. Introduction

In recent years, the concept of personalized medicine has moved beyond a theoret-
ical framework to become a tangible clinical imperative. The convergence of advanced
imaging, minimally invasive therapies, artificial intelligence, and molecular profiling is
rapidly transforming conventional care pathways into highly tailored treatment paradigms.
Within this evolving landscape, interventional radiology (IR) stands as a core embodiment
of precision medicine, uniquely positioned at the intersection of diagnostic insight and
real-time therapeutic action. Unlike traditional specialties, which separate diagnostic eval-
uation from therapeutic intervention, IR unifies both into a single continuum, diagnosing,
characterizing, targeting, and treating disease in real time, with millimetric accuracy and
minimal invasiveness [1,2].

This Special Issue of the Journal of Personalized Medicine was conceived upon the
recognition that radiology is no longer a passive observer in the clinical journey. It is an
active driver of clinical decision-making, capable of delivering customized solutions that
are patient-specific, organ-specific, and even lesion-specific. The contributions gathered in
this Special Issue reflect a transformative shift, from generalized therapeutic approaches to
tailored interventions guided by imaging biomarkers, functional anatomy, and real-world
clinical needs.

Today, IR stands not as an optional adjunct, but as a central pillar of precision medicine,
able to individualize treatment, preserve organ function, reduce systemic toxicity, and
offer therapeutic options to patients who previously had none. Together, the articles in
this Special Issue demonstrate how minimally invasive, image-guided interventions are
reshaping oncologic, musculoskeletal, vascular, and trauma care, consolidating IR as a
decisive driver of personalized medicine.

2. Emerging Themes from the Special Issue: Interventional Radiology
as a Catalyst of Personalized Care

The articles featured in this Special Issue collectively demonstrate how IR is expanding
the boundaries of personalized medicine across four strategic domains: oncologic preci-
sion therapies, organ-preserving trauma management, patient-tailored vascular and pain
interventions, and novel imaging-guided procedures for functional restoration. Together,
these studies illustrate a paradigm in which treatment is no longer dictated by disease
stage alone, but by the individual biological behavior of the lesion, anatomical variability,
functional impact, and patient-specific therapeutic goals.

Precision Oncology: From Image-Guided Diagnosis to Targeted Therapy. Several contributions
underscore the transformative role of interventional oncology, where treatment is guided not
only by tumor morphology, but also by functional status, immune environment, and patient
physiology (Contribution 1). Holmium-166 radioembolization and sarcopenia monitoring
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in hepatocellular carcinoma reveal how body composition metrics, derived from imaging,
may serve as dynamic biomarkers to predict early tumor progression, paving the way for
IR to act as both a therapeutic and prognostic discipline (Contribution 2). Cryoablation of
abdominal wall endometriosis and irreversible electroporation for prostate cancer exemplify
true personalization: image-guided technologies that adapt the ablation zone based on tissue
type, lesion geometry, and patient functional preservation (Contribution 3). Musculoskeletal
tumor interventions highlight a tailored oncologic strategy, choosing between ablation, biopsy,
or augmentation based on tumor biology and patient prognosis, demonstrating IR’s role in
curative, palliative, and adjunctive settings (Contribution 4).

Trauma and Emergency Medicine in the Era of Precision. Historically managed with uni-
form surgical strategies, trauma care is being revolutionized by image-guided embolization
techniques that allow organ preservation, reduction in surgical morbidity, and individu-
alized hemodynamic management. The multicenter Italian experience in splenic artery
embolization shows how the personalized selection of embolization techniques (proximal,
distal, or combined) results in consistently high splenic salvage regardless of injury grade,
reinforcing IR as the cornerstone of non-operative management (Contribution 5). The re-
view on damage control in liver trauma further illustrates how early endovascular control
of bleeding, when integrated within hybrid operating environments, enables tailored inter-
ventions for hemodynamically unstable patients, offering time-sensitive, patient-specific
solutions (Contribution 6).

Vascular and Functional Interventions for Personalized Quality-of-Life Care. Beyond sur-
vival, personalized medicine also demands the restoration of function and quality of life.
IR is uniquely poised to offer minimally invasive, patient-centric interventions. Prostate
artery embolization with small-caliber particles highlights individualized device selection
based on vascular anatomy and symptom severity (Contribution 7). Genicular artery
embolization for osteoarthritis demonstrates how IR can provide durable pain relief and
functional improvement in patients unsuitable for surgery, representing a shift from sys-
temic pharmacotherapy to localized image-guided therapy (Contribution 8).

Image-Guided Functional Targeting and Anatomical Customization. The inclusion of inno-
vative techniques, such as ultrasound-guided methylene blue nerve localization, reflects the
evolution of IR into a discipline that not only treats structural disease but also modulates
function with extreme anatomical precision. This represents the next frontier of personal-
ized medicine: functional intervention tailored to individual anatomy, nerve targeting, and
specific motor impairments (Contribution 9).

3. Looking Ahead: From Personalized to Predictive and Intelligent
Medicine

As medicine transitions from a one-size-fits-all paradigm to a tailored, patient-centered
approach, IR is poised not merely to participate in this evolution, but to lead it. The studies
presented in this Special Issue collectively demonstrate that precision is no longer defined
solely by genetic signatures or pharmacogenomics; it is equally embodied in the ability to
visually characterize, selectively target, and therapeutically modify disease in real time.
This is the essence of IR, a discipline that does not just align with personalized medicine,
but actively enables it.

The next transformative leap will be driven by the integration of artificial intelligence
and machine learning into the interventional workflow. Radiomics, Al-based decision sup-
port, and predictive modeling will allow interventional radiologists to anticipate treatment
response, stratify risk with unprecedented accuracy, and dynamically tailor procedures
based on patient-specific anatomy, tumor biology, immune status, and body composition.
Al-enhanced imaging interpretation and automated segmentation are transforming the
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interventional suite into a data-driven, intelligent environment, one in which diagnosis and
therapy are no longer sequential phases but part of a continuous, adaptive process [3,4].

In this framework, IR becomes the operational engine of precision medicine, transform-
ing imaging from a diagnostic endpoint into a therapeutic roadmap powered by real-time
analytics and Al-derived biomarkers. The future of patient care will be image-guided,
minimally invasive, data-enriched, and continuously optimized, where every intervention
is not only targeted, but intelligently tailored to the unique biological and functional profile
of each patient [5].

Rather than marking an endpoint, this Special Issue inaugurates a new era in which
image-guided therapies, empowered by artificial intelligence, redefine standards of care,
improve quality of life, and bridge the gap between diagnosis, prediction, and cure. IR,
increasingly supported by data-driven decision tools, stands ready to drive the next great
transformation in modern medicine.
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Abstract: Background: Splenic artery embolization (SAE) has emerged as a key adjunct to
non-operative management (NOM) in hemodynamically stable patients with blunt splenic
trauma, yet variability in its application persists across centers. Objectives: The aim was
to evaluate real-life clinical practices, techniques, and outcomes of SAE in blunt splenic
trauma across multiple Italian trauma centers. Materials and Methods: This retrospective
multicenter study analyzed data from 281 patients undergoing emergency SAE for blunt
splenic trauma between January 2019 and December 2021. Demographics, imaging find-
ings, embolization techniques, complications, and outcomes were collected and analyzed.
Multivariate logistic regression was used to assess predictors of splenectomy. Results:
The technical success rate was 100%, with a 9.6% rate of post-embolization splenectomy
and a complication rate of 24.9% (including 5.7% splenic infarction and 3.2% rebleeding).
Embolization was performed proximally (46.6%), distally (28.8%), or with a combined
approach (24.6%). No significant correlation was found between embolization technique
and splenectomy rate. Patients with AAST grade III injuries benefited from SAE with high
technical success and low failure rates. Notably, 14.2% of patients underwent angiography
despite negative CT, with a splenectomy rate of 10% in this subgroup. Multivariate analysis
identified no independent predictors of splenectomy. Conclusions: SAE is a reliable and
effective tool in the management of blunt splenic trauma, achieving high splenic salvage
rates even in selected grade III injuries and CT-negative patients. In an era of precision
medicine, interventional radiology should be regarded as a distinct and specific treatment

J. Pers. Med. 2025, 15, 420 https://doi.org/10.3390/jpm15090420
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modality, comparable to surgery, rather than being merely included within non-operative
management (NOM).

Keywords: splenic trauma; splenic artery embolization; non-operative management;
interventional radiology; AAST grading; splenic salvage; trauma management

1. Introduction

Splenic trauma is one of the most common intra-abdominal injuries encountered in
blunt trauma cases, with the spleen being the most frequently affected solid organ. Over the
past decades, the management of splenic trauma has significantly evolved, shifting from an
exclusively surgical approach to a predominantly non-operative management (NOM) strat-
egy. This transition has been driven primarily by a deeper understanding of the spleen’s
immunological functions and the associated risks of splenectomy, notably overwhelming
post-splenectomy infections (OPSIs). Consequently, splenic artery embolization (SAE) has
become a crucial adjunctive procedure in NOM, enhancing the preservation of the spleen
in hemodynamically stable patients, particularly those with high-grade injuries [1,2].

According to the latest guidelines from the World Society of Emergency Surgery
(WSES), SAE is recommended in patients with AAST grade III-V splenic injuries who
are hemodynamically stable or transient responders [3]. Previous studies have consis-
tently demonstrated that SAE significantly reduces the need for surgical intervention while
maintaining high rates of splenic salvage. Despite widespread adoption, considerable
variability persists in clinical practice, particularly regarding embolization techniques [4,5].
Distal SAE is usually indicated for focal vascular injuries, such as pseudoaneurysms and
active extravasation, whereas proximal SAE aims primarily to reduce arterial pressure
and facilitate hemostasis without inducing extensive infarction, relying on collateral cir-
culation to maintain splenic viability. Nonetheless, there remains an ongoing debate as to
whether proximal embolization should be routinely performed in AAST grade IV injuries
or selectively applied in grade III cases [6-8].

In Italy, clinical practice regarding SAE in splenic trauma appears to be heterogeneous,
and assessing a realistic national splenectomy rate is currently challenging due to the lack of
readily accessible and centralized data, which stems from the absence of a national trauma
registry dedicated to interventional procedures. Therefore, evaluating real-life outcomes
and identifying common practice patterns through multicenter Italian data is essential. This
multicenter, retrospective observational study aims to provide a comprehensive analysis
of SAE across several major Italian trauma centers, specifically assessing embolization
techniques, clinical outcomes, and factors influencing the rate of splenectomy. By presenting
real-world evidence from diverse Italian centers, this study seeks to establish a baseline
understanding of current clinical practice, highlight critical trends, and contribute valuable
data for future standardization efforts and optimization of SAE protocols at a national
level.

2. Materials and Methods
2.1. Patient Selection and Data Collection

All patients who underwent emergency SAE following blunt abdominal trauma be-
tween January 2019 and December 2021 were included in this study. This study focused on
patients who underwent SAE for blunt splenic trauma; individuals managed with primary
splenectomy or other non-interventional approaches were not included, as they were out-
side the scope of the analysis. The cohort was composed of consecutive patients from 11
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Italian trauma centers, identified in the Author Affiliations Section. Table 1 summarizes
the distribution of patients and key demographic characteristics across the participating
centers. Each center contributed retrospectively collected cases managed with emergency
SAE between January 2019 and December 2021, using a standardized data collection pro-
tocol. The study period (January 2019-December 2021) was chosen to ensure a uniform
retrospective data window across participating centers, allowing complete in-hospital
outcome assessment. All submitted data were centrally curated at the coordinating cen-
ter (A.O.R.N. A. Cardarelli, Naples). Manual verification was performed to identify and
correct inconsistencies, missing values, or outliers through direct communication with
participating centers prior to analysis. The data collection period spanned from January
2019 to December 2021. Data curation and quality control were performed between early
2022 and mid-2023, followed by statistical analysis and manuscript drafting. The final
submission of the study occurred in 2025. Data collected included patient age, sex, trauma
date, angiography date, and time elapsed between trauma and embolization. A stan-
dardized Excel-based data collection form was distributed to each participating center to
ensure uniformity (Supplementary Table S1). Centralized curation of data was performed,
including manual verification of outliers and correction of any missing or implausible
values prior to analysis.

Table 1. Distribution of patients and demographic characteristics across the 11 participating centers.
The order of centers does not reflect relative importance but follows the order of appearance of author
affiliations in the manuscript.

Mean Age + SD

Institution N. Patients Male  Female
(Years)

Interventional Radiology Department—AORN “A. Cardarelli”, Naples 49 46 4- 20 36 12
Interventional Radiology Unit—Sant’ Andrea Hospital of Rome, Rome 8 59 +22 3 5
UO Interventional Radiology—A.O.U.P, Pisa 26 47 £ 20 18 8
Radiology Unit—A.O.C. Policlinico di Bari, Bari 9 57 £15 8 1
Department of Radiology—AAST Papa Giovanni XXIII, Bergamo 24 43 +24 19 5
Radiology Unit, Morgagni-Pierantoni Hospital—AUSL Romagna, Forli 48 51 £21 21 26
Department of Diagnostic Imaging, Oncologic Radiotherapy and
Hematology—“Fondazione Policlinico Universitario Agostino Gemelli 17 56 +21 12 5
IRCCS”, Roma
Department of Diagnostic Imaging and Interventional Radiology—City 36 43419 o7 9
of Health and Science University Hospital—University of Turin, Turin
Interventional Radiology Unit—ASST Santi Paolo Carlo, Milano 9 49 £ 27 6 3
Radlol,(l)gy Umjc 1—University Hospital Policlinico “G. Rodolico-San - 49 4+ 22 4 1
Marco”, Catania
Diagnostic and Interventional Radiology Unit—Maggiore Hospital “C. 48 46 + 20 36 12

A. Pizzardi”, Bologna

2.2. Radiological and Procedural Parameters

All patients underwent contrast-enhanced computed tomography (CT) prior to digital

subtraction angiography (DSA). The presence of vascular injuries, such as active contrast
extravasation or pseudoaneurysm, was classified as either present or absent. Splenic injury
severity was assessed according to the 2018 AAST grading system. Hemoperitoneum was
categorized as grade I (localized, e.g., perisplenic, perihepatic, Morrison’s pouch), grade
I (extension to paracolic gutters), or grade III (pelvic involvement). SAE was classified
according to the embolization site as proximal, distal, or combined. Embolic materials
were documented and included pushable or detachable coils (0.035” or 0.018"), vascular
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plugs, gelatin sponge (Spongostan), glue, and polyvinyl alcohol (PVA) particles. However,
data concerning embolic materials were highly heterogeneous, reflecting significant vari-
ability among centers due to differing local expertise. Therefore, an accurate and detailed
evaluation of embolic materials was not feasible in this analysis. Due to this heterogeneity
and lack of standardized protocols, embolic materials were excluded from comparative
outcome analysis.

2.3. Outcome Definitions

Technical success was defined as the absence of vascular lesions or active bleeding at
the post-embolization angiographic control. Complications were classified according to
the Cardiovascular and Interventional Radiological Society of Europe (CIRSE) guidelines
and included splenic infarction, rebleeding, splenectomy, and non-target embolization [9].
Splenectomy was defined as any surgical removal of the spleen following embolization,
with the time from embolization to surgery recorded in hours.

2.4. Statistical Analysis

Descriptive statistics, including the mean, standard deviation (SD), median, interquar-
tile range (IQR), and proportions, were calculated for all demographic, clinical, radiological,
and procedural variables. Relationships between embolization techniques and clinical
outcomes were evaluated using Chi-square or Fisher’s exact tests for categorical variables
and Mann-Whitney U tests for non-parametric continuous data, due to the non-normal
distribution and small group sizes in several cases.

Logistic regression analysis was performed to identify potential predictors of splenec-
tomy, which represented the main clinical outcome of interest. Independent variables were
selected based on clinical relevance and preliminary univariate analyses and included
AAST grade, embolization type, presence of vascular injury at CT and DSA, and time
from trauma to embolization. Multivariate logistic regression was performed using a
complete-case analysis approach: patients with missing values for any of the variables
included in the model were excluded from this part of the analysis.

Given the limited number of splenectomy events, a sensitivity analysis was addi-
tionally performed using Firth’s penalized logistic regression to account for potential
small-sample bias and sparse data structure. This approach improves the reliability of
estimates in the context of low event rates. The results of this penalized model are presented
in Supplementary Table S2.

All statistical analyses were performed using Python 3.9.7 (libraries: Pandas, SciPy,
Statsmodels). A p-value < 0.05 was considered statistically significant.

3. Results
3.1. Patient Population

A total of 281 patients from 11 Italian centers were analyzed. The mean age was 41.3
+ 17.8 years, with a predominance of males (75.4%). The median time from trauma to
embolization was 8.5 h (IQR 4.0-17.8), indicating timely management in most cases. In a
minority of cases (1 = 2), embolization was performed more than 72 h after trauma due
to delayed complications such as secondary bleeding. These cases were retained in the
analysis as they represent real-life clinical scenarios. A comprehensive summary of the
demographic and clinical variables is provided in Table 2.
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Table 2. Cumulative summary table of study population.

Parameter Value
Total number of patients 281

Mean age + SD (years) 413 +17.8
Male/Female 191/90
Mean time trauma to embolization (h) £ SD 35.7 £ 80.4
Range of time trauma to embolization (h) 0.5-600.0

2: 30 (10.7%);
3: 61 (21.7%);
4: 176 (62.6%);
5: 14 (5.0%)

AAST grade distribution (I1I-V)

Embolization type distribution P: 161 (57.3%);
P = proximal embolization; D = distal embolization; C = combined D: 84 (29.9%);
proximal and distal embolization C: 36 (12.8%)
Number of complications 70 (24.9%)
Number of splenectomies 27 (9.6%)

3.2. Injury Severity and Imaging Findings

According to the 2018 AAST classification, injury distribution was as follows: grades
I-1I: 13 (4.6%); grade III: 53 patients (18.9%); grade IV: 149 (53.0%); grade V: 66 (23.5%). Base-
line CT identified vascular injuries in 217 (77.2%) cases, whereas angiography confirmed
vascular injuries in 256 patients (91.1%). Forty patients (14.2%) underwent embolization
despite negative CT findings but had positive DSA results, predominantly among low-
grade injuries (AAST I-III). These findings support the role of DSA as a complementary
diagnostic tool in cases where CT findings are inconclusive, especially in hemodynamically
stable patients with ongoing clinical suspicion.

3.3. Embolization Technique and Procedural Details

SAE was categorized as proximal (131 patients, 46.6%), distal (81 patients, 28.8%), and
combined proximal-distal (69 patients, 24.6%). The technical success rate was 100%, defined
as complete vascular lesion exclusion at post-embolization DSA. Table 3 summarizes the
complication distribution and splenectomy rates.

Table 3. Distribution of complications and splenectomy rates according to embolization technique.

Embolization Type gg:?:nts Islffl:rllit:on Rebleeding Non-Target Embolization Splenectomy
Combined 36 2 2 2 1

Distal 84 8 9 0 10

Proximal 161 10 4 21 16

3.4. Post-Procedural Outcomes and Complications

A total of 70 patients (24.9%) experienced complications according to CIRSE clas-
sification. These included splenic infarction (16 cases, 5.7%), rebleeding (9 cases, 3.2%),
and non-target embolization (2 cases, 0.7%). Additionally, splenectomy was performed
in 27 patients (9.6%) due to clinical deterioration. However, splenectomy in this context
is not regarded as a procedural complication but rather as a failure of NOM, despite
technically successful embolization. No statistically significant association was found be-
tween embolization technique and splenectomy rate (p = 0.526) or between AAST grade and
splenectomy (p = 0.713), although grade V injuries trended toward higher splenectomy rates.
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3.5. Multivariate Analysis

Multivariate logistic regression analysis did not identify any statistically significant
independent predictors of splenectomy among the evaluated variables (AAST grade,
embolization type, presence of vascular injury at CT and angiography, and time from
trauma to embolization). However, patients with higher-grade splenic injuries (AAST IV-V)
showed a non-significant trend toward increased odds of requiring splenectomy compared
to those with lower-grade injuries (AAST I-1III) (odds ratio [OR] 2.11, 95% confidence
interval [CI] 0.93-4.38, p = 0.074). No relevant trends were observed for embolization
technique or timing. These findings are visually summarized in the forest plot presented in
Figure 1, which illustrates the odds ratios and confidence intervals for all variables included
in the regression model.

Predictors of Splenectomy - Logistic Regression
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&
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TIME FROM INJURY TO EMBOLIZATION (h)

PRESENCE OF VASCULAR LESION

i Eat ettt ettt

AAST GRADE {(2018)f ——e——

0 1 2 3 4
Log Odds Ratio (95% ClI)

Figure 1. Forest plot of logistic regression analysis showing independent predictors of splenectomy
after embolization in patients with blunt splenic trauma. The plot reports the OR and 95% CI
for each variable. Although proximal and distal embolization showed higher odds ratios in the
regression model, none of the variables—including embolization technique, AAST grade, time
to embolization, and presence of vascular lesion—reached statistical significance as independent
predictors of splenectomy. The dashed vertical line indicates the null value (OR = 1).

3.6. Subgroup Analysis

Of 40 patients with negative CT but positive angiographic findings, 34 (85%) had
AAST grade II-11II injuries, while 6 (15%) had high-grade (AAST IV) lesions. These patients
underwent angiography despite the absence of CT-evident vascular injury due to persistent
clinical suspicion, such as unexplained hemodynamic instability, hemoglobin drop, or
equivocal imaging findings. Four patients (10%) ultimately required splenectomy. The
embolization rate in this subgroup was comparable to that of CT-positive patients. The
AAST grade distribution within this subgroup is shown in Figure 2, highlighting the
diagnostic and therapeutic value of angiography in selected trauma cases with inconclusive
CT results.
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Figure 2. Distribution of AAST grades in the subgroup of patients with negative CT findings but
positive angiographic evidence of vascular injury (n = 40). The majority of patients had intermediate-
grade injuries (AAST III, 70%), while low-grade (AAST II) and high-grade (AAST IV) lesions were
less common, each accounting for 15% of the subgroup.

4. Discussion

This large multicenter study offers one of the most extensive real-life evaluations of
SAE in Italy to date, providing a robust overview of current interventional strategies for
blunt splenic trauma. The findings confirm the widespread adoption of SAE as an effective
adjunct to NOM in blunt splenic trauma, particularly for hemodynamically stable patients
with moderate-to-severe injuries (AAST grades III-V).

Our results highlight a 100% technical success rate and a relatively low rate of splenec-
tomy (9.6%), in line with previously published data. However, the overall complication
rate (24.9%)—including infarction, rebleeding, and splenectomy—emphasizes that SAE,
while minimally invasive, is not without risks. As noted in Rasuli et al., complications
may be underreported in some series, particularly infarction, which varies in incidence
depending on the embolization technique and extent [10].

The high frequency of splenic infarction observed after distal embolization should
not be interpreted as a traditional complication. The spleen’s terminal vascularization,
particularly at the segmental and subsegmental levels, makes focal infarction a predictable
outcome when performing superselective embolization. These areas are usually self-limited
and clinically silent, rarely requiring treatment [11,12].

Furthermore, several studies have shown that distal embolization, despite causing
partial infarction, is associated with preservation of overall splenic immune function. As
demonstrated by Foley et al., patients treated with both proximal and distal embolization
had significantly higher levels of circulating IgM memory B cells compared to splenec-
tomized patients, with a trend toward better immunologic preservation in the distal em-
bolization group [8-13]. This observation reinforces the concept that infarction of limited
parenchymal areas does not compromise the spleen’s immunological role and should not
be regarded as an adverse outcome.

In our study, splenectomy was not classified as a procedural complication of splenic
artery embolization, but rather as an outcome indicating failure of NOM, consistent with
the classification proposed in the WSES guidelines. According to these recommendations,
splenectomy following SAE is typically related to persistent or recurrent bleeding rather
than technical failure of the embolization procedure itself. This distinction is important to
accurately interpret SAE outcomes in real-world trauma settings [14].
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A notable aspect of our study was the inclusion of a subgroup of 40 patients who
underwent angiography despite the absence of vascular injury on CT. Among these, 85%
had intermediate-grade (AAST I-III) injuries, and yet 10% eventually required splenectomy.
This subgroup exemplifies a real-life clinical dilemma: persistent clinical signs (tachycardia,
hypotension, falling hemoglobin level) may prompt angiography even in the absence of ra-
diological evidence. This practice is supported by Yoo et al., who showed that embolization
in CT-negative but high-suspicion trauma patients may improve splenic salvage. Thus, our
findings advocate for a selective use of angiography in patients with incongruent clinical
and radiological profiles, especially when institutional expertise permits [15].

Another unresolved issue remains the indication for SAE in AAST grade III injuries.
While WSES guidelines endorse SAE for grades III-V, many studies still limit embolization
to higher grades or clear evidence of vascular injury. Our study included 53 patients with
grade III injuries, of whom a substantial number underwent embolization—either due
to CT-positive vascular findings or clinical suspicion. Notably, this subgroup achieved
high technical success and low splenectomy rates, suggesting that SAE may be a valid
therapeutic option even in selected grade III injuries. However, this remains controversial:
some authors, like Gasparetto et al. argue that embolization in AAST III should be reserved
for cases with contrast blush or pseudoaneurysm, while others, such as Tidadini F et al.,
support a more liberal approach to prevent delayed bleeding [16,17]. This variability
underscores the need for individualized decision-making based on hemodynamic status,
imaging, and institutional experience.

Moreover, multivariate analysis in our cohort did not identify statistically significant
predictors of splenectomy. Nevertheless, a trend toward increased odds of splenectomy
in higher AAST grades was observed, aligning with findings from the literature [18,19].
Embolization type did not influence outcomes, suggesting that technique selection may
reflect anatomical and operator factors rather than efficacy [1,20].

Our results are in line with those reported by Gill et al. [21], who confirmed the safety
and efficacy of SAE in a Level 1 trauma center setting, with similar splenic salvage rates and
complication profiles. Likewise, Lin et al. [22] provided further evidence on the equivalence
of proximal, distal, and combined embolization approaches in terms of clinical outcomes,
supporting the flexibility of SAE technique selection in real-world trauma care.

The limitations of this study include its retrospective design, heterogeneity in em-
bolization technique and material across centers, and lack of long-term follow-up regarding
immunological outcomes or late complications. However, the large sample size, multicen-
ter nature, and inclusion of real-life data provide a valuable contribution to the ongoing
debate on optimal SAE strategies in blunt splenic trauma.

In conclusion, our experience demonstrates that splenic artery embolization—
particularly when tailored according to vascular injury patterns—is a reliable and effective
strategy in the non-operative management of blunt splenic trauma. Its clinical efficacy and
safety profile render it comparable to surgical treatment in selected cases, especially in
high-grade injuries (AAST grade III and above), which traditionally posed significant man-
agement challenges. In light of these results, future guidelines should adopt a three-tiered
approach to splenic trauma treatment: (1) NOM, (2) interventional radiological treatment,
(3) surgical intervention. In an era of precision medicine, recognizing interventional ra-
diology (IR) as a distinct and primary therapeutic option is crucial to optimize outcomes,
reduce unnecessary splenectomies, and preserve organ function in trauma patients. This
perspective is increasingly reflected in current trauma management frameworks. The latest
WSES guidelines explicitly recommend SAE as a first-line treatment in hemodynamically
stable patients with high-grade splenic injuries (AAST III-V) or signs of vascular injury.
Similarly, the Eastern Association for the Surgery of Trauma (EAST) and Advanced Trauma
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Life Support (ATLS) guidelines incorporate embolization into the standard algorithm for
blunt splenic trauma [3,23,24]. These positions support the view that IR should be re-
garded as an autonomous pillar—alongside conservative and surgical approaches—within
a modern, tiered treatment strategy for splenic trauma.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jpm15090420/s1, Table S1: Data collection grid; Table S2: Results
of Firth’s penalized logistic regression.
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Abstract: Background: Abdominal wall endometriosis (AWE) is a rare but debilitating
condition, often occurring in surgical scars after Caesarean sections. It is characterized by
cyclic pain and a palpable mass, significantly impacting patients’ quality of life. Traditional
treatments, including hormonal therapy and surgery, have limitations, prompting interest
in minimally invasive techniques such as cryoablation. This study evaluates the efficacy
and safety of percutaneous image-guided single-probe cryoablation using liquid nitrogen
for symptomatic AWE. Purpose: To evaluate the effectiveness and safety of percutaneous
image-guided single-probe cryoablation using liquid nitrogen in treating symptomatic
AWE lesions, with a primary objective to assess pain relief using the Visual Analog Scale
(VAS). Materials and Methods: This retrospective, single-center study included 14 patients
(23 lesions) treated with percutaneous cryoablation between September 2022 and April
2025. Clinical, imaging (MRI and ultrasound), and procedural data were analyzed. Pain
scores (VAS scale) were assessed before treatment and at 3-month follow-up. Hydro-
and/or carbo-dissection were used to protect adjacent structures. Response to treatment
was evaluated with MRI and clinical follow-up. Statistical analysis was performed using
median, range, and percentage calculations, with comparisons made using the Mann-—
Whitney test. Results: A total of 23 AWE lesions were treated in 14 patients (mean
age: 39.6 years). The median lesion volume was 3546 mm?3, with a range from 331 mm3
(8 x 4.6 x 9 mm) to 45,448 mm? (46 x 26 x 38 mm). Most of the lesions were located in the
muscle (69.6%, n = 16), while 17.4% (n = 4) involved both muscle and subcutaneous tissue,
and 13.0% (n = 3) were purely subcutaneous. Among the 23 treated lesions, 8.7% (1 = 2)
appeared as purely hemorrhagic, 13.0% (1 = 3) as fibrotic, and 78.3% (1 = 18) were classified
as mixed, based on imaging characteristics. Procedures were performed under general
anesthesia in 65% of cases and under sedation in 35%. Hydrodissection was used in 48%
of lesions, carbo-dissection in 4%, and combined hydro—carbo-dissection in 26%. A single
13G cryoprobe was used in 83% of cases, and a 10G probe in 17%. The median ablation
time was 15 min (range: 6-28 min), and the median total procedure time was 93 min (range:
22-240 min). Pain scores significantly decreased from a median of 8/10 (range: 6-10)
before treatment to 0/10 (range: 0-2) at follow-up (p < 0.0001). MRI follow-up confirmed
complete coverage of the ablation zone and disappearance of hemorrhagic inclusions in
all cases. Two patients (14%) required re-treatment, both with satisfactory outcomes. No
peri- or post-procedural complications were observed, and no visible scars were noted.
Conclusions: Percutaneous cryoablation using a single probe with liquid nitrogen is a safe
and effective treatment for AWE, offering significant pain relief, minimal morbidity, and
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excellent cosmetic outcomes. It should be considered as part of multidisciplinary care.
Further prospective studies with longer follow-up are warranted to confirm these findings.

Keywords: endometriosis; abdominal wall endometriosis; cryoablation; interventional
radiology; single-probe; liquid nitrogen; pain

1. Introduction

Endometriosis is a chronic inflammatory condition that primarily affects young active
women, particularly during their reproductive years, regardless of race or number of
pregnancies. It is a leading cause of persistent pelvic pain, can significantly impact fertility,
and adversely affects quality of life [1].

Abdominal wall endometriosis (AWE) is most commonly associated with surgical
scars particularly following Caesarean sections. It is not always associated with deep pelvic
endometriosis and often presents as an isolated condition. Patients typically experience
cyclical symptom fluctuations, including pain and a palpable lump of the abdominal wall.
Imaging techniques such as ultrasound and MRI are valuable tools for confirming the
diagnosis [2-5].

Traditional treatment options for AWE to alleviate symptoms have been limited
to hormonal therapies and extensive surgical interventions. However, recent studies
have explored minimally invasive techniques to provide more localized symptom control.
Cryoablation, in particular, has shown promise as a new treatment for AWE lesions, with
favorable outcomes and low morbidity [6]. The visibility of ice formation on imaging allows
for personalized treatment tailored to the size of the lesion and minimizes complications.

This single-center retrospective study aimed to assess the effectiveness and safety of
percutaneous image-guided cryoablation with liquid nitrogen in treating symptomatic
AWE. Our primary objective was to assess pain relief using VAS.

2. Materials and Methods

This observational, retrospective, monocentric non-interventional study was con-
ducted between September 2022 and April 2025, involving 14 patients treated with single-
probe percutaneous cryoablation using liquid nitrogen.

The study titled “Efficacy and Safety of Percutaneous Single Probe Cryoablation
Using Liquid Nitrogen in the Treatment of Abdominal Wall Endometriosis” (ESCAWE)
received a favorable opinion from the Institutional Review Board (Interface Recherche
Bioéthique) of CHU Nimes on 20 May 2025 (IRB Study Code: 25.05.01; Ref. No.: 35). The
study is conducted in compliance with the General Data Protection Regulation (GDPR)
and the French reference methodology MR004. All applicable ethical standards were
adhered to, and an information and non-opposition note was provided in accordance with
national regulations. Patients are free to refuse participation in the study after reviewing
the information letter.

Patients are referred to us by their gynecologist or midwife. In some cases, the nodule
is incidentally discovered on a pelvic MRI performed for the evaluation of pelvic pain. Our
diagnostic radiology colleagues refer the patients to us, while also involving the hospital’s
gynecologists in the care pathway, and the choice to perform cryotherapy is made in a
joint decision.

Patients were primarily selected for treatment due to pain, which was often described
as severe. In rare cases, although the nodule was not painful, patients requested treatment
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either because they could feel a palpable mass or wished to discontinue hormonal therapy:.
For the purpose of this study, only patients treated for painful nodules were included.

Retrospectively, relevant demographic and clinical data were collected from medical
records, prior consultations, procedural reports, and post-procedure follow-up at 3 months.

All patients underwent pelvic MRI using T2-weighted sequences, T1 gradient-echo
multi-echo MR sequences (Dixon), diffusion-weighted sequences, and post-contrast T1-
weighted sequences. The size, location (e.g., Caesarean scar, intramuscular, subcutaneous
fat, peritoneal), and number of AWE target lesions were described. The lesion type (fi-
brotic, hemorrhagic, or mixed) was assessed based on MRI signal characteristics and post-
contrast enhancement.

All patients were seen in consultation with an expert interventional radiologist, who
evaluated pain using the VAS scale. Ultrasound was used to assess the accessibility of
target lesions. Personalized treatment plans and potential complications were discussed
during this consultation.

Written informed consent was obtained from all patients.

The approach to personalization primarily relied on procedural adaptation—including
anesthesia choice, cryoprobe gauge, dissection techniques, and image guidance methods—
based on lesion shape and size, location, patient anxiety, and imaging accessibility.

The novelty lies in the use of a single-probe cryoablation system. Indeed, this system
enables us to go up to 4 cm iceball size, and we could relocate the cryoprobe to treat even
bigger lesions.

Procedures were performed under general anesthesia or under sedation combined
with local anesthesia. We are fortunate to collaborate daily with anesthesiologists in our
operating room. Anesthesia protocols may vary between practitioners, and no standardized
protocol is currently in place.

Before the treatment, the lesion was identified and measured under US guidance.
Probe gauge (10G or 13G) was chosen depending on the lesion size and shape (two iceball
shapes are available, round and elliptic). Hydro- and/or carbo-dissection were employed
to protect the adjacent organs (digestive loops, bladder, nerves) and skin if they were at
risk, using Chiba needles, placed under US or CT guidance.

We then performed freeze/passive thaw/freeze/active heat cycles, with equal dura-
tion of freeze and passive thaw cycles, depending on the size of the lesions and following
the manufacturer’s charts. The iceball was monitored all along the procedure under imag-
ing guidance, and margins were assessed at the final control. Sometimes, probe relocation
was needed if the nodule was too big.

Postoperatively, all patients were discharged the same day from the day hospital
with well-controlled pain. A sick leave of 3 to 5 days was prescribed, along with nons-
teroidal anti-inflammatory drugs (NSAIDs), level 1 analgesics, antiemetics, oral hydration,
and laxatives if needed for constipation. Opioids were not required postoperatively for
pain management.

Four to six weeks post-procedure, all patients underwent an MRI scan to evalu-
ate for residual AWE lesions and potential complications. Pain and patient satisfaction
were assessed during follow-up consultations at 3 months using the VAS scale and the
aesthetic outcome.
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Statistical analysis was performed using median, range, and percentage calculations,
with comparisons made using the Mann-Whitney test. It was conducted with Microsoft
Excel (Microsoft Corporation, Version 16.97.2).

This study was conducted for academic, non-profit purposes.

3. Results

The final sample consisted of 14 patients, with a mean age of 39.6 years, and a total
of 23 ablated lesions. The median lesion volume was 3546 mm?, with a range from 331
mm? (8 x 4.6 x 9 mm) to 45,448 mm? (46 x 26 x 38 mm). Of the lesions, 69.6% (1 = 16)
were located in the muscle, 17.4% (n = 4) involved both muscle and subcutaneous tissue,
and 13.0% (n = 3) were purely subcutaneous. Among the 23 treated lesions, 8.7% (n = 2)
were purely hemorrhagic, 13.0% (n = 3) were fibrotic, and 78.3% (n = 18) were classified as
mixed, based on imaging characteristics. The hemorrhagic and mixed lesions displayed
“powder burn” characteristics, appearing bright on T1 fat-saturated sequences (Figure 1).

(b)

Figure 1. AWE on Caesarian section scar, developed in the subcutaneous fat without skin involve-
ment, invading the underlying muscle, note the fibrous hyposignal on T2 WI (a,b) and hemorrhagic
spots on T1 Water DIXON sequence (c,d).
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Patient characteristics and lesion details are summarized in Table 1.

Table 1. Patient characteristics and lesion details.

Number of Patients 14
Total Number of Lesions 23
Median Age 39 years

3546 mm?3, with a range from 331 mm?3

Median Lesion Volume and Range (8 x 4.6 x 9 mm) to 45,448 mm?>
(46 x 26 x 38 mm).

- Mixed (n = 18)
Imaging Characteristics - Hemorrhagic (n = 2)
- Fibrotic (n = 3)

- Rectus abdominis muscle (n = 16)
- Subcutaneous fat (n = 3)
- Combined rectus abdominis +
subcutaneous fat (n = 4)

Lesion Locations

The diagnosis of AWE was made based on clinical and imaging findings alone (US and
MRI), which are both considered highly suggestive according to our experience and the
literature. Therefore, no preoperative biopsy was performed for histological confirmation.

All patients were treated on an outpatient basis and were discharged the same day.

The treatment was performed under general anesthesia in 65% of cases (1 = 15) and
under sedation in 35% (n = 8). Hydrodissection was used in 48% of lesions (1 = 11), carbo-
dissection in 4% (n = 1), and hydro—carbo-dissection in 26% (1 = 6) to protect the digestive
loops adjacent to the abdominal wall. Additionally, hydrodissection was used in 61% of
cases (n = 14) to protect the skin in superficial endometriotic lesions (Figure 2).

A single 13G cryoprobe was used in 83% of cases (n = 19), and a 10G cryoprobe
was used in 17% (n = 4). The procedure was guided by ultrasound alone in 13% of cases
(n = 3), and by both CT and ultrasound in the remaining 87% (n= 20) to ensure accurate
needle placement and iceball monitoring (Figure 3). Freeze—thaw—freeze cycles with active
heating were applied, with a median ablation time of 15 min (range: 6-28 min), and a
median total procedure time of 93 min (range: 22-240 min)

Two patients (14%) required re-treatment using the same modality. One was treated
for persistent pain and a residual lesion on MRI, and the other for a new symptomatic
AWE lesion occurring 13 months after the initial treatment. Both experienced satisfactory
outcomes following re-treatment.

Pain significantly decreased from a median of 8/10 (range: 6-10) pre-procedure to
0/10 (range: 0-2) at last follow-up. A Mann-Whitney U test comparing VAS scores before
and after cryoablation (1 = 19) showed a statistically significant reduction in pain, with a
p < 0.0001. The MRI follow-up showed accurate targeting of the ablation zone, with
complete coverage of the endometriotic nodule and disappearance of the hemorrhagic
inclusions (Figure 4).
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Figure 2. Examples of protection techniques used to prevent damaging adjacent structures (skin
and bowel): hydrodissection (a) or carbo-dissection (b,c) are performed after Chiba needle place-
ment between the iceball and the sensitive organs to protect the bowel, and hydrodissection of the
subcutaneous fat (d) to protect the skin.

(a) (b)

Figure 3. Cont.
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(c) (d)

Figure 3. Hypoechoic nodule of the rectus abdominis muscle (a) corresponding to AWE lesion.
Cryoablation single-probe placement (b) and iceball monitoring under US guidance (c¢). Chiba
Needle insertion under US guidance and Hydrodissection of the skin (d).

(a) (b)

Figure 4. Pre- (a) and post-cryoablation (b) MRI, contrast-enhanced T1 FS WI. On post-treatment
MRI, we can notice the full coverage of the AWE lesion and an inflammatory rim enhancement,
corresponding to a good imaging and clinical outcome.

4. Discussion

Abdominal wall endometriosis (AWE) is a rare manifestation of endometriosis, char-
acterized by the presence of endometrial tissue within the abdominal wall, often at sites
of previous surgical intervention. The incidence of AWE varies, with reports ranging
from 0.03% to 3.5% among women undergoing abdominal surgeries, particularly cesarean
sections [7].

Clinically, AWE typically presents as a palpable mass at or near surgical scars, ac-
companied by cyclic pain that correlates with the menstrual cycle. Patients often report
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localized discomfort or swelling in the affected area, which intensifies during menstruation.
This pattern is considered pathognomonic for AWE [8].

The pathogenesis of AWE is believed to involve the direct implantation of endometrial
cells into the abdominal wall during surgical procedures. These cells can proliferate and
establish ectopic endometrial tissue, leading to the formation of endometriomas [7].

Given its rarity, AWE is frequently misdiagnosed, leading to significant diagnostic de-
lays that can profoundly affect patients’ psychological well-being. On average, individuals
with endometriosis experience a diagnostic delay of approximately 8.6 years, which may
lead to significant psychological distress, including anxiety and depression, as patients
struggle with chronic pain and the lack of a definitive diagnosis [1].

In our cohort, one patient suffered from a diagnostic delay of 3 years since the onset
of symptoms.

Abdominal wall endometriosis (AWE) presents with distinct imaging characteristics
across various modalities, aiding in accurate diagnosis.

Ultrasound is often the first-line imaging modality for evaluating AWE. Lesions typi-
cally appear as solid, hypoechoic masses near surgical scars, such as those from cesarean
sections. These masses may exhibit irregular or spiculated margins and can show vascular-
ity on Doppler imaging. Occasionally, cystic changes are observed within the lesions [2].

CT imaging may reveal soft-tissue masses within the abdominal wall, often located
near surgical scars. These masses can have irregular borders and may infiltrate adjacent
tissues. However, CT is less specific than US and MRI for characterizing soft-tissue lesions
like endometriosis [9].

MRI provides superior soft-tissue contrast, facilitating detailed assessment of AWE.
Typically, on TIWI, lesions often exhibit hyperintense signals due to hemorrhagic content.
On T2WI, lesions may show hypointense or heterogeneous signals, reflecting varying
stages of hemorrhage and fibrosis. On contrast-enhanced T1IWI, AWE lesions often exhibit
enhancement reflecting vascularized endometrial tissue. This enhancement is variable and
may not distinctly differentiate AWE from other benign or malignant processes. On DWI,
AWE lesions can show hyperintensity with corresponding hypointensity on ADC maps,
indicating restricted diffusion. This restriction is attributed to the dense cellularity and
fibrotic components of the lesions. The mean ADC value of AWE has been reported as
0.93 x 1073 mm?/s. These MRI characteristics are instrumental in differentiating AWE
from other soft-tissue masses [3-5].

In our cohort, the imaging findings (US and MRI) matched the semiological features
described in the literature.

In summary, integrating clinical history with imaging findings—such as hypoechoic
masses on US and hyperintense signals on TIWI MRI—enhances the diagnostic accuracy
for AWE. Thus, no pre-procedural biopsy was needed to confirm the diagnosis of AWE
lesions in our patient cohort.

Cryoablation offers notable advantages over other ablative techniques in treating soft-
tissue masses, including abdominal wall endometriosis (AWE), particularly concerning
pain mitigation and aesthetic outcomes.

Indeed, cryoablation allows for precise visualization of the ablation zone. The ice-
ball formed during the procedure is clearly delineated on imaging modalities such as
ultrasound, CT, and MRI. This real-time monitoring facilitates accurate targeting and
preservation of surrounding healthy tissues [10].

Furthermore, the cooling effect of cryoablation exerts an anesthetic property, leading
to less procedural pain compared to heat-based methods like radiofrequency ablation (RFA)
or microwave ablation (MWA). This often enables the use of local anesthesia and moderate
sedation instead of general anesthesia [11]. In our cohort, both general anesthesia and
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sedation were used. The choice is adapted to each situation and depends on the evaluation
of the radiologist, considering multiple parameters as the number and size of the lesions,
the anxiety of the patient, and the complexity of the procedure.

Furthermore, Cornelis et al. reported that cryoablation led to substantial pain reduc-
tion and tumor size decrease in soft-tissue tumors, with a low incidence of severe adverse
events [12]. In our study, pain decreased significantly from a median of 8/10 (range: 6-10)
pre-procedure to 0/10 (range: 0-2) at last follow-up with p < 0.0001, and no peri- or post-
operative adverse events were observed. These data confirm the efficacy and the safety of
this technique.

Enhanced aesthetic outcomes are another advantage of percutaneous cryoablation. By
minimizing damage to adjacent tissues and reducing inflammatory responses, cryoabla-
tion is associated with superior cosmetic results. This is particularly beneficial in treating
superficial lesions where aesthetic considerations are paramount in a young female popula-
tion [12,13]. In our patient cohort, no visible scar was observed.

One disadvantage of cryoablation is its longer procedural duration compared to
microwave ablation (MWA) and radiofrequency ablation (RFA), as it requires at least two
freeze cycles and one thaw cycle to achieve effective tissue destruction. This prolonged
treatment time may be a consideration in clinical decision-making, particularly for larger
lesions [14]. However, the small size of AWE lesions and the use of a single-probe technique
minimize the impact of this longer treatment time. The median total procedure time in
our cohort was 93 min, including patient setup and anesthesia time, which seems to be a
reasonable duration.

Considering the cost-effectiveness of cryoablation as an alternative to surgical excision
for treating AWE, although the initial expense of cryoprobes is relatively high, the overall
cost of cryoablation can be lower than that of conventional surgery, depending on the
country and the structure. A study comparing percutaneous cryoablation to surgery
for extra-abdominal desmoid tumors—a condition with similarities to AWE—found that
cryoablation resulted in cost savings, primarily due to reduced hospital stays and lower
complication rates [15].

Single-probe cryoablation using liquid nitrogen adds another advantage to the tech-
nique compared to other cryoablation devices, as it is more cost-effective than those
using Argon or Helium gas due to the large expense associated with their purchase and
storage [14,16].

In the context of AWE, cryoablation has demonstrated similar effectiveness to surgery,
with additional benefits such as shorter hospitalization and fewer complications. A study
reported that patients undergoing cryoablation had a median hospital stay of 0.8 days com-
pared to 2.8 days for those who underwent surgery. Additionally, 23.1% of surgical patients
(3 out of 13 patients) experienced severe complications, whereas no severe complications
were observed in the cryoablation group [12]. However, larger surgical studies report lower
complication rates [17]. In our study, all patients were treated on an outpatient basis.

These factors contribute to the cost-effectiveness of cryoablation, offsetting the higher
initial cost of cryoprobes and making it a financially viable option for AWE treatment.

In summary, cryotherapy treatment of parietal endometriosis lesions is planned in
a personalized manner for each patient preoperatively, based on imaging characteristics
(number, size, location, adjacent structures at risk) and the patient’s profile. The final
outcome is scar-free with significant clinical improvement, particularly regarding painful
symptoms. These results confirm what has been reported in the literature about inter-
ventional radiology treatment of parietal endometriosis and reinforce the idea of moving
toward less invasive, more precise medicine tailored to each situation.
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Table 2 summarizes the findings of our study and the results of other published studies
on cryoablation and/or surgery for AWE.

Table 2. Comparison between our study findings and other published studies on cryoablation or

surgery for AWE.
. Symptom- Pain . .
Study Treatm.ent Patients (1) Median Free Rate at Reduction Aesthetic Complications Hospital Recurrence
Modality Follow-Up FU (VAS) Outcome Stay Rate
Touimi Cryoablation No visible 14%
Benjelloun (single probe, 14 (23 lesions) 3 months 86% (12/14) 8—0 scar None Outpatient @ /12)
etal., 2025 liquid N2)
22.5 months Sgﬁ.vci:}i};l:b 0% 149
Maillot . 7 cryoabla- for cryoab- 66.7% . o cryoablation/ 0.8 d cryoab- N
etal., 2017 Cryosabrlatlron tion/13 lation/ cryoablation/ NR latlogl/ 6: & 23% surgery lation/2.8 d tci:r};lc;z;b;%/-
[12] vs. surgery surgery 54 months 92% surgery aesthetic (severe (surgery) on/ 7 s %
P sequels: licati surgery
or surgery complications)
surgery
Dibble
etal., 2017 Cryoablation 3 2.5 months 2/3 patients 8—0 NR None Outpatient NR
[11]
9.5% mild
adverse events
Najdawi (skin burn);
etal., . o 2% severe . o
2023 Cryoablation 42 13.5 months 82.72% 8—0 NR adverse event Outpatient 9.5%
[18] (skin burn and
small bowel
injury)
Hasan et al 33% (1 hernia,
.y : 0,
2021 Surgical 30 38 months 100% (no VASNR NR 5 fWO‘.‘r‘d Not reported 0%
19] excision (mean) recurrence) infections,
4 bleedings)
Horton . 95% 4.3%
etal., 2008 S)L:crlgsllcoﬁ Alljsljlc()ig NR (symptom VASNR NR NR Notreported  (Range 0%
[20] relief) t029%)
Hematoma/
Pre-op: 85% seroma 10.8%;
Benedetto Sureical USf6t mo VAS <6, Incisional 3t036h
etal., 2022 urgica 83 atter NR 15% > 7; NR Hernia 2.4%; N 0%
excision surgery + ’ (mean 16 h)
[17] annual US post-op: (mostly >30 mm
NR lesions);

no major events

This study, however, has several limitations that must be acknowledged. First, it
is a retrospective, single-center study with a small sample size (14 patients, 23 lesions),
which limits the statistical power and generalizability of the findings. The absence of a
control group (e.g., surgical or medical management) prevents any direct comparison of
cryoablation with standard treatment options.

Second, the follow-up period was limited to 3 months, which is insufficient to assess
the long-term efficacy of cryoablation, recurrence rates, or durability of pain relief in a
chronic and often recurrent condition such as endometriosis. This is an additional limitation
of the retrospective study. In practice, patients return to their gynecologist for follow-up.
In the event of symptom recurrence, they either contact us directly or are referred back by
their gynecologist. A longer-term follow-up organized within interventional radiology is
necessary to determine sustained outcomes and potential delayed complications.

Third, pain assessment relied exclusively on the VAS scale, which, while practical,
remains subjective and susceptible to patient interpretation and reporting variability. No
standardized quality-of-life questionnaires or functional outcomes were included.

These limitations highlight the need for prospective, multicenter studies with larger co-
horts, standardized protocols, and longer follow-up to confirm the safety and effectiveness
of cryoablation in the management of AWE.
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5. Conclusions

In conclusion, percutaneous single-probe cryoablation using liquid nitrogen is an
effective and safe treatment for AWE, particularly for younger patients, offering low post-
operative morbidity and minimal adverse events. It is a viable alternative to traditional
surgery, which typically involves general anesthesia, large surgical excisions, and consider-
able aesthetic damage.

Treatment decisions should be discussed in a multidisciplinary setting involving
radiologists, interventional radiologists, and gynecologists. Future work should aim to
define a more robust framework for personalized treatment of AWE, including clinical
profiles, imaging features, and potentially biomarkers.

A 3-month follow-up is clearly insufficient to determine sustained outcomes in a
chronic and recurrent condition such as endometriosis. Further cross-sectional studies and
long-term follow-up organized within interventional radiology are necessary to fully assess
the long-term results of this modality.
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Abstract: Benign Prostatic Hyperplasia (BPH) is the most frequent cause of Lower Urinary Tract
Symptoms (LUTSs) in elderly populations. Minimally invasive treatments of BPH are safe and effec-
tive and are gaining popularity among both professionals and patients. Prostate Artery Embolization
(PAE) has proven to be effective in Trans-Urethral Resection of the Prostate (TURP) in terms of
prostate volume reduction and LUTS relief. PAE entails the selective catheterization of the prostatic
artery and later embolization of distal vessels with beads of various calibers. Universal consensus
regarding the ideal particle size is yet to be defined. We retrospectively evaluated 24 consecutive
patients (median age: 75 years; range: 59-86 years) treated with PAE at our institution from October
2015 to November 2022. Particles of different sizes were employed; 12 patients were treated with
40-120 pm particles, 5 with 100 pm, 5 with 100-300 pm and 2 with 250 um. Technical success, defined
as selective prostate artery catheterization and controlled release of embolizing beads, was achieved
in all patients. Removal vs. retention of the urinary catheter at the first post-procedural urological
visit was the main clinical objective. No major peri-procedural complications were recorded, with
56% of patients successfully removing the urinary catheter.

Keywords: Benign Prostatic Hyperplasia; Lower Urinary Tract Symptoms; Prostate Artery Embolization;
urinary catheter; interventional radiology

1. Introduction

Benign Prostatic Hyperplasia (BPH) represents a non-neoplastic condition character-
ized by aberrant cellular proliferation within the transitional zone (TZ) of the prostate
gland. The escalating prevalence and incidence of BPH have been robustly associated with
advancing age demographics [1]. Recent scholarly inquiries have delineated a panoply
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of modifiable risk factors intricately involved in the genesis of early-stage BPH. These
encompass serum dihydrotestosterone (DHT) concentrations, adiposity indices, glucose
homeostasis perturbations, dietary constituents, physical activity regimens, and inflamma-
tory mediators [1-4].

Autopsy-derived epidemiological data delineate a progressive increase in the preva-
lence of BPH with advancing age, standing at 8% in the fourth decade, escalating to 50%
in the sixth decade, and peaking at 80% in the ninth decade [1]. This condition presents
formidable clinical challenges, particularly as it predominantly afflicts elderly individu-
als burdened with a plethora of coexisting medical conditions [1]. BPH emerges as the
principal instigator of Lower Urinary Tract Symptoms (LUTSs), afflicting an estimated
70% of males beyond the age of 80 [5]. LUTS, characterized by their incapacitating nature,
exert a significant toll on the quality of life for those affected. The assessment of LUTS
impact commonly relies on the International Prostate Symptom Score (IPSS), a validated
tool employed to discern the extent of symptomatology’s intrusion into daily activities [6].

Acute Urinary Retention (AUR) stands out as the most critical complication associated
with BPH, constituting a life-threatening event that ensues in up to 10% of men aged
70-79 diagnosed with BPH [7,8].

AUR mandates immediate intervention to alleviate obstruction, typically through
catheterization, as its unmitigated progression poses a significant risk of precipitating acute
renal injury [9,10]. Symptomatic BPH engenders a diverse array of therapeutic strategies
for effective management.

In accordance with the guidelines set forth by the European Association of Urology
(EAU), initial interventions for LUTS attributed to BPH predominantly center on medical
interventions and lifestyle adjustments [11]. Implementation of straightforward behavioral
modifications, such as restricting evening fluid intake, holds promise in attenuating the
frequency of nocturia. Additionally, the avoidance of diuretic agents and incorporation of
pelvic floor exercises present viable strategies for mitigating urinary frequency, a pivotal
component of the IPSS [11].

The utilization of alpha 1-adrenoceptor antagonists («x1-blockers), either as monotherapy
or in conjunction with 5-alpha reductase inhibitors (5-ARlIs), stands as a cornerstone in
alleviating BPH-related symptoms [12]. However, in instances where primary interventions
prove inadequate or elicit intolerable adverse effects, surgical intervention becomes imperative.

According to the latest guidelines, transurethral resection of the prostate (TURP) re-
mains the gold standard surgical intervention for managing BPH [13-15]. TURP involves
the meticulous insertion of a resectoscope through the penile urethra, targeting the central
prostatic region responsible for symptomatic presentation. This procedure aims to effectu-
ate rapid de-obstruction. Both bipolar (b-TURP) and monopolar (m-TURP) techniques are
commonly employed and yield comparable outcomes in terms of symptom relief. However,
b-TURP often demonstrates superior efficacy and is associated with lower complication
rates, particularly in cases involving larger prostates [16,17].

Key complications reported with TURP encompass clot retention (2-5%), necessitating
post-procedure blood transfusions (0.4-7.1%), urinary tract infections (1.7-8.2%), and less
frequent occurrences of TUR syndrome (0-1.1%). TUR syndrome arises from the absorption
of electrolyte-free irrigating fluid and represents a potentially serious complication of the
procedure [18-21].

Notwithstanding the considerable success of TURP in managing BPH, the potential for
complications or contraindications has instigated the exploration of innovative, minimally
invasive therapeutic avenues.

The introduction of laser-based prostate enucleation techniques has emerged as a sig-
nificant development, notably featuring holmium laser enucleation of the prostate (HoLEP)
and thulium laser enucleation of the prostate (ThuLEP) as prominent modalities [18]. Com-
parative investigations between HoLEP and TURP have underscored several advantages
associated with HoLEDP, including abbreviated hospitalization durations, reduced periods
of catheterization, and augmented hemostatic capabilities, thereby mitigating bleeding-
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related complications. However, HOLEP typically entails a lengthier operative duration,
primarily attributable to the additional morcellation time necessitated [22-27].

Within the realm of Minimally Invasive Surgical Therapies (MISTs), Prostatic Ure-
thral Lift (PUL) and Water Vapor Thermal Therapy (WVTT), also known as Rezum, have
garnered attention as promising alternatives, exhibiting notable efficacy in ameliorating
urinary symptoms among treated individuals [28,29]. The PUL technique involves the de-
ployment of the UroLift Device, which releases small permanent implants to mechanically
widen the prostatic urethra, thereby alleviating symptomatic obstruction [30]. Conversely,
WVTT represents an outpatient procedure leveraging radiofrequency technology. Here, a
transurethral device administers water steam to the prostate’s transition zone, inducing
coagulative necrosis within the treated area [31,32].

Innovative minimally invasive techniques have emerged as pivotal adjuncts in the thera-
peutic armamentarium for BPH, encompassing ablative methodologies such as Transurethral
Needle Ablation (TUNA), Transurethral Microwave Ablation (TUMT), and partial cryoab-
lation [33-38]. Following the insertion of specialized devices into the urethra, these tech-
niques achieve coagulative necrosis of prostatic tissue, employing either radiofrequencies
(as in TUNA) or microwaves (as in TUMT).

The absence of a universally superior minimally invasive modality underscores the
complexity of BPH management [15,16,31]. Factors including prostate volume, risk of
sexual dysfunction, surgical risk, and patient preferences collectively inform the selection
of the most appropriate treatment modality for individual patients [16,18].

According to the Society of Interventional Radiology (SIR), Prostate Artery Emboliza-
tion (PAE) represents a viable therapeutic avenue for addressing LUTS attributed to BPH,
exhibiting comparable efficacy to surgical interventions [16,39-42]. The allure of PAE is
further accentuated by its associated benefits, including reduced hospitalization durations,
diminished transfusion risks, and a low incidence of sexual dysfunction [16,41,43].

Initially relegated to emergency scenarios such as hemorrhage, PAE has demonstrated
remarkable efficacy in reducing prostate volume, albeit with delayed onset of action and
fewer procedure-related risks compared to surgical interventions [44]. Presently, PAE
emerges as an optimal strategy for patients unsuitable for surgery, those averse to surgical
interventions, or individuals prioritizing the preservation of sexual function [16,40].

The primary risk associated with PAE pertains to non-target embolization, with un-
favorable vascular anatomy serving as a principal contraindication to the procedure [43].
Selective catheterization of prostate arteries is facilitated through microcatheters or mi-
croguides, followed by occlusion employing various embolic agents. Spherical polyvinyl
alcohol (PVA) particles of varying diameters, notably within the ranges of 100-300 pm,
250-400 pm, or 300-500 pm, constitute the predominant embolic agents employed [45-47].
The optimal bead caliber remains a subject of ongoing discourse [48,49].

In the study conducted by Bilhim et al., a meticulous examination of the embolic
particle size’s impact on the efficacy and safety profile of PAE was undertaken [49]. Their
findings unveiled a nuanced interplay between particle size and clinical outcomes, delin-
eating distinct advantages and limitations associated with different particle sizes.

Notably, larger embolic particles (>200 pm) exhibited superior clinical outcomes in
subjective parameters such as the International Prostate Symptom Score (IPSS) and peak
flow rate (Qmax) [49]. Conversely, smaller particles demonstrated enhanced efficacy in
objective parameters, particularly in reducing Prostate-Specific Antigen (PSA) levels [49].
This dichotomy in efficacy can be attributed to the deeper penetration of smaller particles
into the distal prostatic arteries, inducing a more extensive area of ischemia and subsequent
prostate shrinkage.

However, this apparent advantage of smaller particles in reducing prostate volume
was tempered by concerns regarding increased side effects reported in some early stud-
ies [47]. This phenomenon was hypothesized to result from the deeper penetrating nature
of smaller particles, potentially predisposing them to enter anastomotic arterial vessels and
lead to non-target embolization.
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Nevertheless, Bilhim et al.’s investigation provided reassurance by demonstrating
that there were no significant differences in adverse events following PAE with 100 um
or 200 um PVA particles [49]. This observation suggests a potential equilibrium between
therapeutic efficacy and safety across different particle sizes.

In our own study, we aimed to extend these findings by evaluating the response
to PAE treatment utilizing particles of varying diameters in a cohort of patients affected
by LUTSs attributable to BPH. Additionally, we sought to comprehensively analyze the
occurrence of potential complications associated with different particle sizes.

Our assessment of treatment response was predicated on the retention or removal
of the bladder catheter, serving as a clinically relevant indicator of treatment efficacy and
patient comfort.

2. Materials and Methods

In our retrospective study, we analyzed a cohort consisting of 24 consecutive patients,
with a median age of 75 years (range: 59-86 years), who underwent PAE utilizing beads of
various sizes (ranging from 40 to 300 pm) at our medical institution between October 2015
and November 2022.

Before the initiation of treatment, the cohort exhibited an average prostate volume of
116.5 mL, with prostate volumes ranging from 26 mL in cases previously managed with
TURP to a maximum of 309 mL. Notably, all patients had a dependency on indwelling
urinary catheters due to antecedent episodes of AUR attributed to the presence of large
central adenomas. Additionally, one patient presented with persistent hematuria.

Inclusion criteria for enrollment in this study were based on the absence of prostate
cancer or other neoplastic pathologies, favorable anatomical suitability for PAE, and docu-
mented failure of initial-line therapeutic interventions, as delineated in Table 1.

Table 1. Inclusion and exclusion criteria for patients receiving PAE in our study.

Exclusion Criteria Inclusion Criteria
Prostate cancer Favourable anatomy
Synchronous tumours Failure of first-line therapy
Pseudoaneurysm Presence of permanent catheter
Penile anastomosis Contraindications to TURP

Patients’ choice

Two patients subjected to PAE had previously undergone surgical intervention via
TURP, but experienced a recurrence of AUR necessitating catheter repositioning. Intraoper-
ative assessment of vascular anatomy feasibility was conducted via arteriography.

Exclusion criteria were applied to the following three patients: one presenting with
synchronous bladder cancer, another necessitating coil deployment instead of beads to ad-
dress a bleeding pseudoaneurysm, and a third case in which embolization was aborted due
to the presence of a contraindication (penile anastomosis) detected during intraprocedural
imaging. Additionally, two patients were excluded due to PAE procedures utilizing both
small and large particles (one treated with 100-300 pm and 40-120 pum, and the other with
100 pm and 300-500 pm particles).

In all instances, super-selective catheterization of prostatic arteries was meticulously
performed using microcatheters to minimize the risk of non-target embolization. The
correct positioning of microcatheters was meticulously verified utilizing Cone Beam Com-
puted Tomographic Angiography (CBCTA), as exemplified in Figure 1.

PAE was performed under local anesthesia using the unilateral approach in 8 patients
or the bilateral femoral approach in 16 patients, using particles with different sizes in a
range between 40 pm and 300 um; 12 patients were treated with 40-120 um particles,
5 patients with 100 um, 5 patients with 100-300 um and 2 patients with 250 um.
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Figure 1. (a) Superselective Digital Subtraction Angiography (DSA) and (b) Cone Beam Computed
Tomographic Angiography (CBCTA) of the left prostate artery.

3. Results

Technical success, defined as super-selective catheterization of the prostate artery
and the controlled release of embolizing beads, was achieved in all patients. For the
evaluation of complications, we considered the latest updated classification of adverse
events (AEs) proposed by the Society of Interventional Radiology (SIR) [50,51]. Considering
every scenario contemplated by the SIR, no major procedure-related complications were
registered. Additionally, there were no cases of increased hospitalization.

The clinical evaluation was performed for only a few patients by using the IPSS
questionnaire, as most of them were outpatients, followed outside the hospital. Therefore,
we did not take the IPSS into consideration in the final evaluation of our work.

The primary clinical outcome measured was the removal of the urinary catheter at the
first post-procedural follow-up.

At follow-up intervals of 6 months and 1 year, the outcomes related to urinary catheter
use were assessed across all patients, irrespective of the particle size used in the procedure.
Only one patient did not require catheter placement immediately after the procedure due
to effective urination with no post-void residuals (PVRs). In contrast, 56% of patients were
able to remove the catheter at their first post-procedural visit, even when presenting with
minimal or non-pathological PVR. However, one patient required catheter repositioning
one month after the procedure due to a relapse of AUR. Additionally, 20% of patients were
unable to remove the catheter after PAE due to high PVR levels.

When analyzing outcomes based on the size of the embolizing particles, the following
observations were made: among the twelve patients treated with the smallest particles
(40-120 pm), one patient did not require bladder catheterization, nine patients removed
the catheter at the first post-procedural visit, and one patient needed catheter repositioning
one month after PAE due to recurrence of AUR.

Among the five patients treated with 100 um particles, two were successful in re-
moving the catheter, two required continued catheter use, and one patient needed a
ureterocutaneostomy due to persistent hematuria, which was unrelated to the procedure.
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Of the five patients treated with 100-300 pum particles, three were able to remove the
catheter at the first post-procedural visit, while two needed to maintain catheter use.

Patients treated with 250 pm particles were all unsuccessful in removing the catheter
following the procedure.

A comparative analysis of patient outcomes based on the size of embolizing particles
used during PAE revealed significant differences in the success rates of catheter removal.
In the group treated with smaller particles (40-120 um and 100 pum), 70.6% of patients were
able to successfully remove their catheter. Conversely, in the group treated with larger
particles (100-300 pm and 250 um), only 42.9% of patients achieved successful catheter
removal. Furthermore, patients who were able to remove their catheters did not exhibit
any PVR or pathological urinary residue.

Notably, all patients who successfully removed their catheters after the procedure did
not experience any recurrence of AUR at the 1-year follow-up mark.

PAE results with different particle sizes are presented in Table 2.

Table 2. Results in terms of CV removal-retention and PVR of patients treated with PAE with beads

stratified by size.
Patient# Part.lcles Access Outcome PVR
Caliber

1 40-120 Bilat No CV No
2 40-120 R Removal CV No
3 40-120 Bilat Removal CV 130 mL
4 40-120 Bilat Removal CV Non-pathological
5 40-120 Bilat Removal CV Non-pathological
6 40-120 Bilat Removal CV No
7 40-120 Bilat Removal CV No
8 40-120 L Removal CV Non-pathological
9 40-120 Bilat Removal CV No
10 40-120 Bilat Removal CV No
11 40-120 Bilat Repositioning after 1 month Relapse of AUR
12 40-120 L Removal CV 102 mL
13 100 R Removal CV No
14 100 L Removal CV No
15 100 Bilat Retention of CV High
16 100 R Retention of CV High
17 100 L Ureterocutaneostomy Haematuria
18 100-300 Bilat Removal CV No
19 100-300 Bilat Removal CV No
20 100-300 Bilat Removal CV No
21 100-300 L Retention of CV High
22 100-300 Bilat Retention of CV High
23 250 Bilat Retention of CV High
24 250 Bilat Retention of CV Haematuria

In assessing prostate size before and after treatment, data from 17 cases were analyzed
to derive prostate volumes at either the 6-month or 1-year post-operative follow-up. Across
the cohort, a consistent decrease in gland volume was observed, except for one patient
treated with small particles (40-120 um) who exhibited no change in prostate volume.

When examining the total number of patients treated with small particles (diameters
40-120 pm and 100 pm), an average reduction in prostate volume of 76% was noted. This
reduction was comparable to the average reduction of 75.6% observed among patients
undergoing PAE with larger particles (100-300 um and 250 um).

Despite the differences in patient group sizes and the lack of statistical significance, it
is noteworthy that the average post-procedural reduction in prostate volume was similar
between the two groups. This observation suggests a consistent efficacy of PAE across
varying particle sizes, albeit with variations in individual patient responses.
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4. Discussion

As global life expectancy continues its upward trajectory, the prevalence of LUTS
attributed to BPH escalates, especially among men aged 60 and above. These symptoms,
often severe and refractory to initial pharmacological interventions, present formidable
clinical challenges. Despite optimized medical management, a significant subset of patients
continues to experience persistent LUTS, necessitating more invasive interventions [1].
Transurethral resection of the prostate (TURP) remains the gold standard for such cases,
yet it carries inherent risks, including intra- and post-procedural bleeding, infection, and
the potential for TUR syndrome [15,18,21]. However, certain patients pose complexities
due to the presence of multiple comorbidities or contraindications to surgery, prompting
the exploration of alternative interventions that offer comparable efficacy to TURP but with
reduced invasiveness.

The clinical dilemma is particularly acute when dealing with prostates exceeding
100 mL in volume, as the risks associated with TURP, such as heightened intraoperative
and perioperative complications and extended recovery periods, become magnified [52]. In
response to these challenges, modalities utilizing holmium (HoLEP) or thulium (ThuLEP)
lasers have emerged as promising alternatives. These techniques have demonstrated
substantial efficacy in reducing prostate volume while conferring several advantages over
conventional TURP, including shorter hospital stays, improved hemostasis, and lower
complication rates [22,23,27].

As such, there is a burgeoning interest within the medical community in exploring
these less invasive approaches as viable strategies for managing BPH-related LUTS, particu-
larly among patient populations with heightened surgical risks or preferences for minimally
invasive interventions. This underscores the imperative for further research and clinical
evaluation to ascertain the optimal treatment paradigm for this challenging patient cohort.

The PUL technique has emerged as a subject of considerable interest owing to its
notable efficacy, particularly in addressing the intricate challenges presented by larger
prostatic volumes. This innovative approach involves the strategic application of tension
to the prostatic lobes, thereby inducing compression of the prostatic urethra [30,53].

It has been demonstrating that WVTT, also known as Rezum, is very effective in IPSS
improvement and it has shown a significant decrease in the bladder outlet obstruction
index (BOOI). Both young and elderly patients can benefit from this technique because
of its short operative time [54]. Moreover, ongoing research endeavors underscore the
burgeoning evidence supporting the efficacy of WVTT in ameliorating LUTS associated
with prostates exceeding the volumetric threshold of 80 cm? [55].

Furthermore, laser-based modalities have demonstrated noteworthy efficacy in the
management of larger prostatic volumes [56].

In stark contrast, ablative interventions such as TUNA and TUMT offer immediate
reductions in prostatic volume. However, their efficacy tends to diminish when confronted
with larger prostates [16,52].

Conversely, PAE has emerged as a compelling therapeutic avenue for the manage-
ment of LUTS attributed to BPH. PAE not only yields outcomes akin to those achieved
through TURP but also mitigates operative risks [39-42]. A salient advantage of PAE is its
adaptability to prostates exceeding the volumetric threshold of 100 mL, with consistently
favorable clinical outcomes [57].

The main controversy remains in the choice of embolizing particle size [48,49,58].

Some studies support that large particles are more effective in clinical improvement as
assessed by IPSS, while smaller particles act more markedly on the reduction in objective
parameters, such as PSA [49].

Regarding adverse events, Bilhim et al. demonstrated that there are no significant
differences in adverse events after PAE with 100 um or 200 um PVA particles, while Wang
et al. stated that there are no significant differences between the use of 50-100 um particles
or 100 um PVA particles alone [49,58].
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The central point of contention within the field of PAE revolves around the selection of
embolizing particle size, a topic extensively scrutinized in the literature [48,49,58]. Various
studies have contributed to this discourse, presenting divergent perspectives on the efficacy
of different particle sizes in achieving clinical improvement and mitigating adverse events.

One line of inquiry suggests that larger embolizing particles may yield superior
clinical outcomes, particularly evident in the amelioration of symptoms as assessed by
the IPSS [49]. Conversely, smaller particles appear to exert a more pronounced effect
on objective parameters such as PSA levels, thus highlighting potential nuances in the
therapeutic mechanisms of different particle sizes [49].

The assessment of adverse events further complicates this matter, with studies yielding
conflicting findings regarding the comparative safety profiles of different particle sizes.
For instance, Bilhim et al. found no significant disparities in adverse event rates following
PAE with either 100 um or 200 um polyvinyl alcohol (PVA) particles [49]. In contrast,
Wang et al. reported similar outcomes between the use of 50-100 pm particles and 100 pm
PVA particles alone [58]. These contrasting findings underscore the complexity of the
relationship between particle size and procedural safety, necessitating further investigation
to elucidate optimal strategies for minimizing adverse events during PAE.

Our study provides detailed insights into the outcomes of prostatic artery embolization
(PAE), particularly concerning the influence of embolizing particle size. We achieved a high
rate of technical success, with all patients undergoing super-selective catheterization of
the prostate artery and controlled release of embolizing beads. This success was observed
across all patients, regardless of the embolizing particle size used during the procedure.
Furthermore, no major procedure-related complications according to the SIR Classification
were noted in any of the patients, aligning with previous research indicating PAE as a safe
and effective procedure for managing BPH [50,51].

In terms of clinical outcomes, our study revealed variations in catheter removal success
rates following PAE. Among the patients treated with smaller particles (40-120 pm and
100 um), a higher proportion successfully removed the catheter compared to those treated
with larger particles (100-300 pm and 250 um). Specifically, 70.6% of patients treated with
smaller particles successfully removed their catheters, while only 42.9% of patients treated
with larger particles achieved successful catheter removal. Notably, the success rates varied
depending on the embolizing particle size used, suggesting a potential influence of particle
size on clinical outcomes such as catheter removal success.

When comparing our findings to existing literature, we observed conflicting evidence
regarding adverse event rates associated with different particle sizes in PAE. Bilhim et al.
found no significant differences in adverse event rates between procedures utilizing 100 um
and 200 pm polyvinyl alcohol (PVA) particles [49], while Wang et al. reported similar
outcomes between procedures utilizing 50-100 um particles and those utilizing 100 um
PVA particles alone [58]. These discrepancies underscore the complexity of the relationship
between particle size and procedural safety, highlighting the need for further investigation
to elucidate optimal strategies for minimizing adverse events during PAE.

While our study sheds some light on the outcomes of PAE, there are several limitations
that need to be acknowledged.

Firstly, the study’s sample size was relatively small, potentially limiting the generaliz-
ability of the findings. Secondly, the retrospective design of the study introduces inherent
biases and limitations associated with retrospective data collection and analysis. Addition-
ally, the study may be subject to selection bias, as patients were not randomized to different
embolizing particle size groups and it was conducted at a single center. Factors influencing
the choice of particle size may have confounded the observed outcomes. The follow-up
period in our study was relatively short-term, with outcomes assessed at 6 months and
1 year after the procedure. Moreover, the inclusion of patients treated with a range of
embolizing particle sizes introduces variability in outcomes.

Lastly, while our study analyzed outcomes based on embolizing particle size, it did not
directly compare the efficacy and safety of different particle sizes to the small sample size.
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5. Conclusions

In conclusion, our study underscores the significance of prostatic artery embolization
(PAE) as a viable treatment option for Benign Prostatic Hyperplasia (BPH). While achieving
technical success and favorable outcomes in catheter removal, our findings highlight the
importance of individualizing treatment approaches based on embolizing particle size.
The results of our study emphasise that small particles are very effective in reducing
prostate volume and thus BPH-related LUTS with few side effects. However, the study’s
limitations, including sample size constraints and retrospective design, necessitate cautious
interpretation of the results. Moving forward, further research efforts should prioritize
larger, prospective studies to validate our findings and optimize patient care in BPH
management. Despite these limitations, our study adds valuable insights to the existing
literature, reaffirming PAE’s role as a safe and effective minimally invasive intervention for
patients with BPH.
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Abstract: Purpose: The aim of this pilot study is to explore the relationship between changes in
sarcopenia before and after one to three months of Transarterial Radioembolization (TARE) treatment
with Holmium-166 (166Ho) and its effect on the rate of local response. Our primary objective is
to assess whether the worsening of sarcopenia can function as an early indicator of a subgroup of
patients at increased risk of disease progression in cases of hepatocellular carcinoma (HCC). Methods:
A single-center retrospective analysis was performed on 25 patients with HCC who underwent
166Ho-TARE. Sarcopenia status was defined according to the measurement of the psoas muscle
index (PMI) at baseline, one month, and three months after TARE. Radiological response according
to mRECIST criteria was assessed and patients were grouped into responders and non-responders.
The loco-regional response rate was evaluated for all patients before and after treatment, and was
compared with sarcopenia status to identify any potential correlation. Results: A total of 20 patients
were analyzed. According to the sarcopenia status at 1 month and 3 months, two groups were
defined as follows: patients in which the deltaPMI was stable or increased (No-Sarcopenia group;
n =12) vs. patients in which the deltaPMI decreased (Sarcopenia group; n = 8). Three months after
TARE, a significant difference in sarcopenia status was noted (p = 0.041) between the responders
and non-responders, with the non-responder group showing a decrease in the sarcopenia values
with a median deltaPMI of —0.57, compared to a median deltaPMI of 0.12 in the responder group.
Therefore, deltaPMI measured three months post-TARE can be considered as a predictive biomarker
for the local response rate (p = 0.028). Lastly, a minor deltaPMI variation (>—0.293) was found to be
indicative of positive treatment outcomes (p = 0.0001). Conclusion: The decline in sarcopenia three
months post-TARE with Holmium-166 is a reliable predictor of worse loco-regional response rate, as
evaluated radiologically, in patients with HCC. Sarcopenia measurement has the potential to be a
valuable assessment tool in the management of HCC patients undergoing TARE. However, further
prospective and randomized studies involving larger cohorts are necessary to confirm and validate
these findings.

Keywords: TARE; sarcopenia; HCC; interventional oncology; liver; Holmium-166

1. Introduction

Primary liver cancer was diagnosed in roughly 800,000 patients worldwide in 2022,
accounting for more than 700,000 deaths annually [1]. Transarterial Radioembolization
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(TARE) is a minimally invasive treatment that combines low-volume arterial embolization
with internal radiation therapy. It is commonly used for unresectable hepatocellular carci-
noma (HCC) and is generally regarded as safe and effective, showing improvements in
overall survival compared to conventional treatments [2]. Initially developed as a palliative
treatment in the 1960s [3], by late 2022, TARE had been incorporated into the early-stage
section (i.e., BCLC 0-A) of the Barcelona Clinic Liver Cancer algorithm, particularly in
cases where other HCC treatments have failed or are not feasible [4]. A recent phase II
randomized trial (TRACE) comparing TARE to transarterial chemoembolization (TACE)
in patients with early- or intermediate-stage HCC revealed that TARE provided superior
tumor control and overall survival outcomes [5]. Compared to TACE, TARE is associated
with lower toxicity to healthy liver tissue and reduced static embolization effects, poten-
tially resulting in less hepatocyte damage and better tolerability, particularly in patients
with portal vein thrombosis [6,7]. Patient selection for TARE involves evaluation by a
multidisciplinary oncology team, typically considering individuals with a life expectancy
of more than three months, bilirubin levels below 2 mg/dL, albumin levels above 3 g/dL,
and an Eastern Cooperative Oncology Group status of 2 or lower [8].

Various radioactive isotopes are employed for Transarterial Radioembolization (TARE),
with Yttrium-90 (90Y) being the most commonly utilized and the longest established
option, although Holmium-166 (166Ho) microspheres have recently become available as
an alternative. 166Ho microspheres received a CE mark under the commercial name of
QuiremSpheres™ (Quirem BV, Deventer, The Netherlands) in 2015. The basis of 166Ho
is Poly-L-lactic acid, offering distinct advantages over Yttrium-90. It possesses both high-
energy beta emission for the treatment process and lower gamma emission for scoping, with
the latter assessed using SPECT imaging. Additionally, due to its paramagnetic properties,
MRI facilitates convenient assessment of tumor dose distribution and quantification [9,10].
Typically, 166Ho is loaded into either resin or glass microspheres, with resin being more
readily available but having lower density [8]. Holmium has a relatively medium-short half-
life of 26.8 h, resulting in a high dose rate over a brief period. This allows for the evaluation
of treatment response through CT, FDG-PET, or MRI at shorter intervals compared to 90Y,
typically <6 months in our clinical practice. This innovative treatment has seen potential
benefits in improving intrahepatic distribution prediction compared with current standard
treatment [9]. Up to now, Holmium microspheres have only been recently used in clinical
practice; specifically, less than 10 clinical trials have been carried out [9], of which the most
recent were the HEPAR Primary study, which assessed HCC [11], and the HORA EST
clinical trial, which assessed early HCC [12], evaluating the efficacy and toxicity profiles.

Several prognostic staging systems have been developed for HCC; however, they often
overlook patients” performance status [13]. Sarcopenia, defined as the “progressive loss of
muscle mass and strength with a risk of adverse outcomes such as disability, poor quality
of life, and death” [12], manifests relatively early in HCC and can independently negatively
predict HCC-related mortality in patients undergoing loco-regional treatment [13-15].
Indeed, sarcopenia has been associated with poor treatment response in HCC [16] and
has recently been identified as a predictor of progressive disease in HCC treated with
TARE-90Y [15]. Given that sarcopenia could be used to assess the overall response to
loco-regional HCC treatment [15,17,18], it is crucial to identify patients with worsening
sarcopenia, as they might benefit from early loco-regional re-treatment and nutritional
support to restore muscle mass and strength. To the best of our knowledge, there have
been no other studies evaluating a treatment response predictor, such as sarcopenia status,
following TARE-166Ho for HCC.

The aim of this preliminary study is to assess whether there is a potential relationship
between changes in sarcopenia before and after one-three months of TARE-166Ho treatment
and the rate of local response it induces, and thus to determine if the deterioration of
sarcopenia worsening can serve as an early identifier of a subgroup of patients who are at a
high risk of disease progression.
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2. Materials and Methods
2.1. Patients

A retrospective investigation was conducted on patients with BCLC-B large monofocal
or multifocal HCC who underwent TARE-166Ho in the period 2022-2023. The sarcopenia
status was defined according to the measurement of the psoas muscle index (PMI), as
described later, at baseline, one month, and three months after TARE. The population was
divided into two groups according to sarcopenia status: patients in which the deltaPMI
was stable or increased (No-Sarcopenia group) and patients in which the deltaPMI de-
creased (Sarcopenia group). The radiological response, according to mRECIST criteria, was
assessed one and three months subsequent to the procedure and patients were grouped
into responders and non-responders. Throughout the follow-up period, patients did not
modify their exercise and nutrition habits from baseline. All methods or experimental
protocols were approved by the local institutional review board and were carried out in
accordance with the relevant guidelines of the Declaration of Helsinki. Informed consent
was collected from all participants.

2.2. Sarcopenia Measurement

Sarcopenia manifests as a syndrome marked by gradual and widespread decline in
skeletal muscle mass and strength, closely associated with physical impairment, diminished
quality of life, and mortality [19]. The assessment of sarcopenia status was determined
by measuring the PMI before and after treatment. Sarcopenia was confirmed in patients
with reduced PMI after treatment. The PMI was calculated using the following formula:
PMI [mm/m?]: [(minor diameter of left psoas + major diameter of left psoas + minor
diameter of right psoas + major diameter of right psoas)/4]/height in m? [20]. All the
psoas measurements were performed at the level of L3-L4 (Figures 1 and 2) on multiphasic
CT scans performed in the same center having all identical slice thickness.

il

Figure 1. Sarcopenia status measured before TARE in the Sarcopenia group (A) and the No-Sarcopenia
group (B).
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Figure 2. Sarcopenia status measured after TARE in the Sarcopenia group (A) and the No-Sarcopenia
group (B).

2.3. TARE

All procedures were carried out by experienced interventional radiologists with more
than five years of experience. For the treatment, 80-170 MBq 166mHo-loaded scout mi-
crospheres were administered slowly through a 2.7-F micro-catheter (Progreat; Terumo
Europe NV, Leuven, Belgium) placed in the pathological feeder artery. The distribution
of the drug was assessed using SPECT imaging. Post-therapy SPECT/CT scans (Symbia
IntevoTM system; Siemens, Erlangen, Germany) were performed between 1 and 20 h after
SIRT to evaluate the distribution of the microspheres thanks to 2D and 3D dosimetry maps.

Firstly, the accuracy and intensity of the 166Ho microspheres” activity distribution
were evaluated by analyzing the 2D activity intensity peak (Pixel Value) of the signal along
a line crossing the treated area. A higher peak indicated a more intense signal within the
targeted area.

Later, the 3D effective dose in Gy distributed to the lesion and liver parenchyma
per unit cumulated activity (GBq), was calculated according to the activity distribution
obtained from SPECT/CT imaging, utilizing a MIM 6.1.7 workstation (MIM Software Inc.,
Cleveland, OH, USA). For each patient, the mean absorbed dose (<D>) in Gy for the normal
liver and tumor were compared with the expected values (<D> to tumor > 100 Gy, <D> to
normal liver < 40 Gy) to assess the treatment efficacy.

2.4. Statistical Analysis

The Mann-Whitney U test was used for evaluating the deltaPMI according to treat-
ment response at 1 and 3 months after TARE. The PMI at the time of TARE was compared
with the PMI measurements at one and three months after TARE. The deltaPMI measure-
ments between the first PMI measurement and the controls at one and three months were
evaluated. Variables with a p < 0.05 were considered statistically significant.

The accuracy of the different sarcopenia measurements performed over time was
assessed through c-statistics analysis, with the intent to evaluate their ability to predict
progressive disease after TARE. Areas under the curve (AUCs) and 95% CI were reported.
Fisher’s exact test was used for comparisons of categorical variables.
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3. Results

Between 2022 and 2023, a total of 25 patients with BCLC-B HCC underwent TARE-
166Ho. Five patients were excluded from the study due to drop-out and the absence of
post-treatment follow-up CT scans. The patients’ demographics and clinical features did
not differ between the two sarcopenia groups and are depicted in Table 1. Additionally,
tumor characteristics at the time of TARE were similar between the two groups, in terms of
maximum diameter of target nodule (p = 0.60), number of lesions (p = 0.43), and bilobar
involvement of the disease (p = 0.84). Also, PMI at baseline was not significant between the
two groups (p = 0.79). Lastly, the HCC biological markers, such as alpha-fetoprotein (AFP)
and protein induced by vitamin K absence (PIVKA), were similar between the two groups.

Table 1. Patient population demographics and clinical characteristics.

No-Sarcopenia Sarcopenia
Variable Group (n =12) Group (n =8) |4
Median (IQR) or 1 (%)
Age (years) 63 (58-67) 63 (57-70) 0.44
Male sex 7 (58.3) 5(62.5) 0.78
Height (cm) 170 (162-180) 174 (165-180) 0.32
Ascites (any grade) 4(33.3) 2 (25) 0.78
Moderate 1(8.3) 1(12.5) ’
Maximum size of treated lesion (mm) 45 (33-71) 50 (35-78) 0.60
Number of lesions 2 (1-4) 3 (2-4) 0.43
Bilobar involvement 7 (58.3) 4 (50) 0.84
Liver parenchyma involved > 50% 3 (25) 2 (25) 1.00
Bilobar TARE treatment 7 (58.3) 4 (50) 0.67
AFP measure (ng/mL) pre-procedural 58 (19-235) 69 (26-210) 0.85
PIVKA measure (AU/mL) 155 (93-436) 172 (44-445) 0.89
pre-procedural 12 (6-16) 12 (8-13) 0.79

PMI (mm/m?) at baseline

Abbreviations: n, number; IQR, interquartile ranges.

Furthermore, no statistical differences were observed between the two groups in
terms of liver function features or disease burden. Additionally, no disparities were found
between the groups regarding administered dose activity: the mean activity administered
in Gigabequerels (GBq) was 4.5 (3.60-8.82) in the Sarcopenia group and 5.1 (2.62-9.08) in the
No-Sarcopenia group. The technical success of TARE was 100%, with the administration
of 166Ho microspheres within the tumor-feeding artery reached in all cases. No post-
procedural complications were reported in either group.

Dose activity metrics in TARE, in terms of activity intensity peak and mean absorbed
dose to the tumor and to the liver, were calculated and compared between the two sar-
copenia groups, as shown in Table 2. Regarding the efficacy of TARE, it demonstrated a
favorable dosimetrical profile in both 2D and 3D analysis. In terms of 2D evaluation, no
statistical differences were found between the groups in terms of activity intensity peak
calculated in grayscale (903.8 & 110.1 in the Sarcopenia group vs. 998.6 & 94.9 in the
No-Sarcopenia group, p = 0.21). For 3D dose analysis (expressed as absorbed dose in Gy),
the mean absorbed dose to normal liver (<Dnliver>) was <40 Gy for both groups, with no
significant differences observed (26.0 & 5.2 Gy in the Sarcopenia group vs. 29.5 &+ 9.8 Gy in
the No-Sarcopenia group, p = 0.50).

Similarly, the mean absorbed dose to the tumor (<Dtumor>) was calculated for all
patients, with no statistical differences between the groups (154.2 &= 56.7 in the Sarcopenia
group vs. 162.7 & 47.8 in the No-Sarcopenia group, p = 0.13). Additionally, the mean
absorbed dose to normal liver (<Dnliver>) remained <40 Gy for both groups, with no
significant differences (26.0 + 5.2 Gy vs. 29.5 £ 9.8 Gy, p = 0.50).
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Table 2. Comparison of dose activity metrics in TARE between Sarcopenia and No-Sarcopenia
groups.

No-Sarcopenia Group n =

Sarcopenia Group n =8 12 p
Activity intensity peak 903.8 + 110.1 998.6 -+ 94.9 0.21
(Grayscale) ’ ’ ’ ’ ’
<Dtumor> (Gy) 1542 + 56.7 162.7 + 47.8 0.13
<Dnliver> (Gy) 26.0 + 5.2 295+ 9.8 0.40

According to the sarcopenia status, measured as the deltaPMI before and after treat-
ment at 1 month and 3 months, two groups were defined as follows: patients in which the
deltaPMI was stable or increased (No-Sarcopenia group; n = 12) vs. patients in which the
deltaPMI decreased (Sarcopenia group; n = 8).

The radiological response rate was evaluated for all patients one month and three
months after the TARE procedure, and patients were grouped as follows: those with
standard and progressive disease were added to the non-responder group, and those with
complete response or partial response were added to the responder group.

The local response rate was compared with the sarcopenia status at 1 and 3 months.

At 1 month, no statistically significant difference (p = 0.229) was observed in terms of
sarcopenia status, with a median deltaPMI of 0 vs. 0.44 in the responder and non-responder
groups, respectively (Figure 3).

n = 20 patients =

0.500-

0.250

0.000

DeltaPMI (1 month)

=0.250]

-0.500-

L

=0.750

1 T
SDIPD RCIRP
Response (1 month)

Figure 3. DeltaPMI after 1 month evaluated against response to treatment.

At 3 months, however, a statistically significant difference (p = 0.041) was observed in
terms of sarcopenia status, with a median deltaPMI of 0.12 vs. 0.57 in the responder and
non-responder groups, respectively (Figure 4).

A further Mann-Whitney test was conducted to investigate whether deltaPMI could
be predictive of a response constant over time. For this purpose, a variable named bestresp
was introduced and defined as follows: 1 if the response after one month was confirmed
after three months and 0 otherwise.
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Figure 4. DeltaPMI after 3 months evaluated against response to treatment.

No statistically significant relevance (p = 0.247) was observed for data collected one
month after TARE, probably due to the fact that it is premature to evaluate the radiological
response to TARE treatment only one month after the procedure (Figure 5).
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Figure 5. DeltaPMI after 1 month evaluated against the bestresp variable.
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The same analysis conducted 3 months after TARE showed that deltaPMI can be
considered to be a predictive biomarker of local response rate (p = 0.028). In particular,
we found that a strong negative variation in PMI is associated with a poor response to
treatment, with a median deltaPMI of —0.57 in the non-responder and 0.12 in the responder
groups, respectively (Figure 6). It was interesting to note that the diagnostic ability for
stable or progressive disease of the sarcopenia measurement increased with time after the
TARE procedure.
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0.000+
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=0.800

T |
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Figure 6. DeltaPMI after 3 months evaluated against the bestrep variable.

The ROC analysis was also used to investigate the optimal cut-off of deltaPMI that is
statistically relevant in the prediction of a bestresp (i.e., a response to treatment constant
over time).

At three months, the deltaPMI value had an AUC = 0.875 (p = 0.0001, CIs 0.617 to
0.984). In particular, a PMI variation greater than —0.293 was associated with a bestresp.

This seems to confirm that a small deltaPMI variation is predictive of good treatment.
In fact, all 10 patients (100%) who showed a PMI variation greater than the cut-off had a
good response to treatment (Fisher’s exact test, p = 0.019).

4. Discussion

Sarcopenia deterioration at three months after TARE treatment with Holmium-166 is a
reliable predictor of worse loco-regional response rate in HCC patients.

Sarcopenia has functioned as a predictive element across various clinical scenarios. It
has been employed as a predictive factor among patients with HCC [21], including patients
undergoing Sorafenib [22,23] or intra-arterial chemoembolization [20], and those pre- or
post-transplant [24]. Recently, sarcopenia worsening after TARE treatment with Yttrium-90
has been associated with progressive disease in the early stages [15]. Lastly, with this
study, we have determined the association of sarcopenia deterioration at 3 months with
TARE-166Ho.

The latest development in radionuclide therapy, Holmium-166, has emerged as a
viable substitute for Yttrium-90 in TARE, demonstrating several advantages as previously
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described. The analysis conducted three months after TARE-166Ho treatment revealed
that sarcopenia status could serve as a predictive biomarker for the local response rate
(p = 0.028). Importantly, our results showed that a decrease in PMI was associated with an
unfavorable treatment response, with a median deltaPMI of —0.57 observed in the non-
responder group compared to a median value of 0.12 in the responder cohort (p = 0.041).
Furthermore, we noted an increasing trend in the diagnostic efficacy of sarcopenia measure-
ment for distinguishing stable or progressive disease over the one-to-three-month period
following TARE.

This highlights the significance of sarcopenia assessment in effectively predicting the
intermediate local outcome following TARE-166Ho, irrespectively of gender differences.
Consequently, the deterioration of sarcopenia correlates with a poorer mRECIST score at
the intermediate stage.

No statistically significant differences in sarcopenia status were observed at one
month post-procedure in either group. This lack of difference is likely due to the premature
nature of assessing radiological response to TARE treatment within just one month after the
procedure. Additionally, there were no statistically significant distinctions in pre-procedural
sarcopenia status between the cohort of patients experiencing progressive disease and those
achieving complete response, partial response, or stable disease. This suggests that the
initial evaluation of sarcopenia cannot reliably predict unfavorable oncological outcomes
following TARE.

Of note, our assessment of TARE treatment response was carried out through CT and
MRI or FDG-PET scans, techniques which necessitate a minimum of three-six months to
allow for accurate insights into TARE outcomes [25].

In addition to what was previously published regarding the association between
sarcopenia worsening and HCC progression at 1 and 3 months after TARE-90Y, this study
confirms the same outcomes utilizing Holmium-166 [13]. However, Holmium releases a
higher dose rate over a briefer period compared to Y-90, obtaining a faster tumor response
and potentially affecting the muscle volume sooner. This allows sarcopenia to be used as a
faster predictive index for tumor response.

The divergence in sarcopenia status, identified three months post-procedure through
routinely conducted multiphasic CT scans, emerges as a convenient non-invasive predictive
biomarker for treatment efficacy, confirming the association between skeletal muscle deple-
tion and a poorer loco-regional response rate. These findings suggest that patients could
benefit from early adjustment for skeletal muscle depletion using simple non-invasive
methods, which could enhance clinical management by reducing the likelihood of disease
progression. Early identification of declining sarcopenia could prompt the implementation
of aggressive support protocols. Multimodal approaches, including nutritional support,
physical therapy, and medications such as ibuprofen (Menac trial) and selective androgen
receptor modulators, as well as ghrelin receptor activation with agonists, are recognized as
foundational in managing sarcopenia.

Moreover, the initial sarcopenic status could serve as a guiding factor in selecting a
subset of HCC patients undergoing TARE as a preparatory step for liver transplant. This
suggests that sarcopenia status could assist in identifying individuals with predictable
positive outcomes following transplantation who may benefit from it. Conversely, the early
identification of patients at risk of non-responsiveness could be valuable in guiding the
timely implementation of systemic therapies. Moreover, the potential of sarcopenia status
to predict disease progression could assist in identifying candidates for early TARE re-
treatment. Discussions regarding re-treatment often arise in cases where patients tolerated
the initial procedure without substantial improvement, though there is no consensus
regarding the optimal timing for re-treatment, especially considering the necessary CT/MRI
assessment time-frame.

The study has several limitations that need discussion. Foremost, the retrospective
nature of the study design precludes the establishment of a randomized framework, which
may influence the generalizability of the findings. Secondly, the sample size under analysis
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was relatively modest; however, given the encouraging results of this pilot study, we hope
to continue with a prospective study at our institution, focusing on 166Ho microspheres
and sarcopenia, involving a larger sample size. The future trajectory of research would
ideally also encompass randomized studies to confirm and further validate these results.

5. Conclusions

TARE treatment has firmly established itself as a therapeutic option for patients with
locally advanced HCC; more recently, Holmium-166 has introduced new possibilities
in this population due to its various advantages. However, assessing the response to
TARE treatment in the early stages of follow-up can be challenging. The deterioration
of sarcopenia status is a reliable predictor of a worse local response rate at three months
after TARE-166Ho, potentially serving as a valuable indicator for identifying patients at
early high risk of disease progression. Indeed, the PMI decreased significantly more in
the group of poor responders. If our findings are confirmed in larger populations, they
could play a pivotal role in the early identification of patients who do not respond to
endovascular treatment with Holmium-166 and who may benefit from prompt integrative
restorative interventions.
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Abstract: Internally rotated and adducted shoulder is a common posture in upper limb spasticity.
Selective peripheral neurectomy is a useful and viable surgical technique to ameliorate spasticity,
and the lateral pectoral nerve (LPN) could be a potential good target to manage shoulder spasticity
presenting with internal rotation. However, there are some limitations related to this procedure, such
as potential anatomical variability and the necessity of intraoperative surgical exploration to identify
the target nerve requiring wide surgical incisions. This could result in higher post-surgical discomfort
for the patient. Therefore, the aim of our study was to describe a modification of the traditional
selective peripheral neurectomy procedure of the LPN through the perioperative ultrasound-guided
marking of the target nerve with methylene blue. The details of the localization and marking
procedure are described, as well as the surgical technique of peripheral selective neurectomy and
the potential advantages in terms of nerve localization, surgical precision and patients’ post-surgical
discomfort. We suggest that the proposed modified procedure could be a valid technique to address
some current limitations and move the surgical treatment of spasticity toward increasingly tailored
management due to the ease of nerve identification, the possibility of handling potential anatomical
variability and the resulting smaller surgical incisions.

Keywords: spasticity; shoulder spasticity; selective neurectomy; functional surgery; lateral pectoral
nerve; ultrasonography; methylene blue

1. Introduction

Spasticity is a common and complex motor phenomenon following upper motor neu-
ron injury [1] characterized by muscle hyperactivity, with velocity-dependent hypertonia
and abnormally increased tendon jerks [2]. Among involved body segments, upper limb
spasticity (ULS) is common in post-stroke patients [3], with over 40% of patients reporting
it [4,5], and leads to a potentially high functional limitation for patients [6,7]. Several pat-
tern and postures have been described for ULS [8] and the involvement of the shoulder, in
particular with internally rotated and adducted arm posture, is present in the vast majority
of patients presenting with ULS [8]. Moreover, from 8% to 13% patients with post-stroke
spasticity suffer from shoulder pain, a percentage that increases to over 25% in presence of
disabling spasticity [9].
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The severity of spasticity can vary greatly and, over time, this condition can lead to
retractions, contractures, deformities, pressure ulcers and skin maceration [2], with a high
impact on patients” quality of life [10,11]. Therefore, the prompt identification and effective
management of spasticity is crucial to assuring the best possible outcome for patients.
To this end, several treatment options are available, including pharmacological therapy,
rehabilitative treatment, chemodenervation techniques (e.g., botulinum toxin injection,
nerve blocks) and surgery [12]. Among this latter option, possible strategies for spasticity
management include selective and hyperselective peripheral neurectomies [13].

Peripheral neurectomies consist of the partial excision of the fibers of a motor nerve
innervating spastic muscles [14]. The first one was described by Stoffel and colleagues [15]
and then by Brunelli and Brunelli [16], becoming increasingly common procedures. While
their origins date back to the first decades of the 20th century, selective peripheral neurec-
tomy has received growing attention in recent years since this procedure has been demon-
strated to mitigate muscle spasticity, particularly in lower limbs [17-21]. Based on this
evidence, in fact, an international, interdisciplinary Delphi panel recently included selective
neurectomies among the treatments for poststroke equinovarus foot deformities [22].

Although no recommendations exist for upper limbs, several studies demonstrated the
effectiveness of selective peripheral neurectomy in ULS as well [13,14,18,23-27]. Regarding
shoulder spasticity, only very few papers exist. In one study from Lin and colleagues [23],
hyperselective neurectomy of thoracodorsal nerve was demonstrated to be effective in
the treatment of shoulder spasticity. In another retrospective study, Sitthinamsuwan
and collaborators [27] demonstrated the efficacy of selective neurotomy in the treatment
of refractory ULS, including 14 patients undergoing pectoral nerve neurotomy. Lateral
pectoral nerve (LPN) is a good potential target when surgically treating shoulder spasticity
presenting with internal rotation. This nerve, indeed, innervates the pectoralis major
muscle [28], one of the primary targets in shoulder spasticity management using botulinum
toxin [29]. Moreover, diagnostic LPN nerve block has recently been proposed as part of an
algorithm to evaluate hemiplegic shoulder pain [30].

During selective peripheral neurectomy of the LPN, after surgical incision in the
infraclavicular fossa and partial reflection of clavipectoral fascia and pectoralis major,
surgical exploration is carried out, and the nerve is located using electrical stimulation
while observing the contraction of the pectoralis major. After locating the nerve motor
fibers, a partial section is performed [27].

However, there are some limitations related to this procedure: (i) potential anatomical
variability [31-33], which could increase surgical operative time and difficulty in locating
the nerve; (ii) the fact that in order to perform surgical exploration, a sufficiently wide sur-
gical incision is necessary; and (iii) the necessity of intraoperative search and identification
of the nerve. This could also result in higher post-surgical discomfort for the patient.

2. Materials and Methods

The aim of this paper is to describe a modification of the traditional selective peripheral
neurectomy procedure of the LPN through the perioperative ultrasound-guided marking of
the target nerve with methylene blue. The details of the localization and marking procedure
are described, as well as the surgical technique of peripheral selective neurectomy and
the potential advantages in terms of nerve localization, surgical precision and patients’
post-surgical discomfort.

3. Results
3.1. Patient Selection and Indications

Patients with shoulder spasticity presenting with internally rotated and adducted
arm posture could have an indication to undergo the selective peripheral neurectomy
of the LPN described in this paper. The proposed technique is primarily described for
adult patients with acquired spasticity; however, this could, in principle, be extended
to pediatric patients as well since no contraindication to the use of methylene blue is
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present in this population and selective neurectomies are performed in children to treat
ULS [24]. An assessment of patient motivation and cognition could be performed during
each patient’s evaluation. However, since several conditions leading to spasticity could
also involve cognitive impairment, cognitive deficit should not be considered an absolute
contraindication to the procedure as long as the patient can cope with a surgical procedure
and the postoperative regimen. A goal attainment scale could be included in each patient’s
evaluation in order to guarantee a patient-centric approach. Since selective peripheral
neurectomy is only effective on spasticity and has no effect on muscle or joint contractures,
if the presence of a structural alteration such as those previously mentioned is suspected, a
diagnostic nerve block of the LPN might be performed in order to predict the outcome of the
surgical procedure. This is similar to the recommendation for the management of poststroke
equinovarus foot deformities proposed by Salga and colleagues [22]. In the case of limited or
no response to the diagnostic nerve block, other management strategies, such as functional
surgery (e.g., tendon elongment, tenothomies, etc.) could be taken into consideration.
Known hypersensitivity to methylene blue is a contraindication to this procedure and
should lead to the choice of an alternative technique. General contraindications for surgery
in patients with ULS linked to the procedure or anesthesia also apply to this technique,
such as dystonia or other movement disorders, a lack of patient compliance, unrealistic
expectations or high intraoperative risk, as judged by an anesthesiologist and surgeon.

3.2. US-Guided Nerve Localization and Marking

A sonographic unit coupled with a linear multifrequency probe is used for ultrasono-
graphic guidance. With the patient in a supine position, the operator positions themselves
on the same side as the target muscle. The LPN is located at the brachial plexus origin in
the subclavian region, laterally to the hemiclavear line and approximately 3 cm below the
clavicle, by positioning the probe parallel to the direction of the pectoralis major fibers.
The nerve is then followed in the cranio-caudal direction, between the pectoralis major
and pectoralis minor muscles, until the motor fibers for the pectoralis major muscle are
identified (Figure 1).

Figure 1. Ultrasonographic visualization of lateral pectoral nerve (yellow circle) before methylene
blue injection. LPN: lateral pectoral nerve; P1: pleura; PM: pectoralis major muscle; pm: pectoralis
minor muscle; R: rib. A sonographic unit (Sonoscape X3, Sonoscape Europe s.rl., Rome, Italy),
coupled with a linear multifrequency probe (5-14 MHz, L741, Sonoscape Europe s.r.l., Rome, Italy),
was used for ultrasonographic guidance.
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The exact point at which the motor fibers detach from the main nerve trunk can be
easily identified by performing slow cranio-caudal and caudo-cranial probe movements
following the nerve course. This is crucial since the branching point is the site at which the
neurectomy will be carried out.

After identifying the motor fiber origin location, a needle electrode connected to
an electro-stimulator is inserted, in aseptic conditions, under ultrasound guidance and
positioned in the proximity of the nerve previously identified. A current of 0.8-1 mA at
the nerve site is then used to confirm the identified nerve by eliciting a contraction in the
pectoralis major muscle. Once an adequate muscle contraction is evoked, the intensity
of the stimulus is progressively reduced until the minimum possible stimulus capable of
determining visible muscle contraction is reached (usually around 0.2-0.4 mA).

Thus, 0.8-1.2 mL of methylene blue solution 1% (Figure 2) is injected around the target
nerve (Figure 3).

Figure 3. Ultrasonographic visualization of lateral pectoral nerve (yellow circle) after methylene blue
injection (blue circle). LPN: lateral pectoral nerve; MB: methylene blue; Pl: pleura; PM: pectoralis
major muscle; pm: pectoralis minor muscle; R: rib. A sonographic unit (Sonoscape X3, Sonoscape
Europe s.rl., Rome, Italy), coupled with a linear multifrequency probe (5-14 MHz, L741, Sonoscape
Europe s.r.l., Rome, Italy), was used for ultrasonographic guidance.
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3.3. Setup

Selective neurectomy is performed with the patient in a supine position under gen-
eral anesthesia. Paralysis is contraindicated because of the need for muscle contraction
following intraoperative nerve stimulation.

3.4. Exposure

After general anesthesia, a transverse lateral subclavicular incision of approximately
2 cm is made at the site at which the branching point was identified, using the needle
entrance point as a guide. It is usually 2-3 cm below the lateral third of the clavicula but
can vary from individual to individual. Hemostasis is performed, and partial reflection
of the great pectoralis is carried out, exposing the pectoralis minor and the LPN lying in
the plane between the two muscles. The nerve branch can be easily identified at this level
by the methylene blue marking. A silicone elastic loop is then placed around the nerve to
isolate it (Figure 4).

Figure 4. LPN visualization during surgical procedure with silicone loop placed for nerve isolation.
The target nerve is located through the methylene blue marking colorization (arrow).

An intraoperative electrostimulation is then used to confirm the identified nerve
(Figure 5) by observing the contraction of the pectoralis major muscle.

Figure 5. Electrostimulation during surgical procedure to confirm the identified nerve using methy-
lene blue marking.
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3.5. Selective Peripheral Neurectomy

Once the isolated nerve is confirmed to comprise the target motor fibers of the LPN,
the selective peripheral neurectomy is carried out by performing a microsurgical partial
section of the motor nerve fibers. The epineurium is incised along the long axis of the nerve,
and 50 to 75% of all fascicles are resected from the main trunk, depending on the extent of
spasticity and the desired outcome (Figure 6).

Figure 6. Fiber partial section of the LPN marked with methylene blue during selective neurectomy
procedure.

Coagulation of the proximal and distal stumps is performed in order to prevent nerve
regrowth and to slow sprouting.

3.6. Closure and Postoperative Care

Once the neurectomy is completed, the surgical wound is sutured and the procedure
is concluded. Postoperative care consists of a soft, nonadherent dressing until the wound
is healed. Gentle passive stretching and active exercises of the involved muscles are
subsequently initiated according to patient conditions.

4. Discussion

The aim of this paper is to describe a modification to the traditional selective peripheral
neurectomy procedure of the LPN through the perioperative ultrasound-guided marking
of the target nerve with methylene blue.

The use of elective peripheral neurectomy to mitigate muscle spasticity has received
growing attention in recent years. While most evidence supported its use in lower
limbs [17-21] and a recently developed recommendation included selective neurectomies
among treatments for post-stroke equinovarus foot deformities [22], no recommendations
exist for upper limbs. However the effectiveness of selective peripheral neurectomies to
treat ULS has been reported [13,14,18,23-27]. In our proposed technique, 50-75% of nerve
fascicles are excised during the selective peripheral neurectomy. There is no total agreement
on what percentage of the nerve needs to be resected, and this has critical implications
for the recurrences that can occur several months after surgery. Sprouting from adjacent
axonal endings has been linked to reinnervation and, for this reason, several authors recom-
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mended the excision of a relevant percentage of fascicles. Brunelli and Brunelli preformed
the excision of around two-thirds of fascicles [16], Maarrawi et al. described the resection
of 50% to 80% of the isolated motor branches paired with proximal coagulation to prevent
regrowth [34]; Puligopu and Purhoit described the resection of one-third to three-quarters
of the motor branches for individual muscles [35]. Similarly, Fouad reported the resection of
50% to 80% of the isolated motor branches of fascicles [36], and, finally, Leclercq described
the excision of approximately two-thirds of each nerve branch at the level of the motor
branches [24].

It emerges that a detailed knowledge of anatomy is essential in order to plan the
operative act; therefore, the literature stresses the concept that guidance techniques and
methods to improve nerve branch identification during dissection are crucial [37].

Our work falls into this line of research by using methylene blue to mark target nerve
branches during selective peripheral neurectomy. The use of methylene blue as a surgical
marker is not new. In fact, previous studies reported its use as a surgical marker to identify
parathyroid glands [38] and during lung [39] and abdominal surgery [40]. Moreover, in our
experience, the use of methylene blue did not constitute an obstacle to the surgeon’s view
due to tissue soiling, and reported local adverse events linked to methylene blue toxicity
are extremely rare and usually follow more demolitive surgeries such as breast and colon
surgeries using higher doses and different dilutions [41].

Several advantages could arise from the proposed nerve marking. The first advantage
of the US-guided perioperative identification and marking of the LPN is handling potential
anatomical variability. Indeed, the LPN arises most frequently with two branches from the
anterior divisions of the upper and middle plexus trunks. However, although anatomical
variability seems to be less than in other districts, some variations are described, such as
emergence as a single root from the lateral cord or emergence only from middle or upper
trunks [37-39]. Anatomical variability could result in difficulties in reliably locating the
nerve, increases in surgical operating time and potentially greater post-surgical discomfort
for patients. To this end, this procedure has the potential to overcome this limitation since
the LPN is easily identified through methylene blue colorization.

Secondly, the ease of nerve identification and the possibility of using the needle entrance
hole as an anatomical landmark could also limit the need for surgical exploration, thus
reducing the necessity of wider incisions and longer surgical operative time. Figure 7 shows
a comparison of surgical incisions in both traditional and modified LPN selective peripheral
neurectomy procedures. A smaller surgical wound will likely result in reduced patient
discomfort, faster recovery and the reduced occurrence of postoperative complications.

Finally, it is important to underline that the addition of methylene blue marking will
hardly affect the selective peripheral neurectomy procedure’s time and complexity. Indeed,
as discussed above, the procedure will likely lead to a reduction in operative time and
greater surgical efficiency. Moreover, nerve identification thorough electrical stimulation
is routinely performed in the classical procedure, and the marking phase only adds the
injection step, which does not require specific expertise or equipment other than a needle
electrode suitable for injection and the methylene blue solution.

Given all these considerations, the proposed modified LPN selective peripheral neurec-
tomy with the use of a perioperative US-guided methylene blue injection could be a valid
technique to address some current limitations and move the surgical treatment of spasticity
toward increasingly tailored and personalized management. Moreover, this technique can
be applied to other districts in which anatomical variability could be a more difficult aspect
to address. Future studies are warranted to evaluate the efficacy and the safety profile of
this procedure and compare it to the traditional technique.
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Figure 7. Comparison of surgical incision and intraoperative surgical wound in the proposed
procedure with methylene blue injection (A,C) and in a traditional LPN neurectomy (B,D).
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Abstract: Musculoskeletal image-guided interventional radiology plays a key role in diagnosing
and treating a range of conditions. Recent advances have yielded a wide variety of procedures
that can be applied selectively and enable the personalisation of patient care. This review aims
to outline the indications, applications, and techniques of subspecialist musculoskeletal oncology
interventional procedures that were used at our tertiary referral centre with a focus on how these
may be used to personalise patient management. The applications of a range of diagnostic and
therapeutic image-guided interventional procedures including different methods of bone and soft
tissue sampling, ablation, and augmentation procedures across different types of patients and
pathologies are reviewed. To supplement the reviewed literature, we included our own experience
and radiology images retrospectively collected from our Picture Archiving and Communication
System (PACS). We demonstrate how the range of musculoskeletal image-guided interventions
provide flexibility in the diagnosis and management of different tumours across different patient
populations. This study provides the musculoskeletal interventional radiologist with insight into
how to appropriately utlilise different techniques to optimise the diagnosis, treatment and palliation

of tumours.

Keywords: radiology; interventional; orthopedics; tertiary care centres; tertiary healthcare; patient
care; radiologists; neoplasms

1. Introduction

Musculoskeletal oncology is a large and diverse field of growing complexity and
scientific development with rapidly emerging medical and surgical developments [1].
Radiology is a key facet of this paradigm shift, in large part thanks to the rapid development
of musculoskeletal diagnostic and therapeutic interventional radiology (IR) [2].

Radiology in general has advanced through improvements in radiography, ultrasound,
fluoroscopy, Computed Tomography (CT), and Magnetic Resonance Imaging (MRI). These
have accelerated the role radiology plays in diagnosis and follow-up of soft tissue and bone
tumours. Musculoskeletal IR has more directly benefited from a host of other technolog-
ical innovations by enabling far more options and flexibility in the options available for
minimally invasive procedures.

Musculoskeletal IR entails two main types of procedures. The first are diagnostic
procedures, which are used in conjunction with a clinical and radiological assessment to
better characterise lesions and subsequently optimise the wider patient management [3,4].
In the context of bone and soft tissue tumours, such procedures predominantly involve
biopsy to facilitate a positive diagnosis. Therapeutic options are generally more wide-
ranging and we will discuss various types of ablation and augmentation procedures.
Treatment aims can be curative or palliative and minimally invasive intervention can play a
valuable role in optimising patient care in both types of cases, either alone or in conjunction
with other treatments [5].
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This review covers the current state of musculoskeletal interventional procedures
within the setting of our tertiary tumour centre. The focus is on the principles behind
the different techniques used and the flexible application of these to manage a range
of conditions.

2. Methods

Ultrasound and CT interventional radiology lists at our tertiary orthopaedic oncology
centre take place most days of the week. A retrospective search of these lists for procedures
performed for oncological indications was carried out using the Radiology Information
System (RIS). The indications and techniques of the included procedures were consid-
ered. Radiology images were collected from our Picture Archiving and Communication
System (PACS).

To support our analysis of the procedures at our centre and contextualise findings
within the context of the wider literature, a literature search was carried out in Medline
using the terms ‘musculoskeletal’, “‘oncology’, ‘biopsy’, ‘intervention’, and ‘radiology’. The
relevant existing literature was reviewed and forms part of the discussion of this review.

3. Review and Discussion
3.1. General Considerations

Preprocedural planning is perhaps the most crucial aspect of interventional radiology
in general and musculoskeletal interventions are no different [3]. Meticulous patient se-
lection, review of existing imaging, and patient preparation are needed before the patient
even reaches the interventional radiology department. From our experience, optimisation
of these parameters can make even the most difficult procedures proceed smoothly. Con-
versely, their neglect can be very detrimental and risks complications even in relatively
straightforward procedures.

Thorough planning also contextualises any procedures within the wider perspective
of patient care. Different patients will have different needs leading to different treatment
objectives. Every patient at our institution is, therefore, discussed at a multidisciplinary
team (MDT) meeting to ascertain the aims of treatment and thus select the most appropriate
procedure, if any. As discussed later in this text, radiological interventions can play a role
in both definitive palliative and curative management as well as adjunctly support other
treatments such as surgery and medical therapies [5].

Imaging plays a crucial role in narrowing the diagnosis and in selecting patients for
biopsy [6]. A wide range of modalities are utilised including radiography, ultrasound, MRI,
CT, and nuclear medicine studies. Although many soft tissue and bone lesions are difficult
to fully assess on imaging, there are numerous ‘do not touch’ entities where the imaging
characteristics are so clear that a biopsy or intervention would be of no additional benefit
and is, therefore, obviated. At our institution, such cases are still discussed with the MDT
to gain input from the clinical team before a decision is made not to actively treat.

Imaging also plays an invaluable role in planning percutaneous radiological proce-
dures as well as oncological and surgical treatment [3,6]. The various modalities can help to
plan approaches, make equipment choices, and monitor complications. Specific examples
of this are discussed below.

3.2. Patient Discussion

It is important to remember the patient is at the centre of what is usually a complex
care pathway which each clinician must help to navigate. For any musculoskeletal IR
procedure, an explanation of the objectives, techniques, and role in overall care must be
given at a prior date. This is typically carried out by the oncology team in our institution
and forms the first part of the consenting process. On the day of the procedure, the patient
meets with the performing interventional radiologist for a detailed discussion on the aims,
methods, and risks of the procedure as well as any alternative options, thus completing the
consent process. Patients will often raise concerns and queries about technical aspects of
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the anaesthetic and radiological processes which should be addressed in a comprehensive
yet understandable manner.

Most cases at our institution are performed as day cases with patients arriving early
in the morning for preprocedural checks and processes. Overnight stays may be necessary
for more complex procedures or those with a higher risk of complications.

3.3. Procedure Setting

The bulk of intervention work at our institution is performed in a CT scanner room
with an ultrasound machine also readily available. Patients are brought from the day case
unit into an adjacent waiting recovery area where final preprocedural checks are carried
out. Experienced interventional staff including radiographers, nursing, and anaesthetic
staff who are familiar with the procedures performed are important to the smooth running
and optimisation of patient experience for any procedure.

3.4. Diagnostic Procedures

As well as providing diagnostic information in and of itself, imaging is also a means
to obtain tissue samples where histopathological analysis is needed for both soft tissue
and bony lesions [7]. Several scenarios require such sampling, the most obvious being in
cases of clinical and radiological uncertainty as to whether a lesion is benign or malignant.
Even where lesions are almost certainly malignant, tissue sampling is usually helpful to
identify whether the lesion is a primary tumour or metastasis and detailed histopathological
analysis can aid personalisation of subsequent medical oncological care. At our institution,
it is only in a few cases that the risk of sampling outweighs any potential palliative or
curative benefit from a biopsy.

Most tissue sampling at our institution is carried out under radiological guidance. The
main exceptions are very superficial lesions which can be sampled percutaneously without
imaging and the minority of lesions which would require en bloc resection regardless of
their histological constitution.

3.4.1. Soft Tissue Biopsy

Diagnostic image-guided procedures are a staple of interventional radiology seen
in generalist and specialist settings. In the context of musculoskeletal IR, percutaneous
core biopsies are the most common procedure. Different approaches are used, mainly
dependent on the site, size and composition of the lesion in question.

The easiest lesions to sample are those composed of homogenous soft tissue and located
subcutaneously and remote from any important soft tissue structures (e.g., nerves, vessels,
tendons, etc.). These can sometimes be biopsied without any imaging whatsoever. However,
many lesions will have a degree of heterogeneity or be located within or adjacent to vulnerable
structures. These benefit from direct visualisation. Ultrasound is the modality of choice as it
provides high-resolution images of superficial structures allowing real-time direct visualisation
of the needle as it is placed into the lesion, avoiding adjacent vital structures.

For soft tissue lesions, which are much deeper (e.g., in larger patients or deeper tissues)
or more awkward or harder to visualise on ultrasound (e.g., obscured behind bone), CT is
an option. While this does not allow real-time visualisation and imparts a radiation dose,
visualisation of any area of the body using this generally more completely illustrates the
salient anatomy. At our institution, this is carried out by obtaining an initial unenhanced
planning helical scan. The skin is then marked and local anaesthetic is administered. Axial
slices are then obtained at the site of needle insertion as the local needle is advanced and
subsequently exchanged with a biopsy system.

We employ a ‘CT fluoroscopy’ method to increase accuracy, speed, and patient
safety [8]. Unlike the conventional method of entering and exiting the scanner when
scanning needle and lesion position, this alternative method consists of staying in the
scanning room with the interventional radiologist operating a foot pedal to acquire Partial-
Angle CT (PACT) images. Reducing time moving in and out of the scanner means images
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are acquired quicker thus minimising the dwell time of any needles thereby reducing the
risk of inadvertent motion and the need for repeat imaging, ultimately minimising the
radiation dose to the patient [9]. However, there is a radiation risk to the operator which
must be minimised by ensuring the use of protective lead aprons, thyroid shields, and
glasses. The operator’s dose is further minimised by limiting the volume of scanning
and standing on the detector (rather than the tube) side of the scanner where the dose is
minimised [10]. Of course, care should also be taken to only have staff in the room at the
time of scanning who must be present, in our institution this is typically only the operating
radiologist with an assistant for parts of the procedure where necessary.

For soft tissue biopsies, we employ disposable 14-gauge spring-loaded core biopsy
needles (Supercore), typically acquiring four to five samples (Figure 1). In superficial
lesions, multiple passes can be made. For deeper lesions, a coaxial system is advised to
allow easier biopsy with reduced discomfort and injury.

Figure 1. Axial T1 (a), STIR (b) shows tumour (arrow) involving right posterior ilium and Ultrasound-
guided biopsy (c) showing needle (red arrows).

For all soft tissue and bone lesions apart from those which are immediately subcuta-
neous, knowledge of the surgical approach is crucial. Although there is some controversy,
it is generally accepted that many tumours will seed along the biopsy tract necessitating
its resection at the time of any surgery [11,12]. If the biopsy tract is remote to the surgical
access, this necessitates widening the surgical field and can limit the extent of treatment
as well as reconstruction options. It is, therefore, imperative to agree the biopsy approach
with the surgical team prior to the procedure [3]. As a general rule for soft tissue lesions,
one must aim not to involve additional compartments to the one involved and to avoid
any major neurovascular structures [13].

3.4.2. Bone Biopsy

Bone lesion biopsy is a similarly variable process. However, given that such lesions
are almost invariably deep and typically have either a calcified component or lie behind
a bony cortex, ultrasound is usually not a feasible option. Therefore, CT guidance is the
workhorse of these procedures in our centre. As with soft tissue lesions, an initial planning
scan is followed by local anaesthetic administration and then ‘CT fluoroscopy’ imaging as
a percutaneous biopsy system is targeted to the lesion.

We use two main needle systems. Most bone lesions can be sampled with a T-Lok
eight-gauge system with an inner diamond-tipped stylet and outer cannula. This is inserted
through the cortex overlying a bone lesion. Once in the lesion, the stylet is removed and the
cannula is advanced to the deep wall of the lesion aiming to trap the core against normal
bone on either side. A tray is then inserted through the cannula to acquire the sample.
Both tray and cannula are withdrawn together and the sample is then deposited into the
relevant histopathology or microbiology pots (Figures 2 and 3). Typically, only one sample
is needed unlike in a soft tissue biopsy.
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Figure 2. Axial T2fat suppressed (a), sagittal Proton density (b) showing tumour in the distal femur.
Axial CT (c) showing biopsy needle in the distal femoral lesion.

Figure 3. Sagittal T1 (a), T2 (b) and axial T2 (¢) showing tumour (arrow) in the vertebral body and
CT guided biopsy of the lesion (d).

While the T-Lok works well for lesions with relatively minimal overlying cortical
bone, dense sclerotic bone can be difficult to traverse and requires a drill. Hand and
battery-powered drills are available. We employ a Bonopty penetration set which includes
a drill. The procedure is similar to with the T-Lok but the drill is inserted after the stylet
is removed to penetrate sclerotic bone. The drill itself is taken out at the periphery of the
lesion and the cannula is advanced. The radiologist must take care not to destroy the sample
itself with the drill, which can easily be inadvertently achieved with small soft lesions
within a sclerotic periphery. This is avoided by removing the drill just before entering the
lesion itself.

Some bone lesions can consist of large soft-tissue components enclosed within cortical
bone. These can be sampled by using a 10 cm x 8 G T-Lok system to gain access through
the calcified component. The stylet is then exchanged with a 15 cm x 14 G Supercore biopsy
needle (as used in soft tissue biopsy) passed through the cannula (functioning analogously
to a coaxial needle) and multiple samples are taken.

Regardless of the type of lesion within the bone, bone biopsies can be technically chal-
lenging. A key reason for this is that needle systems are relatively heavy and can be difficult
to stabilise under their weight whilst they are in soft tissue but not yet in bone. This can cause
the needle to change position when it is released by the radiologist to allow scanning. This is
particularly pronounced in the extremities due to the relatively thin, soft tissue and rounded
structure. We use several techniques at our institution to adapt to this problem, including
stabilisation with steristrips, anchoring against bones, and rolling sterile gauze or towels
under the needle [14-16]. Once the needle enters into bone it is generally anchored enough to
not move unless it is a particularly long or horizontally orientated needle.

3.4.3. Aspiration

Purely cystic lesions—whether in bone or soft tissue—cannot be sampled using biopsy
needles alone. Instead, aspiration is used to obtain the material for histopathological and
microbiological analysis. Superficial lesions can be sampled with a 21 G 1.5” “green’ needle
under ultrasound guidance. Deeper lesions often require a Quincke-style 22 G needle up to
7" long. Cystic lesions may be enclosed within the bone and can be accessed using a bone
biopsy system with subsequent aspiration through the cannula.

64



J. Pers. Med. 2024, 14, 1167

3.5. Percutaneous Therapeutic Procedures

Indications for therapeutic musculoskeletal IR procedures fall into two broad cat-
egories. Some procedures are performed for definitive treatment, usually of small and
isolated lesions that can be targeted and treated percutaneously. These percutaneous thera-
pies have a role as they are minimally invasive and, therefore, generally better tolerated
than the surgical alternatives [17,18].

Aside from curative intent, many treatments are carried out for palliative purposes
in the context of widespread disease or frailty precluding definitive medical or surgical
treatment. As discussed in more detail below, this can include treatment of symptomatic
lesions or consolidation of pathological fractures via augmentation procedures. Whilst not
ridding the patient of disease, the impact of reduced pain and disability on improving the
quality of life achieved through a relatively tolerable procedure can be remarkable.

3.5.1. Ablation

Percutaneous ablation is the destruction of abnormal tissues within bone or soft tissues
using needles introduced under image guidance. As with diagnostic procedures, this is a
minimally invasive alternative to other options such as surgery. A range of procedures lie
under this umbrella but several general principles apply. Regarding indications, ablation
can be a curative or adjuvant therapeutic option.

At our institution, ablation is almost always performed with CT guidance which
optimises logistical efficiency and procedure planning but some types of ablation can be
performed purely under ultrasound, for instance for Morton’s Neuroma [19,20]. As for
other interventional procedures, imaging is reviewed and a path to the soft tissue is planned.
The patient is placed on the scanner in the appropriate position and a radio-opaque grid is
applied to the vicinity of the lesion. Following a planning scan, the skin is marked in one
or more locations. Local anaesthetic is then administered to subcutaneous tissues. Access
to the lesion is usually obtained using either bone or soft tissue biopsy systems (as above)
which allows a sample of the lesion to be obtained before ablation. Once the biopsy needle
is withdrawn, the cannula remains in situ and an ablation needle is passed through this.

We use two main categories of ablation at our institution—chemical and thermal (see
Table 1). The former category largely entails sclerotherapy. From the latter, we mainly apply
radiofrequency ablation and cryoablation with other types of energy-based ablation such as
microwave, laser, and MRI-guided high-frequency ultrasound rarely used at our institution.

Table 1. Table describing the major advantages and disadvantages of different methods of ablation
techniques in musculoskeletal IR.

Mechanism Advantages Disadvantages

e  Often requieres multiple
procedures to complete

Relatively minimal
° elatively minima treatment

Injection of cytotoxic I
complication rates

Chemical ablation sclerosant material into . Largely limited to treatment
. compared to thermoablation . .
a cavity of cystic lesions
. Sclerosant leakage can cause
embolism and tissue necrosis
Relatively quick
Improved bone . o
. . o e  Transient pain is more
. Delivery of alternating consolidation compared to
Radiofrequency . . common and severe
. radiofrequency current to other types of ablation . .
Ablation (RFA) . . . ° Skin burn which can be severe
induce cytotoxic heat (reduced fracture risk)

° Normal cells are relatively
resistant to heat shock
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Table 1. Cont.

Mechanism

Advantages

Disadvantages

Microwave
Ablation (MWA)

Delivery of alternating
radiofrequency current to
induce heat and cause
tumour death

Fastest at inducing effective
coagulation

Can extend deeper with
reduced inherent resistance

Further research needed into
optimising parameters

Interstitial Laser
Ablation (ILA)

Laser light- induced heating
to causes tumour cell death

Very precise

Safe and does not require
thermoprotection

No risk of skin burn or
frostbite

Limited to benign and small
tumours

Cryoablation

More effective for sclerotic ° Frostbite

lesions as it can better ° Cryoshock

overcome the thermal e  Cryomyositis

insulation properties of e  Relatively increased bleeding

N cortical bone risk compared to heat-based
Application of freeze—thaw . .
. Less painful thanks to methods as there is no
cycles to induce tumour . . .
cryoanalgesia coagulative phase in CA

cell death

Cryoadhesional retraction
can be used to manipulate
the targeted structures

MRI can accurately monitor
the cryoablation zone

Limited use in larger tumours
(i.e., >3 cm or if >3 tumours)
Relatively expensive,
particularly if using
MRI-compatible equipment

High- Frequency

Cytotoxic heat is generated by
focusing ultrasound waves

Noninvasive
Relatively safe with
minimal risks of burn and

Can only be used for very
superficial lesions in soft
tissue or bones with thin
cortices

Must be combined with

Ultrasound (HIFU)  from multiple sources to a . e
. inadvertent neurovascular stabilisation if in
common point . . .
injury weight-bearing bones
° Works poorly with
thermoprotection techniques
Sclerotherapy

Sclerotherapy is the injection of a sclerosant into a tumour to induce chemical abla-
tion [21]. It is the primary form of chemical ablation for musculoskeletal tumours at our
centre. It is mainly used for the treatment of cystic entities—most commonly aneurysmal
bone cysts (ABC) but also venous malformations and giant cell tumours (GCTs)—as an
alternative to surgical options [22]. It can also be used as an adjuvant treatment for locally
aggressive GCTs and cystic malignant tumours but surgery en bloc remains the treatment
of choice for these lesions.

A wide range of injectants are used including polidocanol, ethanol, and warm Ringer’s
lactate (Hartmann'’s) solution [13,15-17,23,24]. At our centre and others, doxycycline is
agitated with an equal volume of air and used for injection [25]. This antibiotic has
shown safety and efficacy in suppressing tumour growth and stimulating bone forma-
tion, thus rendering it a useful agent for sclerotherapy in both appendicular and axial
lesions [14,18,19,25-27].

The cyst is typically accessed using an 11 G bone biopsy needle. If the lesion is
multiloculated, the needle is agitated to break up the septations to facilitate communication
and its contents are aspirated. The position is confirmed with the injection of iodinated
contrast which also has the benefit of confirming no intravascular communication or leak
into other adjacent structures is present as also described in the existing literature [28,29].
If the lesion cannot be completely opacified, further punctures may be required. Once
satisfactorily opacified, the sclerosant is injected and subsequently aspirated to minimise
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the risk of leakage. This allows the lesion to consolidate or involute over successive
procedures (Figures 4 and 5).

Figure 4. AP radiograph of pelvis (a) showing destructive lesion of left pubis and superior pubic
ramus (arrow) with marked consolidation post three sessions of sclerotherapy (b). Axial CT imaging
pre sclerotherapy (c), intraprocedural (d), and following three sessions of sclerotherapy (e) to the
lesion (arrow).

Figure 5. Axial T1 (a), STIR (b) showing aneurysmal bone cyst of fibula (arrow) treated with
sclerotherapy under CT guidance (c,d).

Sclerotherapy advantageously does not suffer from the risks to adjacent tissues and
skin seen with the thermoablation techniques described above. Complication rates are low
but sclerosant leakage or injection into vascular structures is a potential risk which can lead
to embolism and tissue necrosis. Perhaps the biggest drawback is that repeat procedures
are frequently necessary, particularly for larger lesions resulting in substantial time and
resource allocation [30-32].

Thermoablation

In thermoablation, the aim is to rapidly change cell temperature to induce necrosis or
coagulation in tumour cells while preserving the adjacent normal cells, the latter of which
are typically more resistant to temperature change [33]. The ablated area then involutes
and is replaced with soft tissue or bone over subsequent weeks to months. Augmentation
procedures (see below) can be used in larger ablated areas to maintain structural integrity
during the healing process [34].

Radiofrequency ablation (RFA), microwave ablation (MWA), interstitial laser ablation
(ILA), and high-frequency ultrasound (HIFU) all apply ablative heat energy in different
ways. Cryoablation instead uses ice balls to destroy tissue.

e  Radiofrequency Ablation
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Radiofrequency ablation has been used for over a century in a range of non-musculoskeletal
and non-oncological settings [35,36]. Its application to tumour ablation has increased in
recent years. There are several types, with our institution using pulsed RFA.

This technique is particularly used as a first-line curative option in osteoid osteomas
and osteoblastomas. It is also effective in the cure of chondroblastoma [37,38]. As a
palliative option, it has been used for painful bony and soft tissue metastases as well as
myeloma and can be combined with cement augmentation to restore function [36,39,40].

Radiofrequency ablation uses temperatures of up to 95 °C applied over several minutes
to induce tumour cell coagulation necrosis. Technically, this is achieved by positioning
an RFA needle (the cathode) into the lesion using a similar approach to a bone biopsy
(i.e., with a coaxial biopsy needle system including a drill) and applying a grounding
pad to the patient’s thigh (the anode). Most treated lesions are surrounded by cortical
bone, thus insulating adjacent structures from the hot needle tip and effectively heating
the tumour. Before introducing the RFA needle, a biopsy is typically taken to confirm the
suspected diagnosis.

As well as bearing in mind the ‘standard” complications associated with percutaneous
procedures involving bone such as fracture, infection, pain, and injury to neurovascular
structures, RFA also can cause thermal injuries perilesional soft tissue as well as significant
skin burns at the needle and grounding pad sites. Techniques such as injection of fluid or
CO; to separate structures or thermal monitoring of adjacent tissues can minimise the risk
of injury (Figures 6-11).

Figure 6. Axial T1 (a), STIR (b), CT (c) showing osteoid osteoma of tibia (arrow) treated with
radiofrequency ablation (d).

Figure 7. Sagittal (a) and axial (b) T2 fat-suppressed, coronal PD (c) and PD fat-saturated (d),
SPECT CT (e) all showing osteoid osteoma of the lateral cuneiform (white arrows) treated with
radiofrequency ablation (f).

Figure 8. Axial STIR (a) showing femoral head chondroblastoma (arrow) treated with CT-guided
radiofrequency ablation with multiple needles (b,c).
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Figure 9. Sagittal T1 (a), STIR (b) showing recurrence of GCT cranial and caudal (arrows) to prior
cementation subsequently treated with radiofrequency ablation (c,d).

Figure 10. Axial T1 (a) showing metastasis in right ilium (arrow) (b) treated with radiofrequency
ablation. Post-cementoplasty axial (c) and coronal (d) CT post-cementoplasty.

Figure 11. Axial CT showing osteoid osteoma of lumbar spine (arrow) (a) treated with radiofrequency
ablation with neuroprotection using air (b,c).

° Microwave Ablation

Microwave ablation (MWA) is another heat-based method whereby antennae are
inserted into the tumour and an electromagnetic field is used to generate the heat. The
advantages to this method over RFA include faster induction of coagulation necrosis,
reduced heat loss, and less variably inherent resistance [41,42]. These features allow deeper
extension and a larger ablation zone. Like RFA, MWA risks burning the ablation site but
does not use a grounding pad and, therefore, does not result in skin burns here [43].

In the liver, MWA shows a more consistent and faster response than RFA and allows
the use of multiple probes. These factors favour its suitability for larger tumours and those
in close proximity to neurovascular structures [44]. The literature delineating the role of
MWA in musculoskeletal tumour treatment is relatively sparse but several successful series
have found MWA is an effective curative option for osteoid osteomas, perhaps superior to
RFA [41,43].

° Laser Ablation

Laser ablation is also known as Interstitial Laser Ablation (ILA) or Laser Interstitial
Thermal Therapy (LITT). The underpinning principle is the delivery of infrared light
through optical fibres to generate head and induce coagulation necrosis [45]. This is a
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relatively new method first reported in 1997 but key potential benefits over MWA and
RFA are more precise and predictable energy delivery into the lesion as well as MRI
compatibility [46,47]. Efficacy was demonstrated in small benign tumours (such as osteoid
osteomas and vascular malformations) as well as malignant tumours outside of bone but
no clinical applications for malignant lesions are present in the existing literature [48,49].

e  Cryoablation

Cryoablation is the direct rapid cooling of lesions to temperatures as low as —100 °C
to induce crystallisation of intracellular water thus causing apoptosis. This is achieved
using rapidly expanding gas (usually argon) to cause a rapid drop in temperature via
a phenomenon termed the Joule-Thompson effect [50]. Multiple freeze—thaw cycles are
usually required with the latter achieved using helium gas infusion (Figure 12).

Figure 12. STIR axial (a), coronal (b) showing chondroblastoma in the humeral head (arrow) treated
with CT-guided cryotherapy (c,d).

Indications are more wide-ranging than other forms of ablation. Curative oncological
indications include benign desmoid tumours, osteoid osteomas, vascular malformations,
aneurysmal bone cysts and neuromas [50,51]. Malignant lesions such as bone metastases
can be treated curatively but palliation of painful bone metastases is a more established
process [52-54].

Like other thermoablation methods, cryoablation is achieved by percutaneously in-
serting probes into the lesion. Unlike RFA, multiple needles can be used allowing more
flexibility in tumours of different geometry and coverage of a larger ablation area. However,
the ablation process takes longer and is more expensive than other options. As well as
general thermoablation risks to the skin and perilesional structures, specific risks include
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cryomyositis (peritumoural muscle inflammation) and cryoshock (a systemic inflamma-
tory response from the release of inflammatory mediators). Numerous methods can be
employed to minimise inadvertent freezing risk such as hydrodissection and active or
passive warming of the adjacent structures [33,55]. Temperature monitoring and direct
visualisation of the ice ball using CT or ultrasound during cryotherapy can also reduce the
risk of injuring adjacent structures [56,57].

e  High-Frequency Ultrasound

Magnetic Resonance-Guided High-Intensity Focused Ultrasound (MRg-HIFU) is the
non-invasive focusing of ultrasound onto a lesion to induce heat and coagulation necrosis
within the lesion. Musculoskeletal applications include osteoid osteoma/osteoblastoma
and bone metastases (particularly for pain relief) but clinical utility specifically in the cure
of musculoskeletal tumours remains relatively sparse [58-60].

The key benefit of percutaneous ablation is reduced complications from the non-
invasive nature such as a much lower risk of fracture or infection. However, efficacy is
limited to relatively small superficial structures within thin, flat bones and away from any
perilesional vital structures [58,60].

3.5.2. Cement Augmentation

Cement augmentation is the injection of polymethylmethacrylate cement (PMMA) mix-
ture into a bony defect to restore bony structural integrity and provide pain relief. The most
common form is vertebroplasty in the context of vertebral compression fractures which—
in the setting of oncology—include pathological fractures with underlying myeloma or
metastases with resultant pain and disability refractory to conservative treatment. The
procedure is also a useful adjunct following percutaneous ablation to restore structural
integrity following bone destruction, particularly for larger lesions [33] (Figures 13 and 14).

Figure 13. Axial CT (a) showing metastasis in the sacrum. Images (b—d) showing sacroplasty with
cement in both sacral ala.

Figure 14. CT-guided vertebroplasty showing needle in the vertebral body (a) and sagittal (b) and
axial (c) showing cement within the vertebral bodies.

A relatively novel procedure described in the literature combines Ablation, Osteo-
plasty, Reinforcement, and Internal Fixation (AORIF) and it has been applied most com-
monly in the pelvis and proximal femora [60-62]. This is performed by introducing
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cannulated screws into osteolytic lesions as portals for ablation, balloon osteoplasty, and
the delivery of bone cement to facilitate the treatment of these lesions.

The most common type of cement augmentation at our centre is vertebroplasty. This
is typically performed via a transpedicular approach into the lesion using an 11 G or 14
G bone biopsy needle system. Biopsy samples may be taken with the PMMA and then
injected into the defect. A modified procedure is the kyphoplasty in which cement injection
is preceded by the inflation of a balloon device in the vertebral body to create space with
the cavity then filled with the cement. This is more effective in pain relief and minimises
leakage but results in a longer and more expensive procedure [4,63].

Other variants with similar underlying principles include sacroplasty and acetabulo-
plasty. Complications to be aware of include cement leakage, which can lead to cement
thrombosis, pulmonary emboli and compression of adjacent structures [64,65]. Never-
theless, cement augmentation generally remains a relatively safe and effective minimally
invasive procedure, which can greatly improve patient quality of life in a palliative setting.

4. Conclusions

Advancements in musculoskeletal interventional radiology have yielded a wide range
of diagnostic and therapeutic minimally invasive procedures. We illustrated how these
have introduced more flexibility to the management of soft tissue and bone tumours and
provide alternatives to more traditional surgical and oncological approaches in curative
and palliative settings.

It is virtually certain that the continued development of minimally invasive tissue
sampling, ablation, and augmentation procedures amongst others will add to the arsenal
of treatment options across a range of clinical oncological applications. This study has
provided the reader with insight into how these techniques and principles can be applied
to different clinical scenarios to optimise patient management.
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Abstract: Osteoarthritis (OA) of the knee is a prevalent cause of chronic pain and disability, partic-
ularly affecting women. While traditionally attributed to chronic wear and tear, recent evidence
highlights multifactorial pathogenesis involving low-grade inflammation and neoangiogenesis. Cur-
rent therapeutic options include physical therapy, pharmacotherapy, and total knee arthroplasty
(TKA). However, a subset of patients remain symptomatic despite conservative measures, necessi-
tating the development of minimally invasive interventions. Genicular artery embolization (GAE)
emerges as a promising option, targeting neovascularization and inflammatory processes in OA.
This paper reviews the pathophysiological basis, patient selection criteria, procedural details, and
outcomes of GAE. Notably, GAE demonstrates efficacy in relieving knee pain and improving function
in patients refractory to conventional therapy. While further research is warranted to elucidate its
long-term outcomes and compare it with existing modalities, GAE represents a novel approach in
the management of symptomatic knee OA, potentially delaying or obviating the need for surgical
intervention. Here, we synthesize the relevant literature, technical details of the procedure, and future
perspectives. Moreover, the success of GAE prompts the exploration of transarterial embolization
in other musculoskeletal conditions, underscoring the evolving role of interventional radiology in

personalized pain management strategies.

Keywords: genicular artery embolization; GAE; knee osteoarthritis; knee pain

1. Introduction

Osteoarthritis is a leading cause of adult chronic pain and disability, with the knee rep-
resenting the most common site of osteoarthritis [1]. It has an age standardized prevalence
of about 4300 cases per 100,000 individuals, with women being more affected than men [2].

Although chronic “wear and tear” is traditionally thought to be the main mechanism,
new evidence suggests that the pathogenesis of knee osteoarthritis is multifactorial, with
low-grade inflammation and neoangiogenesis playing a key role [3]. The treatment arma-
mentarium for the management of symptomatic knee osteoarthritis (KO) includes physical
therapy, drugs, such as non-steroidal anti-inflammatory drugs (NSAIDs), intra-articular
infiltrations of hyaluronic acid and corticosteroids, and, eventually, total knee arthroplasty
(TKA). A broad group of patients remain symptomatic despite therapeutic efforts, with a
subset showing mild to moderate articular degeneration which would not warrant surgical
joint replacement [4]. Thus, there is a need to develop new, effective, minimally inva-
sive treatments to address symptomatic mild to moderate KO resistant to conservative
therapies.
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2. Pathophysiology
2.1. Inflammation

Inflammation can be either acute or chronic, when long-lasting, in response to injury.

While acute inflammation is locally characterized by fluid effusion with granulocytic
cells, accompanied by systemic responses such as fever, leukocytosis, protein catabolism,
and serum C-reactive protein elevation, chronic inflammation is usually more subtle and
characterized by tissue monocytic infiltration [5-7].

Acute inflammation may resolve or evolve into chronic inflammation while the latter
can also start directly from the very beginning [6,8].

2.2. Angiogenesis

The synovial joint has a structure which allows both stability and movement. The
normal synovial lining is highly vascular, feeding the avascular articular cartilage [9].

Angiogenesis is the development of new capillaries from pre-existing blood vessels.
Inflammatory cells produce proangiogenic factors which stimulate the growth and in-
vasion of new blood vessels, which ease inflammatory cell infiltration. In osteoarthritis,
angiogenesis seems to maintain rather than trigger inflammation [7].

Angiogenesis results from a cascade of processes and is involved in different patho-
logic processes such as chronic inflammation and the metastatic spread of tumors.

Angiogenic factors, such as vascular endothelial growth factor (VEGF), angiopoietin-1
(Ang-1), nerve growth factor (NGF), and basic fibroblast growth factor (bFGF), released
within the synovium by many inflammatory cells, stimulate local endothelial cells in
secreting proteolytic enzymes, which degrade the endothelial basement membrane and the
perivascular extracellular matrix. This allows endothelial cells to proliferate and migrate to
develop a primary sprout which, in turn, leads to the development of capillary loops. The
subsequent synthesis of a basement membrane around the vascular loops ultimately leads
to capillary formation [10].

The microenvironment of inflammatory areas of the synovial membrane seems to
have higher levels of pro-inflammatory cytokines than normal areas. In fact, researchers
demonstrated a higher secretion of pro-inflammatory mediators, such as VEGF, interleukin-
6 (IL-6), interleukin-8 (IL-8), by synovial fibroblast cells of inflammatory areas and a lower
secretion of trombospondin-1, which is an anti-angiogenic factor [11].

Pro-inflammatory cytokines such as IL-6, IL-8, and tumor necrosis factor-a (TNF-a)
are involved in OA as well as in neovascularization, either directly stimulating the process
or promoting the secretion of VEGF [12]. In regard to neovascularization, VEGF seems to
play a key role in the angiogenic process, promoting both the proliferation and migration
of endothelial cells [13].

The final effect of these mediators is an increased vascularity in the synovium seen in
OA patients and an invasion of cartilage by new vessels from the underlying bone [14]. As
a result, patients with OA of all grades experience a thickening of the synovial lining cell
layer, neovascularization, and inflammatory cell infiltration of the synovial membranes,
changes that are more evident in severe OA [14,15]. The awareness of the importance of the
angiogenetic process stimulated the need to develop new lines of research which addressed
the treatment of neovessels in the osteoarthritic joints, leading to the development of the
genicular artery embolization (GAE) procedure.

3. Indications and Patient Preparation

The therapeutic efforts of painful knee osteoarthritis traditionally focused on physical
therapy (such as muscle strengthening, exercises, and stretching), anti-inflammatory drugs
(such as NSAIDs, corticosteroids, and opioids) and intra-articular infiltrations of hyaluronic
acid and corticosteroids. However, the last traditional option for patients not responding
to these therapies is TKA [4]. The non-invasive nature of physical therapy justifies its role
as the first line therapy for the disease. When ineffective, patients start medications and
interventions. NSAIDs often provide minimal pain relief and their chronic overuse raises
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the risk of kidney and hepatic failure; moreover, opioids may induce addiction and corti-
costeroids give a high risk of both metabolic impairment and osteoporosis. Intra-articular
injections of hyaluronic acid and corticosteroids, although minimally invasive, often pro-
vide limited efficacy over the long term, thus requiring repetitive sessions [4,16]. Due to
the longer life expectancy of patients, the objective of the genicular artery embolization
procedure is to postpone surgical replacement as much as possible, or to offer another
therapeutic chance to those patients not willing to undergo or not eligible for TKA.

The main case series include young or older adults with moderate to severe knee pain
(i.e., a visual analogue scale (VAS, from 0 to 10) higher than 4) who did not experience
benefit from at least 3 months of continuous conservative therapies [17-20]. Moreover,
the assessment of the Western Ontario and McMaster Universities Osteoarthritis Index
(WOMAQC) preoperatively is suggested to understand the baseline symptoms and compare
the result with those obtained after the treatment to understand its effectiveness [21,22].

To be proposed for GAE, patients need to undergo plain radiography in order to
assess their Kellgren-Lawrence (KL) grade. KL grading is a five-grade system, published
in 1957, based on plain radiography, which evaluates the severity of articular osteoarthrosis
changes [23]. Usually, eligible patients include KL grade 1 to 3, while KL grade 4 patients are
proposed for TKA unless they refuse or they are considered inoperable; in such cases, GAE
may be proposed to improve symptoms although the literature on high-grade osteoarthritis
is still insufficient. Pre-operative magnetic resonance imaging (MRI) without contrast
medium (Figure 1) is suggested to exclude other sources of knee pain [20,24]; however, some
authors suggest to complete the MRI study with post-contrast T1-weighted sequences [19].

Figure 1. Magnetic resonance imaging and angiographic findings in an 87-year-old patient affected by

osteoarthritis. The patient had undergone multiple conventional therapies over the years, including
joint infiltrations and oral analgesics. She was not considered a candidate for TKA due to high surgical
risk. Coronal fat-saturated T2-weighted MRI (A) shows diffuse oedema in the lateral compartment of
the tibia. DSA performed at the femoral-popliteal transition (B) shows an area of hypervascularisation
(blush) in the lateral compartment of the tibia (arrows) corresponding to the MRI finding. Magnetic
resonance imaging conducted 4 months post embolization (C) exhibits a notable attenuation of
bone marrow oedema; clinically, the patient reported diminished symptomatic pain and achieved
unaided ambulation.

The additional value of post-contrast MRI images is to identify the areas of synovial
hypervascularization, with the possibility to match them with clinical data and intraproce-
dural findings in order to guide the embolization procedure [25].

Peripheral arterial disease (PAD) represents one of the main contraindications because
geniculate arteries play an important role as collateral circulation in case of popliteal
and below-the-knee artery atherosclerotic occlusion, and patients with PAD may rely on
these vessels to sustain leg perfusion [26]. In addition, severe PAD may complicate the
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procedure due to eventual genicular artery stenosis with a higher risk of arterial dissection,
especially when treating those arteries branching off perpendicularly. Thus, a careful
evaluation of peripheral pulses is mandatory while arterial duplex ultrasound is usually
reserved to doubtful situations. It is also important to rule out general contraindications to
arteriography by investigating baseline renal and coagulative function and possible allergy
to iodinated contrast medium. Finally, due to the relatively high percentage of transient skin
mottling occurrence, it is important to perform a pre-intervention dermatologic evaluation
of the knee region.

4. Local Vascular Anatomy

The genicular arteries are a network of vessels that supply blood to the knee joint region.

These arteries include the descending genicular artery (DGA), superior lateral genic-
ular artery (SLGA), superior medial genicular artery (SMGA), middle genicular artery
(MGA), inferior lateral genicular artery (ILGA), inferior medial genicular artery (IMGA),
recurrent anterior tibial artery (RATA), and superior patellar artery (SPA). The conventional
genicular artery anatomy is illustrated in the figure below (Figure 2).

Figure 2. The typical branching patterns of the genicular arteries.

The medial portion of the knee receives its primary blood supply from the DGA,
SMGA, and IMGA. The DGA originates from the superficial distal femoral artery, and
bifurcates into a superficial (myocutaneous) branch, known as the superficial medial
saphenous branch, and a deeper, more convoluted lateral musculoarticular branch, that
perfuses the joint.

The SMGA divides into one branch supplying the vastus medialis, while the other
branch supplies the femur and knee joint.

The IMGA supplies the upper end of the tibia and knee joint.

The MGA may originate from a common point with the LSGA or isolated. It pro-
vides perfusion to both the anterior and posterior cruciate ligaments and to the synovial
membrane of the knee.
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The SPA has a variable origin from the DGA or directly from the femoral artery
and has a characteristic serpiginous course to the anterior part of the knee, toward the
patellofemoral compartment.

The lateral compartment of the knee is mainly perfused by the SLGA, ILGA, and
RATA. The SLGA is divided into a superficial branch that supplies the vastus lateralis and
a deep branch that supplies the lower part of the femur and knee joint.

The ILGA ends with branches that anastomose with the IMGA, SLGA, and RATA [22].

The medial joint compartment is the weight-bearing portion of the joint and therefore
the one most frequently affected by degenerative osteoarthritis [27]. Consequently, the
arterial branches of this compartment are most often targeted for embolization.

Significant variation in genicular artery anatomy exists and holds crucial significance
for interventional radiologists. A recent cadaveric study [28] provided a comprehensive
classification system for variations in branching patterns and the presence of arterial
anastomoses. This thorough understanding of anatomy is paramount for ensuring the
safety and efficacy of interventions.

The presence of arterial anastomoses is particularly noteworthy during embolization
procedures due to the potential risk of non-target embolization via these connections. In
their study, O’Grady et al. [28] observed that the SMGA shared an origin with the MGA
in 25% of cases. Non-target embolization (NTE) to the MGA may result in damage to the
cruciate ligaments. In addition, anastomosis between the DGA and SMGA was found in
85% of cases, with a mean diameter of 850 microns, representing another risk of NTE.

Intraoperative cone-beam computer tomography (CBCT) stands as a crucial supple-
ment to conventional angiography and CT angiography, providing a more comprehensive
understanding of genicular artery anatomy. In comparison to digital subtraction angiogra-
phy (DSA), CBCT has superior resolution capabilities, which allow it to accurately identify
complex structures such as small-caliber vessels and anastomoses [29]. The high anatomic
definition offered by CBCT plays a key role in interventional planning and in ensuring the
accuracy and safety of procedures targeting the genicular arteries.

In their study, E. Callese et al. [29] identified through CBCT four genicular artery
branching variants: Type 1: common trunk of SLGA and MGA; Type 2: independent
origins; Type 3: common trunk of the SLGA, MGA, and SMGA; and Type 4: common trunk
of the MGA and SMGA.

Understanding the anatomy and variants of the geniculate arteries is essential for
interventional radiologists performing procedures such as GAE, in terms of treatment
efficacy and to minimize complications.

5. Embolization Procedure

GAE is an elective symptom-related procedure which implies the treatment of painful
regions showing “tumor blush” appearance at selective and/or superselective angiography.
As such, it is important to ask the patient to point to the most painful sites in order to place
radiopaque markers on the skin, useful to guide the embolization.

Before the procedure, intravenous antibiotic prophylaxis should be administered
(commonly, 2 g of cephazolin). The angiographic suite should be prepared for peripheral
angiography, so it could be useful to reverse head-to-feet the usual patient position.

Ultrasound-guided vascular access is recommended and it may be performed either
antegrade or contralateral retrograde, in case of a prominent belly or atherosclerotic plaques
on the common femoral artery.

The introducer sheath can be selected on the basis of the operator preference. The most
common introducer sheaths used are standard 4 French sheath and the 3 French sheath,
commonly included in the micropuncture set. In the latter case, the operator renounces the
use of an intermediate 4 French diagnostic catheter.

Then, a digital subtraction angiography (DSA) of the superficial femoral artery at the
knee level is performed by injecting either through the sheath or through the diagnostic
catheter 15 mL of iodinated contrast agent at a flow rate of 3 to 4 mL/s. It is important
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to make a long-lasting angiographic run to observe the parenchymal phase. “Tumor
blush” may not be visible through the femoral or popliteal injection, so a superselective
angiography of the arteries supplying the painful region is necessary. Superselective
catheterization should be performed with a 2.4 Fr or thinner microcatheter in order to
facilitate a distal embolization avoiding spasm.

It is important to identify dangerous anastomoses such as those with popliteal artery,
or other collaterals which can lead to off-target embolization, such as cutaneous collaterals.
In this setting, the use of cone-beam computed tomography (CBCT) is helpful due to its
three-dimensional view and its higher resolution compared to the two-dimensional images
of DSA.

Before starting the embolization, an ice pack should be placed on the skin of the target
region. This significantly reduces the risk of skin ulceration by inducing the vasoconstric-
tion of skin collaterals [20]. Once the microcatheter is advanced within the target vessel,
a DSA is necessary to demonstrate the “tumor-like blush” appearance, and the embolic
material is slowly injected until pruning of the neovascularity is obtained and pathologic
hyperemia is no longer seen, while preserving the patency of the parent vessel (Figure 3).

Figure 3. Selective angiography of the ILGA using a microcatheter (arrow). Initial angiographic image
(A) shows hypervascular “blush” (highlighted in blue oval). After the delivery of 100-300 micron
microspheres, the angiogram (B) shows “pruning” of the artery with patent parent vessel. The patient
had no procedural adverse events.

As the amount of embolic material is usually small, it is suggested to inject 0.2 incre-
ments of embolic material, followed by saline. In addition, between each bolus, DSA is
necessary to recognize the appropriate embolization point. Every vessel supplying the
painful region should be studied and treated if “tumor-like blush” is recognized. Finally,
the hemostasis of the vascular access can be achieved either through an occlusion device or
manual compression.

Embolic Materials

The first case series about the treatment of refractory knee pain secondary to os-
teoarthritis, published by Okuno et al., described the use of both temporary and permanent
embolic agents.
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Okuno and colleagues employed imipenem/cilastatin sodium as a temporary embolic
and permanent 75 mm microparticles.

Imipenem/cilastatin is an antibiotic which demonstrates slight solubility in water,
and, when suspended in contrast agent, constitutes 10 to 70 mm particles that have an
embolic effect [17].

The results of Okuno et al. showed the good efficacy of both embolic materials without
major adverse events [17].

Unfortunately, imipenem/cilastatin sodium is not readily available everywhere with
this indication. As such, many authors focused on the use of microparticles with good
results but obtaining a permanent embolization [17-20].

However, the possibility to use a temporary embolic agent seemed a great opportunity
in order to reduce the risk of ischemic adverse events. In a recent trial by Sapoval and
colleagues, the authors decided to study the efficacy of an ethiodized oil-based emulsion
between the temporary embolic agent Lipiodol Ultra-Fluid (Guerbet) and the contrast
agent ioversol 300 mgl/mL in a 1:3 mixture which was found in a previous reserved study,
by their group, to be able to embolize vessels for about 10 min. In their LipioJoint-1 trial,
they obtained good clinical results and no embolic material-specific adverse events. At
the same time, Min et al. tested another temporary embolic material based on the gelatin
sponge widely used for the temporary embolization of bleeding vessels or at the end of
hepatic chemoembolization to obtain stasis within the treated vessels, which is said to
be degraded within 2448 h into the bloodstream [30]. A recent metanalysis compared
the performance of temporary and permanent embolic agents. The results did not show
significant differences in patients” outcomes between the two groups [31]. However, to date,
the experience is still limited and there is no wide consensus yet on which embolic material
is safer and more efficacious, although results on both matters seem to be comparable.

6. Expected Outcome and Complications
6.1. Expected Outcome

The results of GAE for the treatment of refractory knee pain secondary to osteoarthritis
are usually evaluated with the use of validated self-administered scales either general,
such as VAS, or specific for hip and knee osteoarthritis as in the case of WOMAC. While
the former exclusively evaluates pain, WOMAC also takes into consideration articular
functionality and stiffness. Some authors decided to use the Knee Injury and Osteoarthritis
Outcome Score (KOOS), which is a more recent questionnaire evaluating symptoms related
to osteoarthritis and their impact on patients’ quality of life [32-34].

In the main case series published so far, both VAS and WOMAC scores were substan-
tially reduced within the first month [17-20,35-37], often remaining low until the third
month (Figures 4 and 5).
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However, in some papers, a small rebound in pain and articular symptoms was regis-
tered after the first month [18,19,35]. This finding can be due to the patient’s characteristics.
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In the paper by Lee et al. only the subset affected by severe osteoarthritis experienced
symptom rebound, while the subset of patients with mild to moderate KO had a long
lasting benefit which remained up to 12 months, suggesting a poorer outcome in more
advanced KO [35]. Choi and colleagues observed a significant difference in response
among KL grades, identifying a grading >3 as a predictor of poor response [24], and thus
highlighting the importance of OA severity. Nevertheless, these results are in contrast with
the subsequent experience by Padia and colleagues, whose study population included up
to 40% of KL grade 4 patients. In their study, 60% and 53% of patients registered a decrease
of at least 50% in VAS and WOMAC scores, respectively, at 1 month, and the percentage
rose up to 68% in both categories at the 1-year follow-up [20]. The main difference between
these experiences is that while the group of Padia obtained vessel embolization through
non-resorbable particles, Lee et al. and Choi and colleagues employed IM/CS and a combi-
nation of IM/CS and gelatin sponge, which are all temporary embolic agent. Finally, the
most recent case series published by Sapoval and colleagues employed another type of
resorbable embolic agent based on the ethiodized oil Lipiodol Ultra-Fluid (Guerbet, Paris,
France) [39]. They exclusively enrolled KL 3 and 4 patients, obtaining a mean reduction in
VAS of 50% for the three-month follow-up. Although promising, this result needs to be
confirmed over the long term.

In conclusion, based on the most recent studies, patients affected by OA-related knee
pain can expect a 30% to 50% reduction in VAS and WOMAC scores, which in most cases
lasts up to 6 months, and can protract up to 1 or 2 years. The effectiveness of GAE is less
predictable in more severe settings, particularly in KL 4 grades, for which research results
are still poor and controversial.

6.2. Complications

Most of the adverse events in GAE are secondary to non-target embolization. Indeed,
those most observed across the main case series published so far are skin mottling and
discoloration, which can occur in up to 65% of cases [19,30], and this is thought to be due
to the embolization of small perforators supplying the skin, which cannot be avoided. Due
to the undesired embolization of cutaneous branches, Padia et al. [20] reported seven cases
of focal skin ulceration (<1 cm), which resolved spontaneously without sequelae. Since
the group decided to adjust the embolization protocol by applicating an ice pack over the
target area before the procedure, no more events of skin necrosis occurred. At the 3-month
MRI, the same group observed 2 cases out of 40 enrolled patients of clinically asymptomatic
focal bone infarct smaller than 2 cm.

Two studies reported three cases of numbness in the below-the-knee area, which re-
solved in two weeks after the administration of gabapentin [19,36]. Although the emboliza-
tion is usually minimal, Lee et al. registered one case of mild fever which spontaneously
subsided in 1 day [35].

Finally, arterial access can be a source of complications as in other endovascular
interventions. Although some cases of puncture site hematomas are exclusively reported in
the literature [17,19,20,30,34,35], it is always necessary to pay attention to antegrade arterial
punctures, which can give origin to arterial dissection and occlusion.

7. Transarterial Embolization in Other Musculoskeletal Conditions

The application of GAE also demonstrated successful results in the setting of recur-
rent hemarthrosis after TKA. This is an uncommon condition (0.3-1.6%); however, it is
usually refractory to conservative treatment, and surgical revision is often required to
obtain a definitive resolution [41,42]. GAE offers a minimally invasive solution with high
rates of clinical success ranging from 76% to 89%, occasionally requiring more than one
procedure [43].

Beyond knee-related conditions, a wide variety of musculoskeletal disorders can lead
to chronic musculoskeletal pain, such as low back pain, hip pain, and rheumatoid and
osteoarthritis (OA)-associated joint pain. The main symptom in patients with chronic

84



J. Pers. Med. 2024, 14, 686

musculoskeletal disorders is intense pain, which is often accompanied by stiffness. This
frequently leads to sleep alterations, fatigue, reduced activity, mood impairment, and
severe disability, with a significant impact on the quality of life.

Transarterial embolization (TAE) has been employed over time to treat many other
pathologic musculoskeletal conditions, although data on its application in different joints
and tendons are still very limited [44]. Firstly, TAE for musculoskeletal pain was employed
by Okuno and colleagues to treat tendinopathy and enthesopathy refractory to nonsurgical
management [45], even earlier than its application for the treatment of knee OA. They
studied TAE in seven patients with tendinopathy and enthesopathy located at different sites
(one patellar tendinopathy, two rotator cuff tendinopathies, one plantar fasciitis, one lateral
epicondylitis, one iliotibial band syndrome, and one Achilles insertion tendinopathy), all
united by recalcitrant pain. They registered a reduction in VAS scores greater than 85%
for the entire follow-up period (4 months). The impressive success of this experience
encouraged other groups to evaluate this technique in other musculoskeletal painful
conditions. One of the most successful sites was the hip joint, with a great clinical success
reported in a case report by Correa and colleagues [46], who registered complete pain
resolution the day after the procedure, which was maintained up to the 4-month follow-
up visit. Two years later, the same group published a more extensive experience on
the treatment of painful hip joint, confirming the efficacy of TAE in the control of hip
pain related to osteoarthritis and greater trochanteric pain syndrome [47]. Finally, TAE
was also successfully employed in trapeziometacarpal and finger osteoarthritis, shoulder
osteoarthritis, adhesive capsulitis, and many other conditions.

8. Future Directions and Conclusions

Genicular artery embolization (GAE) stands at the forefront of a new era in knee pain
management, offering a personalized therapeutic approach through collaboration between
interventional radiologists and orthopedic surgeons. In the treatment of refractory knee
pain secondary to osteoarthritis (OA), GAE presents a promising alternative for patients
who have exhausted conventional minimally invasive options, avoiding the necessity for
suboptimal surgical interventions or enduring chronic pain.

The efficacy of GAE in alleviating knee pain is underscored by its impact on validated
self-administered scales, such as the Visual Analog Scale (VAS) and the Western Ontario
and McMaster Universities Osteoarthritis Index (WOMAC). Studies have shown significant
reductions in pain and improvement in joint functionality, often sustained for months
following the procedure. However, variability in outcomes exists, particularly in more
severe cases of OA, emphasizing the need for further research to identify optimal candidates
and standardize technical protocols.

Future investigations should focus on elucidating the long-term durability of pain
relief, functional improvement, and potential adverse events associated with GAE. Addi-
tionally, understanding the procedure’s impact on joint health and its role in the progression
of osteoarthritis is paramount. Establishing comprehensive pre-operative evaluation cri-
teria and follow-up protocols will not only optimize patient outcomes but also minimize
unnecessary costs.

A holistic comparison between GAE, traditional pharmacotherapy, intra-articular in-
jections, and surgery could provide invaluable insights into the most appropriate treatment
modality for knee osteoarthritis. Furthermore, exploring GAE’s potential to interrupt the
vicious cycle of neoangiogenesis and inflammation may hold the key to slowing disease
progression.

Finally, the success of GAE should encourage researchers to study the role of TAE
in the management of other painful musculoskeletal conditions in order to legitimize its
application as a frontline therapy of chronic musculoskeletal pain.

In conclusion, GAE heralds a paradigm shift in knee pain management, offering
patients a ray of hope for improved quality of life through less invasive and more targeted
interventions. As research advances and clinical experience grows, GAE has the potential
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to revolutionize the therapeutic landscape, providing a tailored approach to each patient’s
unique needs and circumstances.
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Abstract: The liver is the second most common solid organ injured in blunt and penetrating abdomi-
nal trauma. Non-operative management (NOM) has become the standard of care for liver injuries
in stable patients, where transarterial embolization (TAE) represents the main treatment, increasing
success rates and avoiding invasive surgical procedures. In hemodynamically (HD) unstable patients,
operative management (OM) is the standard of care. To date, there are no consensus guidelines about
the endovascular treatment of patients with HD instability or in ones that responded to initial infusion
therapy. A review of the literature was performed for published papers addressing the outcome of
using TAE as the primary treatment for HD unstable/transient responder trauma liver patients with
hemorrhagic vascular lesions, both as a single treatment and in combination with surgical treatment,
focusing additionally on the different definitions used in the literature of unstable and transient
responder patients. Our review demonstrated a good outcome in HD unstable/transient responder
liver trauma patients treated with TAE but there still remains much debate about the definition of
unstable and transient responder patients.

Keywords: liver trauma; damage control interventional radiology; transarterial embolization; hemo-
dynamic instability

1. Introduction

Trauma is a global phenomenon; about 5 million people die worldwide each year
due to an injury. Injuries also account for 17% of the disease burden in young adults aged
between 15 and 60 years [1].

Interventional radiology (IR) plays a pivotal role in the management of trauma patients
suffering from both blunt and penetrating injuries. In the last three decades, the focus on
damage control resuscitation and damage control surgery has spared countless patients the
morbidity of surgery, identifying which patients will benefit the most from a minimally
invasive treatment strategy [2].

Prompt hemorrhage control with angioembolization (AE), as part of the damage
control strategy, has been integrated into trauma resuscitation guidelines, as stated by the
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latest version of the Resources for Optimal Care of the Injured Patient from the American
College of Surgeons Committee on Trauma [3].

The new concept of “damage control interventional radiology” (DCIR) proposed the
availability of IR within less than 30 min in an emergency setting, trying to provide trauma
patients with the best treatment as soon as possible to achieve the best possible outcome.
In this context, even if according to the World Society of Emergency Surgery (WSES),
hemodynamic (HD) unstable patients are an exclusive prerogative of surgical management,
IR could be crucial in the management of HD unstable patients, especially for those who
represent the transient responder class who need to receive endovascular hemostasis and
subsequent resuscitation [4].

An earlier endovascular approach could also be possible due to the technological
advancement achieved with the implementation of the trauma hybrid resuscitation suites
that allow for the treatment of patients as soon as possible, both endovascular treatment
alone or in combination with surgical procedures such as damage control surgery [5].

After the spleen, the most common solid organ injured in blunt and penetrating
abdominal trauma is the liver; given its location and its relationship with other abdominal
structures, the mortality rate is quite high at about 10-15% [6].

Non-operative management (NOM) is the current standard of care in the management
of trauma liver patients who are HD stable and it consists of a basic “wait and see” attitude
combined with blood replacement and systemic support. Imaging advancement has a
major role in the success rate of NOM because it allows us to identify the injury grade, the
presence of arterial hemorrhage and/or concomitant venous injury, which are crucial in
the management algorithm [7]. To date, WSES classification in liver trauma patients with
arterial hemorrhage or early pseudoaneurysm suggest AE as the primary treatment only in
HD stable patients [8].

HD unstable and non-responder patients should undergo operative management
(OM). Moreover, there is a “gray area” between stable and unstable patients, known as
“transient responder patients”, in which NOM should be considered only in selected
settings that provide the immediate availability of both surgeons and interventional radiol-
ogists, with continuous monitoring, ideally in an intensive care unit or emergency room
setting [8].

The purpose of this systematic review is to determine the safety and efficacy of AE as
the primary treatment for HD unstable or transient responder trauma liver patients with
hemorrhagic vascular lesions, both as a single treatment and in combination with surgical
treatment, focusing additionally on the different definitions of HD instability.

2. Materials and Methods

A literature review with a focus primarily on AE in the treatment of vascular lesions
due to liver trauma, both blunt and penetrating trauma, in HD unstable patients was
conducted from January 1980 to January 2024.

A systematic literature search was performed using PubMed, Google Scholar and the
Cochrane Central Register of Controlled Trials databases for studies published on the role
of IR in the management of liver trauma in HD unstable patients, both as a single treatment
or in combination with surgical treatment. Medical subject headings (MeSH) and database-
specific search terms for “liver trauma”, “liver embolization”, “hemodynamic status” and
“damage control interventional radiology” were combined as follows: ((hepatic) OR (liver))
AND (trauma) AND (embolization) OR (embolisation) OR (angioembolization) AND (hemo-
dynamic) AND (unstable); (((((((hepatic) OR (liver)) AND (trauma)) AND (embolization)) OR
(embolisation)) OR (angioembolisation)) AND (hemodynamic)) AND (unstable); (((hepatic)
OR (liver)) AND (trauma)) AND (damage control interventional radiology)

Supplemented articles were implemented by the ones obtained from the reference
list of all relevant articles. We included only articles in the English language where it was
possible to access to the full content.
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Preferred Reporting Items for Systematic Reviews (PRISMA) (Figure 1) was used as
the reference for data collection and the search was performed between December 2023
and January 2024, including all of the articles published until January 2024. Our review
included all of the studies that evaluated the efficacy, safety and feasibility of endovascular
treatment in HD unstable patients with liver trauma hemorrhage, focusing especially
on the hemodynamic parameters from a more clinical perspective of the interventional
radiology treatment.

)
=1
2
‘é PubMed, Google Scholar and Cochrane Central
= Registerd of Controlled Trials database
=
—
)
o Records identified through electronic database
g
§ searching:
o
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—
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_—>
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- Retrospective studies (n=9)
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=
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Figure 1. PRISMA flow diagram for systematic research and selection of studies included in the review.

The inclusion criteria in the selection of the studies were as follows:

- Hepatic bleeding from a traumatic cause, either blunt or penetrating;

- Endovascular treatment used alone or in combination with surgical procedures to
treat only hepatic injuries;

- Description of the HD status of the patient, with a focus on articles where unstable
patients were treated;

- Evaluation of the outcomes after embolization.

The following exclusion criteria were included:

- Case reports;
- Studies in which embolization for the treatment of liver bleeding was used in sta-
ble patients;
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- Studies in which the population was pediatric;
- Studies where the endovascular treatment was used to treat non-traumatic liver injuries.

2.1. Outcomes

The primary outcomes evaluated included the clinical success rate, all-cause mortal-
ity and overall morbidity post-procedure among the HD unstable liver trauma patients
treated with embolization. The common complications after endovascular treatment were
considered, such as liver abscess/biloma formation, bile leak, gallbladder necrosis/acute
cholecystitis, peritonitis and abdominal compartment syndrome. Moreover, the AAST
classification was investigated to relate the presence of a correlation between the severity
of the liver injury and the HD status of the patients.

2.2. Data Extraction

Two reviewers (F.C. and E.G.) screened titles first individually and then together to
choose the appropriate articles. All of the data needed for the studies were extracted and
tabulated after an in-depth reading process; the results are presented using descriptive
statistics, and dichotomous and continuous variables are reported as absolute numbers,
means, percentages, ranges and ratios as appropriate.

3. Results

According to the inclusion and exclusion criteria, initially, a total of 770 references
were identified. The first evaluation of the title and abstract allowed us to exclude a total of
734 references. The remaining 36 articles were further considered for inclusion in the review
and evaluated in the full-article review step. A total of 18 of them were excluded because
they did not focus on the primary subject, 5 of them were excluded because they were case
reports and 2 of them were excluded because they were not written in the English language.
Finally, a total of 10 studies were included in the review [9-18]. Almost all of them were
retrospective studies and only one was an observational study. Table 1 summarizes the
main characteristics of the studies included and the number and demographic details of
the enrolled patients.

Table 1. General characteristics of the studies included in the review.

Total Primary o
Authors Year S]fudey Total Patients =~ M/F Ratio Mean Age Embolization in o Gixlzs"l:;?uma
yp Unstable Patients
Grade III (58%)
Tamura S et al. [9] 2021 RT 92 3.7/1 29.5 59 Grade 1V (34%)
Grade V (8%)
Grade III (40%)
Aoki M et al. [10] 2021 RT 224 1.5/1 55 57 Grade IV (18%)
Grade V (5%)
Alnumay A etal. [11] 2021 RT 49 4/1 44 5 Not available
. Grade IV (80%)
Inukai K et al. [12] 2018 RT 23 1/1 32.3 10 Grade V (20%)
Grade III (40%)
Otsuka et al. [13] 2017 OB 16 3/1 46 5 Grade IV (20%)
Grade V (40%)
Grade II (33%)
Ogura et al. [14] 2014 RT 7 3/1 63.5 3 Grade IV (34%)
Grade V (33%)
Mitsusada M et al. [15] 2013 RT 29 22/1 38.5 8 Not available
Di Saverio S et al. [16] 2012 RT 34 1.5/1 42 10 Not available
Misselbeck TS et al. [17] 2009 RT 21 N/A N/A 11 Not available
Monnin et al. [18] 2007 RT 12 N/A 35 3 Grade IV (100%)
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3.1. Patient Demographics

We collected pooled data on 507 HD unstable liver trauma patients from 10 separate
articles selected according to the inclusion and exclusion criteria; of these 507 patients, only
171 underwent a primary embolization treatment. Patients included in the studies had
predominantly severe liver trauma. The American Association for the Surgery of Trauma
(AAST) injury grade rate of the different studies is reported in Table 1; however, only
six articles reported the AAST grade exact number of HD unstable trauma patients [19].

3.2. Hemodynamic Status

One of the main focus points of this review concerns the HD status of the patients and
its definition; the different definitions available for the HD status of the patients among
the 11 studies are summarized in Table 2. There were many differences between single
studies in the definition of HD unstable/transient responder patients. Only one article
identified HD unstable liver trauma patients using the Shock Index (SI), defined by the
ratio of the heart rate (HR) to the systolic blood pressure (sBP) [9]. The majority of articles
used the sBP but with different values. Aoki et al. defined unstable patients as those who
had an sBP < 90 mmHg upon hospital arrival and received blood transfusion within the
first 24 h after arrival [10]. In the same way, Otsuka et al. considered unstable patients
those who displayed persistent hypotension with an sBP < 90 mmHg following primary
resuscitation and Ogura et al. considered the cut-off of an sBP maintained at 70 mmHg. The
first study considered stabilized patients as those who responded to resuscitative therapy
and the second two, instead, considered HD unstable patients stabilized with resuscitative
endovascular balloon occlusion of the aorta (REBOA) [13,14]. Inukai et al. and Mitsusada
et al. considered HD unstable patients first as those that reached an sBP > 90 mmHg for
even a second after rapid fluid infusion or blood transfusion, and second as those with a
value of sBP > 80 mmHg after resuscitative therapy [12-15].

Table 2. Different definitions of hemodynamic stability and instability.

Authors Year Definition of Stable Patient Definition of Unstable Patient
All trauma patients responding to initial
Tamura S et al. [9] 2021 standard infusion therapy (crystalloid, SI > 1, despite initial infusion therapy
albumin and blood transfusion)
sBP < 90 mmHg upon hospital arrival
Aoki M et al. [10] 2021 sBP > 90 mmHg upon hospital arrival and received blood transfusion within
the first 24 h after arrival
Alnumay A et al. [11] 2021 Not available Not available
s . sBP > 90 mmHg for even a second and
Inukai K et al. [12] 2018 sBP = 90 mmHg after initial fluid therefore required rapid fluid infusion or
treatment .
blood transfusion
Otsuka et al. [13] 2017 sBP > 90 mmHg after initial fluid sBP <90 rr.1mHg.w1th0ut 1mp.rov.ement
treatment following primary resuscitation
. sBP maintained at 70 mm Hg or greater
Ogura etal. [14] 2014 Not available during deflation of the balloon (REBOA)
>
Mitsusada M et al. [15] 2013 Not available SBP > 80 mmHg after
resuscitative therapy
Di Saverio S et al. [16] 2012 Not available Not available
At admission, sBP was > 90 mm Hg and
Misselbeck TS et al. [17] 2009 intravenous fluid requirements did not Not available
exceed 2 L.
Patients who were hemodynamically Patients with hemorrhagic shock
Monnin et al. [18] 2007 stable or stabilized by low or improved or stabilized after

moderate resuscitation.

resuscitative treatment.
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3.3. Mortality and Morbidity

All of the outcome measures were evaluated and are reported in Table 3. The number
of patients with failure of the arterial embolization procedure were reported only in five
studies, with a total number of four patients and a rate of 2,33%. Moreover, in only four
studies, there was no report of mortality in HD liver trauma patients; a total average of
9.3% of mortality with a range between 3.2 and 36% was reported. The most frequent cause
of mortality was not due to liver injury, but it was related to a concomitant severe head
trauma with very low grade on the Glasgow Coma Scale (GCS) at admission.

Table 3. Rate and type of mortality and morbidity reported in individual studies.

Authors Year Total Number of Mortality AE Failure Post-AE
Embolized Patients N N (%) N (%) Complications N (%)
Tamura S et al. [9] 2021 59 3(3.2) 2(2.1) 29 (31.5)
Aoki M et al. [10] 2021 57 7 (12) Not available 9 (15.7)
Alnumay A et al. [11] 2021 5 Not available Not available Not available
Inukai K et al. [12] 2018 10 1 (10) 0 5 (50)
Otsuka et al. [13] 2017 5 Not available 1 (20) 4 (80)
Ogura et al. [14] 2014 3 1(33) Not available Not available
Mitsusada M et al. [15] 2013 8 0 0 3(37.5)
Di Saverio S et al. [16] 2012 10 Not available Not available Not available
Misselbeck TS et al. [17] 2009 11 4 (36) 109) 9(81)
Monnin et al. [18] 2007 3 N/A N/A N/A
TOTAL 171 16 (9.35) 4 (2.33) 59 (34.5)

Only in four studies was it not possible to determine the number of complications
related to the embolization procedure (Table 4). The average complication rate was 34.5%,
with a range between 15.7% and 80%. The most common complication reported was
liver abscess/biloma with an incidence of 12.8% and a range between 5.26 and 36%. Bile
leakage was reported with a mean incidence of 3% and a range between 3% and 37.5%.
Gallbladder necrosis was reported in seven studies with a mean incidence of 5.3% and a
range between 1% and 66%. Peritonitis was reported with a mean incidence of 6.4% and
a range between 5.2 and 54%. Finally, abdominal compartment syndrome complication
was reported in only six studies and occurred with a mean incidence of 1.16% and a
range between 1.16% and 20%. Hepatic ischemia was not evaluated as a complication
because it is a well-known outcome due to the embolization procedure. No study took into
consideration the individualized complication rate according to the embolic agent used.

Table 4. Rate and type of complications reported in individual studies.

Gallbladder

Total Number of Liver Ab- . e Abdominal
. . Bile Leakage Necro- Peritonitis
Authors Year Embolized scess/Biloma N (%) sis/Cholecvstitis N N (%) Compartment
Patients N N (%) ¢ RY )y ¢ Syndrome N (%)
Tam“rlg]s etal. 5o 59 13 (14.1) 0 1(1.08) 0 0
A"kl[ll\g]et al o 57 3 (5.26) 0 1(1.7) 3(5.2) Not available
Ael’?:lm[?iﬁ 2021 5 Not available Not available Not available Not available Not available
I““k?i f] etal. 518 10 2 (20) 1(10) 0 0 2 (20)
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Table 4. Cont.

Total Number of Liver Ab- . Gallbladder e ags Abdominal
. . Bile Leakage Necro- Peritonitis
Authors Year Embolized scess/Biloma N (%) sis/Cholecvstitis N N (%) Compartment
Patients N N (%) ° RY ;’ ¢ Syndrome N (%)
Otsu[ll‘g]e* al oy 5 0 0 1(20) 2 (40) 0
Oguﬁif tal. 2014 3 Not available Not available Not available Not available Not available
Mitsusada M
etal. [15] 2013 8 0 3(37.5) 0 0 0
D; tsslv 6[5160] s 2012 10 Not available Not available Not available Not available Not available
Misselbeck TS
etal. [17] 2009 11 4 (36) 109) 6 (66) 6 (54) 0
Monﬂlfr;] etal. 2007 3 Not available Not available Not available Not available Not available
TOTAL 171 22 (12.8) 5(3) 9 (5.3) 11 (6.4) 2 (1.16)

4. Discussion

WSES guidelines recommend TAE as the first-line therapy in HD stable patients with
blunt or penetrating liver trauma; on the other hand, operative management (OM) (level of
evidence I) is recommended in HD unstable patients with no indication for NOM [8]. To
date, there are no comparative studies of TAE and OM in HD unstable liver trauma patients.

One of the main issues of this review is the definition of unstable patients, where
our review found notable heterogeneity in the definition between the individual studies;
the majority of the studies considered in our review define unstable patients as those
who can benefit from TAE and those who initially respond to massive fluid and blood
resuscitation, according to WSES guidelines, are categorized as transient responder patients.
These patients could be stable enough to undergo a CT scan and can also be managed
non-surgically. Trauma protocols of every hospital are based on the Advanced Trauma
Life Support (ATLS) program, created by the American College of Surgeons Committee on
Trauma. In the ATLS program, the definition of shock state is related to the evaluation of
sBP, HR and base deficit (BD); however, the cut-off points of these vital signs have been
disputed by some authors [20]. A recent systematic review points out that HD stability is
the most important factor in the assessment of trauma patients; however, no consensus on
the definition of HD stability between individual trauma centers has been demonstrated in
the literature, pointing out that only a limited number of patients can be classified into the
current ATLS shock classification [1]. However, further high-quality studies are needed to
confirm this statement and a specific indication about the treatment of this kind of patient
should be addressed more extensively by new guideline revisions.

A recent observational study demonstrated a >50% change in the management of HD
unstable trauma patients subjected to a prior contrast-enhanced computed tomography
(CT) scan. CT scans may have a role in detecting and managing such patients appropriately;
however, in this paper, there is no clear definition of HD instability and whether the patients
are partial responders or not to the initial resuscitative management [21].

Our review demonstrates a good outcome in partially responding unstable patients
treated with TAE and NOM in institutions where there is 24 h availability of an IR team
that could perform a prompt embolization treatment. Tamura et al. demonstrated a similar
outcome in HD unstable liver trauma patients (who initially responded to infusion therapy)
treated with TAE and NOM as compared to stable liver trauma patients treated with
NOM. TAE for HD unstable patients with liver injury does not increase the mortality rates
(6% in this series compared to 3-8% of an observational study) [22]. Moreover, the TAE
group demonstrates fewer massive transfusions and shorter intensive care unit (ICU) stays
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than the OM group. However, in a multivariate analysis, the only predictor of ICU stay
and massive transfusion was the initial HD status, and thus, they may not be related to
treatment [9].

A recent systematic review and meta-analysis demonstrated a good clinical success
rate (91%), bleeding resolution and the absence of further intervention, and a low mortality
rate (7%) due to NOM in solid organ trauma HD unstable patients; moreover, one of the
main inclusion criteria for TAE in HD unstable patients is an initial response to the initial
resuscitative management that allows the target blood pressure to reached that is required
to access the angiographic suite and perform the procedure [23]

One of the most important factors in determining the success rate of TAE in unstable
patients depends on the time elapsed from CT diagnosis and the endovascular procedure.
A cohort study reported that the presence of a pathway where CT study and TAE were
performed within 30 min in unstable patients who were either complete or partial transient
responders to the resuscitative protocol, as well as in patients who were in a shock state
upon injtial admission, resulted in a decreased rate of OM with a similar mortality rate [24].
However, it must be emphasized that in these management options, there should be rapid
availability of an operating team if the patients’ conditions deteriorate. On the other hand,
in trauma centers where IR facilities were not promptly available, only 6% of the HD
unstable patients underwent the TAE procedure [25].

Hemorrhage control is time-critical, emphasized by the data demonstrating that delays
in operative intervention in patients with significant abdominal injuries caused a 1% higher
mortality risk for every 3 min of delay in reaching the operating room [26]. Damage control
surgery in liver trauma is based on the surgical dogma “Push, Pack and Pringle”, which
summarizes the main surgical maneuvers that surgeons must perform to limit bleeding.
Most venous bleeding could be controlled by a liver packing procedure; however, arterial
injury could continue to produce bleeding, and TAE, associated with packing, may rule
out hemorrhage control [27]. For this reason, the choice of which patients could benefit
from an immediate operative management versus angiographic study is critical, especially
with these partial responder unstable patients where time is everything; the development
of hybrid operating rooms, which allow surgeons to perform multiple bleeding control
procedures in the same location, eliminating the need to move patients back and forth
between rows, showed potential reductions in mortality and procedure time. The RAPTOR
study demonstrated a significant reduction in treatment time, with about 18% of patients
requiring an emergent percutaneous procedural intervention added to open surgery and
showing a clear benefit for survival (42% RAPTOR era vs. 22% pre-RAPTOR era) in
a hybrid suite. However, this study postulated that the cost associated with a hybrid
suite, where an advanced angiography system is available, remains prohibitive for many
centers [28,29]. Another cheaper solution could be the use of a mobile C-arm in an operating
room equipped with a carbon-fiber fluoroscopic table [11].

The resuscitative endovascular balloon occlusion of the aorta (REBOA) could be
another useful strategy in HD unstable patients that require direct OM; however, the
evidence base on its use in liver trauma patients is weak and there is no clear indication on
the time and zone of balloon inflation. Its use in HD unstable patients with multiple severe
torso trauma refractory undergoing initial infusion therapy has been reported to improve
prognosis [14].

To the best of our knowledge, this is one of the first systematic reviews that summarizes
patient outcomes regarding TAE in HD unstable/transient responder liver trauma patients.
Nevertheless, there are some limitations to this study that should be noted. First, the
total sample size was low, which lowered the validity of the present results and indicates
that large-scale studies on this topic, especially prospective studies, are needed. Second,
the majority of the included studies are retrospective or observational studies. Therefore,
high-quality trials to explore the efficacy and safety of angioembolization in this setting are
needed. Finally, we did not study the selection criteria of patients for angioembolization in
this setting.
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5. Conclusions

IR is a fundament of trauma patients’ care and management; one of the greatest
limitations of endovascular treatment is represented by being classified as a NOM. TAE
should be compared to a surgical operation, with its well-known risks and complications,
and it should be no longer counted as NOM but rather as OM or differentiated by creating
a new section management known as endovascular treatment. To date, the role of IR
in the management and treatment of patients with severe liver trauma has been well
known; our review demonstrated a very good outcome in HD unstable/transient responder
patients treated with TAE. However, there still remains much debate about the definition
of unstable patients and transient responder patients to resuscitative treatment because
these are borderline situations in which it is very difficult to identify clear parameters, both
clinical and biochemical. Using TAE in unstable/transient responder liver trauma patients
is feasible, but more prospective studies, even better if they are multicentric, are needed to
standardize the treatment and also to clear the fog that exists regarding the definition of
the HD status of patients.
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Abstract: We evaluated the most recent research from 2000 to 2023 in order to deeply investigate
the applications of PCa IRE, first exploring its usage with primary intent and then salvage intent.
Finally, we discuss the differences with other focal PCa treatments. In the case of primary-intent
IRE, the in-field recurrence is quite low (ranges from 0% to 33%). Urinary continence after the
treatment remains high (>86%). Due to several different patients in the studies, the preserved potency
varied quite a lot (59-100%). Regarding complications, the highest occurrence rates are for those
of Grades I and II (20-77% and 0-29%, respectively). Grade III complications represent less than
7%. Regarding the specific oncological outcomes, both PCa-specific survival and overall survival are
100%. Metastasis-free survival is 99.6%. In a long-term study, the Kaplan-Meier FFS rates reported
are 91% at 3 years, 84% at 5 years, and 69% at 8 years. In the single study with salvage-intent IRE,
the in-field recurrence was 7%. Urinary continence was still high (93%), but preserved potency was
significantly lower than primary-intent IRE patients (23%). In addition, Grade III complications were
slightly higher (10.8%). In conclusion, in males with localized low—intermediate-risk prostate cancer,
IRE had an excellent safety profile and might have positive results for sexual and urinary function.

Keywords: irreversible electroporation; prostate cancer; cancers treatments; interventional radiology; IRE

1. Introduction

In the last decades, due to widespread screening practices, prostate cancer (PCa) has
recently been identified at earlier stages. Although drastic procedures, such as radical
prostatectomy (RP) and external beam radiation therapy (EBRT), are considered as the
standard treatments for patients with low to intermediate risk [1], a currently growing
interest about overtreatment has prompted researchers to work towards investigating less
invasive alternatives. Partial prostate ablation, which sits in the midst of active surveillance
and radical treatments, attempts to treat PCa while preserving the gland tissue portion
necessary to maintain genitourinary function [2].

Multiparametric magnetic resonance imaging (mpMRI) has demonstrated to be ex-
tremely accurate both for the localization of PCa lesions and the guiding of target lesion
biopsy [3,4]. The correct identification of a lesion is necessary before ablation treatment.
Additionally, the creation of ablative technology has made it possible for us to remove
tumor foci while protecting adjacent tissue.

Irreversible electroporation (IRE) stands at the forefront of emerging ablative tech-
niques, and is currently under thorough investigation within the medical community. For
urologists seeking to incorporate these novel technologies into their practice, a compre-
hensive understanding of the scientific foundations is imperative. Unlike conventional
treatment modalities that rely on non-selective thermal destruction, IRE represents a
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paradigm shift by employing a non-thermal approach, strategically designed to annihi-
late targeted cells while preserving vital structures. The distinctive feature of IRE lies in
its utilization of brief yet potent electrical fields, harnessing their capacity to puncture
cell membranes permanently and lethally. This precise disruption of cellular membranes
results in the creation of nanopores and a consequential modification of cell membrane
permeability. The cumulative effect of these processes induces apoptosis, providing a
unique mechanism for cell death that distinguishes IRE from other ablative techniques. It is
noteworthy that despite being primarily characterized as a non-thermal mechanism, recent
studies, particularly in porcine models, have elucidated the generation of heat during the
IRE process. This intriguing revelation adds a layer of complexity to the understanding of
IRE, suggesting that the interplay between non-thermal and thermal effects may contribute
to the overall efficacy of the treatment. As researchers delve deeper into the intricacies
of IRE, exploring its mechanisms at the cellular and molecular levels, the potential ap-
plications and nuances of this technology become increasingly apparent. The ability to
selectively target cells for destruction without causing collateral damage to surrounding
structures holds great promise for various medical fields, especially in the realm of urology.
The ongoing exploration of IRE represents a pioneering venture into the realm of focused
ablative techniques. Its non-thermal methodology, coupled with the recent insights into
heat generation, adds a layer of sophistication to its application. Urologists and radiologists
navigating this landscape of innovation must continue to unravel the complexities of IRE,
paving the way for its judicious and effective integration into clinical practice [5].

Providing sharp ablation zone margins is one of IRE’s benefits. It is generally agreed
that only a few cell layers separate the reversibly electroporated area from the irreversibly
electroporated area. In contrast, there are no transition zones like in thermal- or radiation-
based ablation procedures. Real-time monitoring is an additional advantage. Both during
and after the treatment, it is possible to partially view the treatment volume. Possible
visualization techniques include MRI, CT, and ultrasound [6].

In this review, we critically evaluate the most recent researches in order to deeply
investigate the PCa IRE applications, first exploring its primary-intent usage and then its
salvage-intent usage. Finally, we discuss the differences with other focal PCa treatments.

2. Materials and Methods

A literature search was performed using the Medical Literature Analysis and Retrieval
System Online (MEDLINE), the Excerpta Medica dataBASE (EMBASE), PubMed, and
Google Scholar. The following terms were entered into the search algorithm to identify
articles: “prostate irreversible electroporation’, ‘irreversible electroporation’. The search
was limited to articles in English published between 2000 and 2023. The authors reviewed
the retrieved articles by using a PRISMA flowchart (Figure 1), and the references of the
retrieved articles were used when relevant.
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27

Studies identified through database
searching:

2 PubMed

Duplicates excluded
(n=32)

[

Title/abstracts
screened (n=168)

Studies excluded
(n=72)

Full-text articles assessed for eligibility

(n=42)

Studies excluded

(n=29)

Studies included (n=13)

Figure 1. PRISMA (preferred reporting items for systematic reviews and meta-analysis) 2009

flowchart for study search and selection. Red color data have been excluded because of no utility for

this study or other reasons.

3. Results

A total of 13 studies were included in this review, which were divided according to
the modality of the IRE (primary-intent and salvage-intent after RT). Finally we included a
single study which reported the differences between focal and diffuse IRE. In particular,
12 studies were in a primary-intent IRE setting, and 1 was in a salvage-intent setting.

See Table 1 for the complete overview of the studies.

Table 1. Overview of characteristics, outcomes, and complications of studies about IRE treatment.

Year First Author Intent Patients PSA (Mean), Outcomes Complications
Age (Mean)
No in-field recurrence
2010 Onik [7] Primary 16 3-7;40-78 100% continence Not reported
100% preserved potency
2014 Neal [8] Primary 2 4.5;61 No in-field recurrence Not reported
In-field recurrence: 33% Grade I: 12 (35%)
2014 Valerio [9] Primary 19 7.5; 60 100% continence Grade II: 10 (29%)
95% preserved potency Grade III: 0
No in-field recurrence Grade I: 5 (20%)
2016 Ting [10] Primary 32 6; 67 100% continence Grade II: 0

100% preserved potency

Grade III: 1 (4%)
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Table 1. Cont.

Year First Author Intent Patients I;Sg[: EII:/I/I::E;I Outcomes Complications
In-field recurrence: 16% Grade L: 6 (22%)
2016 Murray [11] Primary 25 4.5;63.2 100% continence Grade II: 7 (29%)
95% preserved potency Grade III: 1 (7%)
. Grade. .. IRE vs. RP
In-field recurrence: 29.5% o
2018 Scheltema Primary 50 5.9;67 98% continence (same in RP) Grade I: 11 (22) vs. 9 (16%)
[12] 69% preserved potency (68% in RP) Grade IT: 7 (13.7%) vs. 5 (9%)
°pP P y ? Grade III: 0 vs. 0
Van den Bos In-field recurrence: 16% Grade I: 15 (24%)
2018 [13] Primary 63 6; 67 100% continence Grade II: 7 (11%)
77% preserved potency Grade III: 0
In-field recurrence: 17.9% o
2 .. . 86.2% continence (vs. 90% at baseline) Grade I: 6 (20 ({0)
019 Collettini [14] Primary 30 8.65; 65.5 79,39 d o Grade II: 3 (10%)
.3% preserved potency (vs. 83.3% Grade ITI- 1 (3.3%
at baseline) rade IIT: 1 (3.3%)
In-field recurrence: 2.7-9.8%
98.8% continence
2020 Blazevski [15] Primary 123 5.7, 68 76% preserved potency Not reported
FES at three years: 99%
Overall survival: 100%
o i e 25 G 1020
2021 Blazevski [16] Primary 50 6.25; 68 599 d o Grade II: 9 (18%)
o preserved potency (vs. 65% Grade ITI: 0
at baseline) ’
Higher IEEF-5 and EPI T .
Primary 3 mogntils follovi ?dein foSaTCI%ISSt}al:m Grades. .. focal vs. diffuse
De la Rosette . Grade I: 23 (77%) vs. 27 (79%)
2022 (local vs. 51 5.93; 64 diffuse IRE
[17] diffuse IRE . . . ) Grade II: 6 (20%) vs. 7 (21%)
iffuse IRE) 6 month biopsy with residual PCa: Grade ITI: 9 (3.3%) vs. 0
18.8% vs. 13.2% (no significance) ’ ’ ’
In-field recurrence: 7% o
2023 Geboers [18] Salvage 74 5.4; 69 93% continence (C;;;;igee 111_11186($ é"//z ;
23% preserved potency ’ ’
In-field recurrence: 24%
98-99% continence
71% preserved potency (vs. 58%
at baseline)
Scheltema Kaplan-Meier FFS rates:
2023 [19] Primary 229 5.9; 68 3y:91% Not reported
5y: 84%
8y: 69%

PCa-specific survival: 100%
Opverall survival: 100%
Metastasis-free survival: 99.6%

3.1. Primary Intent

In a first study [7], 16 patients with ages ranging from 40 to 78 were treated by using
IRE. All patients were continent, and those who were potent before the operation remained
potent after it. For two individuals who had bilateral regions treated, it took six months for
their full potency to return. In 15 individuals (94%), postoperative biopsies from the site of
confirmed malignancy revealed no sign of the disease.

After 12 months to IRE, all 16 of the males in the study by Valerio et al. [20] had pad-
free and leak-free continence. The number of males who had an erection strong enough
to penetrate dropped from 75% to 69%. There were no significant adverse effects noted.
Changes in EPIC (Expanded Prostate Cancer Index Composite) and I-PSS (International
Prostate Symptom Score) showed a statistically significant improvement in urine symptoms
(p = 0.039 and 0.001, respectively).
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Analogous results were obtained in another study [9], where 34 patients were re-
cruited. A total of 100% (24 /24) of patients were continent, and 95% (19/20) maintained
their potency.

Between these patients, most of them had low or moderate risk disease (26% and
71%, respectively). A total of 6 months after the treatment, there were 12 Grade I (35%)
and 10 Grade II (29%) complications. No patient experienced a problem of Grade III or
more. The authors concluded by saying that additional prospective development studies
are required to investigate the oncological potential and confirm the functional outcomes.

In order to indagate oncological outcomes, the study by Ting et al. [10] comprised 25
patients with low—intermediate-risk PCa who had not previously had PCa therapy. A total
of 4% Grade III complications and 20% Grade 1 complications were discovered during
follow-up. According to previous literature, no discernible change in American Urological
Association urine symptom score, sexual function, or bowel function was seen at functional
follow-up. No unusual abnormalities in-field in any of the patients were found after the
treatment. No in-field recurrences occurred, and after 8 months, 76% of patients were
histologically free of substantial malignancy. The treatment margins were widened to
account for the fact that almost all recurrences occurred close to the treatment zone.

Collettini et al. [14] reported that there was no statistical difference in the proportion
of men with preserved potency and leak-free and pad-free continence rates. According to
modifications in the International Consultation on Incontinence Questionnaire Male Lower
Urinary Tract Symptoms (ICIQ-MLUTS) and the International Index of Erectile Function
(ITEF-5) questionnaires, urogenital function remained steady at 12 months. Multiparametric
prostate MRI and targeted biopsies performed at 6 months revealed that the percentage of
in-field treatment failure was 17.9%.

Being more specific about IRE complications, Murray et al. [11] reported 2 (8%) Grade
III complications, including epididymitis and urinary tract infection, and 14 Grade II or
lower complications (58%), including transitory urine symptoms, hematuria, and urinary
tract infections. A total of 16% of the 25 patients developed malignancy in the ablation zone
during regular follow-up biopsy at 6 months. Of those who had normal urine function
at baseline, 88% and 94% reported having normal urinary function at 6 and 12 months
following prostate gland ablation, respectively.

Van der Bos et al. [13] performed IRE ablation on high-volume disease with any
Gleason sum score of 7 (ISUP Grades II-1II) or any Gleason sum score of 6 (ISUP Grade
I), including 63 patients in total. There were no high-grade adverse events according to
the previous literature mentioned above. There was a little decline in the sexual QoL
dimension (66 at baseline vs. 54 at 6 months, p = 0.001), but there was no significant change
in the physical, mental, intestinal, or urinary QoL domains from baseline. On follow-up
biopsies, the in-field and whole-gland oncological control rates were 84% (38/45 patients)
and 76% (34 /45 patients), respectively. They tried to find a reason for oncological failure of
IRE ablation, and they reported that system faults (p = 0.010) and a small safety margin
(p = 0.047) were shown to be possible early risk factors.

A recent study [16] valuated the IRE ablation of apical PCa lesions, including 50 pa-
tients who had a PCa lesion within 3 mm. In the EPIC urine or bowel QoL domain, there
was no discernible difference between the baseline and 12-month post-treatment periods.
A total of 12 months after therapy, one patient (2%) needed one pad per day to manage
urine incontinence. EPIC sexual QoL decreased but not in a significantly way (from 65 at
baseline to 59 at 12 months post-IRE). A total of 94% of the patients’ pre-treatment potency
persisted following therapy. Only one patient (2.5%) exhibited in-field residual disease.

Another study [15] analyzed 123 IRE-treated patients; of them, 76% exhibited no
change in erectile function, and 98.8% continued to be pad-free. In-field recurrence was
found in 2.7-9.8% of patients. Regarding FFS at three years, metastasis-free survival at that
time was 99% and overall survival was 100%. A total of 18 patients required salvage therapy
(12 underwent repeat IRE, and 6 underwent whole-gland therapy). Their conclusion was
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that focal IRE has acceptable short-term oncological results with little effect on patient
quality of life in a subset of patients with localized clinically significant PCa.

A recent study [19] aimed to report both oncological and functional outcomes of IRE as
the primary therapy for 223 locally advanced clinically significant PCa at a median follow-
up of 5 years (up to 10 years). Short-term urine continence was maintained (98-99%);
however, the number of erections strong enough for sexual activity fell by 13% from
baseline (71% to 58%). Kaplan-Meier FFS rates were 91% at 3 years, 84% at 5 years, and
69% at 8 years. PCa-specific and overall survival were both 100%, whereas metastasis-free
survival was 99.6%. Follow-up biopsy revealed residual PCa in 24% (45/190) of the cases.
In this unique single-center longer-term follow-up, focused IRE showed acceptable local
and distant oncological outcomes in a subset of males with less toxicity to the urinary
system and sexual organs than radical therapy.

3.2. Salvage Intent after RT

In a single-center study [18], 74 males with biopsy-proven radio-recurrent PCa were
treated with IRE. At the 12-month follow-up, 93% of the patients had maintained urine
continence, and 23% had maintained erectile function. A total of 57 patients (77%) had local
control and required no additional treatment. In-field recurrence occurred in 7% of patients,
while out-field recurrence occurred in 15% of patients. A total of 91% of patients survived
without developing metastases, with a median duration to metastases of 8 months. A sum
of 60% was the predicted Kaplan-Meier 5-year progression-free survival rate. They came to
the conclusion that these short- to mid-term safety, oncological, and quality-of-life outcome
data support findings demonstrating the capacity of salvage-focused IRE to safely achieve
oncological control in patients with radio-recurrent PCa.

3.3. Focal or Diffuse IRE?

In a study by de La Rosette et al. [17], in an investigation aimed at discerning the
optimal approach for men with locally advanced, low-risk PCa, a meticulous randomization
process was employed. This process led to the allocation of 51 patients to receive focused
IRE ablation and 55 patients to undergo diffuse IRE. Quality-of-life assessments, utilizing
measures such as IIEF-5, EPIC, and I-PSS, provided valuable insights into the comparative
outcomes of these two distinct approaches.

Upon scrutinizing the data at the three-month follow-up, it was observed that rates
of erectile dysfunction and adverse events were comparable between the two groups.
Interestingly, the focal ablation group exhibited higher IIEF-5 scores, hinting at potential
advantages in terms of erectile function within the initial three months. Notably, this
observation was further supported by superior EPIC-sexual life scores in the focal ablation
group compared to the extended ablation group.

However, it is crucial to highlight that other quality-of-life metrics did not show
significant differences between the two groups, emphasizing the nuanced nature of the
outcomes. The complexity of these results suggests that the impact of the ablation approach
on various aspects of patients’ lives is multifaceted and requires comprehensive evaluation.

A pivotal aspect of the study involved a 6-month prostate biopsy, a critical milestone in
assessing the efficacy of the two ablation strategies. Surprisingly, no substantial differences
were identified between the focal and prolonged IRE groups in terms of residual clinically
relevant PCa (Gleason > 3 + 4), with rates standing at 18.8% and 13.2%, respectively.

In the conclusive remarks, the researchers asserted that among males with localized
low-intermediate-risk PCa, both focal and diffuse IRE ablation exhibited comparable safety
profiles, urinary function, and oncologic outcomes. The key differentiator emerged in the
early phases of treatment, where focused ablation demonstrated superior outcomes in
erectile function compared to diffuse ablation during the initial 3-6 months. These findings
underscore the importance of considering not only long-term outcomes but also the early
and nuanced impact of treatment choices on patients” quality of life.
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4. Discussion

In order to prevent contractions during the IRE operation, a muscle relaxant agent is
also administered to the patients under general anesthesia. A Foley catheter is placed to
empty the bladder while the patient is in the lithotomy position, and it is maintained for at
least two days following the treatment. The IRE console is composed by different monopo-
lar needle electrodes and a direct current generator, and it is supervised by computer-based
treatment planning software. Based on mpMRI and template-guided mapping prostate
biopsies, preoperative targeted sites for ablation are identified [21].

The electrodes are positioned and guided in the predetermined targeted area using
a trans-perineal template grid used for brachytherapy seed placement under ultrasound
guidance. Following electrode insertion, IRE parameters, such as electrode exposure and
distances between electrodes, are entered into the IRE system’s planning software before
IRE execution. The whole treatment takes around an hour.

To obtain a current flow of 20-50 A between each electrode pair, the IRE technique
contain 90 pulses, each lasting 70 msec. The electrodes are carefully removed after the
energy transfer, leaving the urine catheter in situ. Depending on the size of the ablation zone
and its proximity to the intraprostatic urethra, the urine catheter is withdrawn 2-10 days
following the treatment.

Collettini et al., in their study [14], performed a transrectal contrast-material-enhanced
US of the prostate utilizing the MRI-transrectal /US-fusion method the day before and
the day after IRE in order to evaluate the perfusion changes within the predefined target
volume during all the procedure.

Neal et al. [8] administered prostate IRE protocols to two human malignant prostates
and a healthy canine prostate while monitoring electrical data. With a treatment volume
that demonstrates fast lesion development and resolution, there is a sub-millimeter bound-
ary between damaged and unaffected cells that is tunable based on electrode configurations
and pulse settings. Treatment planning is made by the correlation between the destroyed
volume and the distribution of the electric field, and real-time treatment monitoring is made
by alterations in tissue properties. The electroporated tissue may trigger a supplemental
immunological response. Crucially, the extracellular matrix is unaffected by the pulses,
protecting delicate anatomical regions such the ductal structures, neurovascular bundles,
and main arteries. Because of this, locations that are too risky for resection or other focused
procedures can be treated with IRE with a low risk of morbidity.

In tiny animals, IRE has showed its usefulness in treating complicated malignancies in
delicate areas. These include a brain tumor and a sizable sarcoma that covered the sciatic
nerve and important blood arteries. As looked at in the short- and medium-term, IRE safely
ablated both malignant human prostates and healthy canine prostates. In the human cases,
the histological results reveal instances of full tissue necrosis in the center with varying
tissue damage outside the periphery.

Onik et al. [7] used IRE in sixteen individuals between the ages of 40 and 78. Every
patient was treated as an outpatient and had good tolerance for the treatment. The treated
area had variable echogenicity, according to US collected during the surgery. When the pro-
static capsule was included in the formed lesion, it was seen to be indistinct. Immediately
following the surgery, color Doppler ultrasonography revealed unbroken flow inside the
neurovascular bundle. There was a range of 0 to 3 days in the catheter drainage period.
The patient who underwent treatment for lesions on both sides of the gland experienced
the greatest duration. After the treatment, every patient who was potent prior to it became
potent again. All patients were continent immediately following treatment.

The biopsy specimens obtained after IRE whole-gland treatment showed no signs
of any functional glandular tissue. There were occasionally parenchymal areas with the
ghostly remains of glandular structures; however, there was no presence of living cells.
Intact nerve bundles and living ganglion cells were observed, encircled by fibrotic and
necrotic tissue. Vascular components were also present and unobstructed.
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In their study, van den Bos et al. proposed radical prostatectomy as scheduled to take
place four weeks after IRE on 16 individuals with PCa [13]. The macroscopic examination
discerned a distinct ellipsoid-shaped hemorrhagic region enveloping petite pale discol-
ored zones situated at the center of the IRE ablation zone. Notably, the ablation volumes,
exhibiting well-defined demarcation, spanned a spectrum from 5 to 40% of the prostate,
extending comprehensively from the capsule to the prostatic urethra. It is noteworthy
that one prostate specimen did not manifest any macroscopically assessable ablation zone,
and the tracts of the electrodes were indiscernible. Upon microscopic scrutiny of the ab-
lation zone, it was elucidated that fibrosis, necrosis, and ghost-tubuli with eosinophilic
cytoplasm were discernible in 15 out of 16 patients. This region was encapsulated by a
hemorrhagic area, corresponding with the precise location of the electrodes as identified
through ultrasound imaging. Importantly, the ablation zone exhibited a well-demarcated
nature, featuring a sharply defined boundary that delineated the viable and non-viable
tissue zones. A singular prostate specimen solely exhibited fibrosis without a necrotic com-
ponent. Additionally, the ablated tissue showcased mild to moderate inflammation across
all cases, with one case displaying a focal severe inflammatory component characterized by
atrophic cells. Glandular hyperplasia was evident in 11 prostates, and further histological
analysis identified basal cell hyperplasia and transitional cell metaplasia in 10 and 1 cases,
respectively. Importantly, no skip lesions, indicative of the absence of viable tissue, were
observed within the ablated area. Pertinently, the IRE treatment impacted the prostate
capsule in 12 out of 16 cases, showcasing invasion by adipocytes and lipophages within
the capsule structure. The boundary between viable and nonviable tissue in the ablation
zone was sharply defined. Mild to severe inflammation and, in one instance, atrophic cells
were seen in the ablated tissue. At the site of the electrodes, there was bleeding all around
the region. Thirteen individuals had fibrinoid necrosis of the neurovascular bundle, and
nine had denudation of the urothelium of the prostatic urethra.

In primary-intent IRE, the in-field recurrence is quite low (ranges from 0% to 33%).
Urinary continence after the treatment remains high (>86%). Due to several different
patients in the studies, the preserved potency varied by quite a lot (59-100%). Regarding
complications, the highest are Grades I and II (20-77% and 0-29%, respectively). Grade III
complications are less than 7%. About the specific oncological outcomes, both PCa-specific
survival and overall survival is 100%. Metastasis-free survival is 99.6%. In a long-term
study, the Kaplan-Meier FFS rates reported are 91% at 3 years, 84% at 5 years, and 69% at
8 years.

In the single study with salvage-intent IRE, the in-field recurrence was 7%. The
urinary continence was still high (93%), but preserved potency was significantly lower
than primary-intent IRE patients (23%). In addition, Grade III complications were slightly
higher (10.8%).

Scheltema et al. [12] compared clinical outcomes of IRE patients vs. radical prostatec-
tomy patients. In terms of maintaining pad-free continence and erections strong enough
for intercourse, IRE was noticeably superior to radical prostatectomy. There were no statis-
tically significant differences between the EPIC summary scores. Grade I complications
were 22% and 16% for IRE and RP, respectively; Grade II complications were 13.7% and
9% for IRE and RP, respectively; there were no Grade III complications for either IRE or
RP. Despite IRE patients initially complaining more, urinary symptoms for both groups
of patients were improved after 12 months. A limitation is that individuals with IRE had
more early oncological failure than individuals with radical prostatectomy.

In the comprehensive examination of treatments, a detailed comparative review [22]
between Irreversible Electroporation (IRE) and High-Intensity Focused Ultrasound (HIFU)
has unveiled intriguing insights into their respective outcomes. Patients undergoing IRE ex-
hibited notable advantages, including higher mean rates of in-field negative post-treatment
biopsy results, lower mean prostate-specific antigen (PSA) level decreases, and superior
rates of potency maintenance compared to their HIFU counterparts. The nuanced analysis
of adverse events further enriched the comparison. Commonly reported issues, such as
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urinary tract infection, dysuria, hematuria, and incontinence or urgency, were prevalent
in both IRE and HIFU treatments. Remarkably, the majority of these adverse events were
categorized as equivalent and mild, falling within Grades I or II. This underscores the over-
all safety profile of both treatments, emphasizing the manageable nature of the reported
side effects. Delving deeper into the safety assessment, it is noteworthy that after IRE and
HIFU procedures, only a modest percentage of patients, ranging from 0 to 8%, experienced
serious adverse events categorized as Grade IIL. This low incidence of severe complications
suggests a favorable risk profile for both IRE and HIFU, highlighting their suitability for
individuals seeking minimally invasive treatment options for prostate-related conditions.
Equally important, both IRE and HIFU demonstrated commendable functional results and
showecased their ability to preserve the quality of life (QoL) for treated individuals. This
positive outcome is crucial in the evaluation of treatment modalities, as it indicates not only
the therapeutic efficacy but also the holistic impact on patients” well-being. As the scien-
tific community continues to scrutinize the intricacies of IRE and HIFU, this comparative
analysis serves as a valuable reference for clinicians and researchers alike. The ongoing
pursuit of understanding the nuanced differences and similarities between these innovative
treatment approaches will undoubtedly contribute to the refinement and optimization of
prostate care, ultimately offering patients a spectrum of choices tailored to their individual
needs and preferences.

5. Conclusions

In males diagnosed with localized low—intermediate-risk prostate cancer, IRE has
demonstrated an exceptional safety profile and the potential for favorable outcomes in
terms of both sexual and urinary function. The short-term oncological results of IRE are
encouraging, suggesting its viability as a therapeutic option. Particularly noteworthy is the
positive impact of IRE on patients with unifocal localized clinically significant PCa. This
advanced technology may offer a pathway for these patients, allowing over 80% of them to
sidestep more drastic therapeutic interventions even after a 5-year follow-up period. The
appeal of IRE is evident, especially among individuals with screen-detected cancer who
possess unifocal, favorable, low-volume, intermediate-risk disease. For many, IRE could
potentially become the preferred initial course of treatment. Despite its promising prospects,
widespread accessibility to IRE remains limited, currently confined to clinical trials and a
select number of institutions. The potential benefits of this innovative treatment option are
thus not yet available to the broader population. A future scenario where IRE is widely
accessible could significantly alter the treatment landscape for men facing screen-detected
cancer with specific disease characteristics. For the moment, the utilization of IRE hinges
on more extensive multi-center trials and longer-term follow-up studies. These endeavors
are crucial in establishing the broader effectiveness, safety, and sustained outcomes of IRE
in the management of PCa. As this technology progresses through rigorous testing and
evaluation, it holds the promise of becoming a mainstream and transformative therapeutic
approach for a significant subset of PCa patients.
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Abbreviations

EMBASE Excerpta Medica dataBASE

EBRT External beam radiation therapy

EPIC Expanded Prostate Cancer Index Composite

HIFU High-intensity focused ultrasound

International Consultation on Incontinence Questionnaire Male Lower
Urinary Tract Symptoms

IIEF-5 International Index of Erectile Function

I-PSS International Prostate Symptom Score

IRE Irreversible electroporation

ISsUP Internetional Society of Urologist pathologists
MEDLINE Medical Literature Analysis and Retrieval System Online
mpMRI Multiparametric magnetic resonance imaging

PCa Prostate Cancer

QoL Quality of life

RP Radical prostatectomy

RT Radiotherapy

TRUS Trans-rectal ultrasound

ICIQ-MLUTS
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