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ABSTRACT

Ultrasound (US)-guided microwave ablation (MWA) has emerged as a promising minimally invasive
therapy for both benign and malignant breast tumors. This review comprehensively examines the
current clinical status, technical principles, and therapeutic outcomes of US-guided MWA in breast
tumor management. We discuss the biophysical mechanisms of MWA, its advantages over other ab-
lation techniques—such as rapid temperature elevation, the ability to create more extensive coag-
ulation areas, and diminished impact from heat sink phenomena—and the critical role of real-time
US guidance in enhancing procedural precision and safety. Clinical evidence supports the efficacy
of US-guided MWA in achieving high rates of complete ablation and significant volume reduction
for benign tumors, such as fibroadenomas, with minimal complications and excellent cosmetic
results. For early-stage breast cancers, initial studies indicate that US-guided MWA provides local
tumor control comparable with surgical resection in the short- to mid-term, while also offering the
benefits of shorter operation times, reduced hospitalization, and stimulation of systemic antitumor
immune responses. However, challenges remain, including technical limitations in treating tumors
near critical structures, the lack of long-term oncological data, and operator dependence. Future
directions involve technological refinements, integration with artificial intelligence and advanced
imaging, combination with immunotherapy, and standardization of protocols. US-guided MWA
represents an important advancement toward personalized, organ-preserving breast tumor thera-
py, with ongoing innovations poised to expand its clinical applicability.
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reast tumors represent a frequently encountered clinical condition in women, often as-

sociated with factors such as dysregulation of endocrine hormones, genetic susceptibil-

ity, daily behavioral habits, and external environmental exposure. Common symptoms
include detectable lumps in the breast tissue, localized pain or tenderness, and occasional
nipple discharge. Based on pathological characteristics, these tumors are primarily classified
into benign lesions, such as fibroadenomas, and potentially malignant tumors, including ear-
ly-stage breast cancers.! Although benign tumors typically entail minimal health risks, they
may still lead to physical discomfort, such as persistent pain. However, malignant tumors, in-
cluding breast carcinoma, constitute a serious health concern and require timely intervention
to prevent adverse outcomes, thereby considerably impacting overall prognosis and surviv-
al2 The widespread adoption of breast imaging screening has resulted in a rising incidence
of small and asymptomatic tumors, necessitating effective and less invasive treatment strat-
egies. The long-established standard for definitive diagnosis and treatment of suspicious or
symptomatic tumors has been surgical excision, either by lumpectomy or mastectomy. Al-
though effective, surgery is associated with inherent drawbacks, including general anesthesia
risks, postoperative pain, scarring, potential deformity of the breast contour, and a prolonged
recovery period.?

The last two decades have witnessed a paradigm shift in oncology and interventional ra-
diology towards minimally invasive therapies (MITs). These techniques aim to achieve thera-
peutic efficacy comparable with surgery while minimizing morbidity, preserving organ func-
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tion and cosmesis, and reducing procedural
time and cost. Within the realm of breast dis-
ease management, several image-guided
MITs have been developed and clinically im-
plemented.* Among these, thermal ablation
modalities, particularly radiofrequency ab-
lation (RFA) and microwave ablation (MWA),
have garnered particular attention due to
their ability to induce coagulative necrosis
in targeted tissues via precise hyperthermia.®
Although RFA is the most thoroughly inves-
tigated technique, MWA is gaining broader
adoption due to its capacity to elicit more
extensive ablation volumes with reduced
procedure times.6

MWA, which originated in 1962, is cate-
gorized as a type of thermal ablation within
physical ablation therapies and utilizes heat
to inactivate local tissues.” MWA utilizes elec-
tromagnetic waves in the microwave energy
spectrum to agitate water molecules within
tissue, generating frictional heat and induc-
ing coagulative necrosis.? It offers faster heat-
ing times than other thermal techniques,
higher intratumoral temperatures, larger
and more predictable ablation zones, less
susceptibility to the heat-sink effect (cooling
from adjacent blood vessels), and the ability
to perform simultaneous multi-probe ab-
lations.? The evolution of MWA technology,
particularly with the integration of real-time
imaging guidance, has further enhanced its
precision and safety profile. Ultrasound (US),
due to its widespread availability, cost-ef-
fectiveness, and real-time capabilities, has
become the modality of choice for guiding
MWA procedures. US guidance allows for ac-
curate needle placement, continuous moni-
toring of the ablation zone, and immediate
evaluation of treatment effectiveness, there-
by reducing the risk of incomplete ablation
or damage to adjacent normal structures
(Figure 1).%°

* Ultrasound (US)-guided microwave abla-
tion (MWA) is a minimally invasive, highly
effective alternative to surgery for treating
breast tumors, achieving complete ablation
with excellent cosmetic results and minimal
complications.

* Real-time US is crucial for precision, en-
abling accurate targeting, continuous mon-
itoring, and immediate assessment while
protecting healthy tissues.

* US-guided MWA not only destroys tumors
locally but also stimulates a systemic im-
mune response, offering potential for com-
bined therapies and expanded future appli-
cations.

US-guided MWA finds broad application
in the treatment of diverse clinical condi-
tions, such as hepatocellular carcinoma,
thyroid nodular goiter,'> uterine leiomyo-
mas,'* and renal neoplasms,' with promis-
ing therapeutic efficacy observed in clinical
practice. Compared with the liver and kid-
neys, the breast has a superficial location,
less complex anatomical architecture, and
relatively sparse vascularity, which con-
tribute to excellent US visualization. These
characteristics render it an ideal candidate
for US-guided MWA. Several clinical studies
have demonstrated the efficacy and safety of
US-guided MWA in managing both benign
and malignant breast tumors. For benign le-
sions, such as fibroadenomas, MWA offers a
non-surgical alternative that can effectively
reduce nodule size and alleviate symptoms,
with minimal scarring and rapid recovery.’>¢
In the context of malignant tumors, partic-
ularly early-stage breast cancers, MWA has
shown promising outcomes in terms of com-
plete ablation rates, local tumor control, and
cosmetic preservation, suggesting its poten-
tial role as a valuable alternative in selected
cases, particularly for individuals unsuitable
for surgery or those seeking less invasive
therapeutic options.'”'®

This review aims to summarize compre-
hensively the current state of US-guided
MWA for breast tumors, encompassing tech-
nical principles, clinical applications, and
limitations. To achieve this, a narrative syn-
thesis of the literature was performed, which
was conducted using electronic databases,
primarily PubMed and Web of Science, with
a focus on articles published between 2000
and 2025. Key search terms included “micro-
wave ablation,” “breast,” “ultrasound-guided,”’
“fiboroadenoma,” and “breast cancer,’ alone
and in combination. Given the specialized
and evolving nature of this topic, the selec-
tion of included studies was not restricted
by study design alone but prioritized clinical
relevance, scientific rigor, and the illustration
of key technical or clinical concepts. This ap-
proach encompassed pivotal clinical trials,
prospective and retrospective cohort stud-
ies, case series, and seminal review articles.
The reference lists of retrieved articles were
also screened for additional relevant publi-
cations. This strategy was chosen to capture
comprehensively the most impactful evi-
dence in a field where the total volume of
dedicated literature, although growing, re-
mains manageable for a narrative synthesis.
Furthermore, we discuss future perspectives,
including technological innovations, poten-
tial integration with artificial intelligence

« February 2026 - Diagnostic and Interventional Radiology

(Al) for treatment planning, and the role of
US-guided MWA within multimodal breast
cancer management pathways.

Biophysical principles and technology of
microwave ablation

Mechanism of microwave ablation

MWA is a thermal ablation technique that
employs electromagnetic waves within the
microwave frequency spectrum (typically
915 MHz to 2.45 GHz) to generate local-
ized hyperthermia and induce coagulative
necrosis in target tissues. The underlying
mechanism involves the agitation of water
molecules within tissue, resulting in fric-
tional heat due to dielectric hysteresis. This
process rapidly achieves cytotoxic tempera-
tures (60 °C-100 °C), causing instantaneous
protein denaturation and irreversible cellular
damage (Figure 1).°2° The efficacy of MWA
depends critically on the inherent dielectric
properties of the target tissue, particularly its
water content and ionic composition, which
determine the extent of energy absorption
and heat generation.”” Unlike RFA, MWA is
theoretically and in many clinical scenarios
less susceptible to the heat-sink effect from
adjacent blood vessels, allowing for more
consistent and predictable ablation zones.
Furthermore, MWA supports simultaneous
multi-probe activation, enabling the treat-
ment of larger or multifocal tumors efficient-

ly.?
System components

A standard MWA system comprises three
integral components: a microwave generator,
an antenna assembly, and a cooling mecha-
nism. The generator is designed to produce
microwave energy within specific frequency
bands, commercially available at 915 MHz or
2.45 GHz, and the generated signal is subse-
quently amplified by a dedicated radiofre-
quency power amplifier. The antenna design
is critical, as it dictates energy distribution
and ablation morphology. Commonly used
antennas include monopolar, bipolar, ar-
ray-based, triaxial, choked, and slot designs,
each suited to particular tumor sizes, depths,
and anatomical contexts. For instance, mo-
nopolar antennas are cost-effective and
suitable for superficial lesions, whereas array
antennas are preferred for larger or deeper
tumors due to their synergistic emission and
reduced cold spots.?? Recent technological
advancements have focused on optimizing
antenna design to create more spherical
and predictable ablation zones with minimal
charring and track seeding.® The third part is
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Figure 1. Overview of ultrasound-guided microwave ablation (created using BioRender). US, ultrasound; MWA, microwave ablation.

the cooling system, designed to reduce the
probe’s temperature using water or gas. This
is vital to prevent tissue from carbonizing
and to limit heat damage to nearby healthy
tissues. In practice, thermal stability during
water-cooling is maintained via the circula-
tion of chilled water, whereas gas-cooling
(e.g., with CO,) is chosen for tissues that are
sensitive to liquid.® Microwave frequency,
applied power, and treatment duration are
key factors affecting ablation performance.
The selection of frequency determines the
penetration depth and heating character-
istics and should be optimized according
to tumor size and anatomical location. The
915 MHz frequency achieves deeper energy
penetration (3-4 cm), rendering it appro-
priate for larger or deeply situated tumors,
such as those in the liver or kidneys, and is
generally employed at higher power outputs
(80-100 W) over extended periods (10-15
minutes) to facilitate larger ablation vol-
umes. In comparison, operating at 2.45 GHz
facilitates faster energy delivery, rendering it
well-suited for ablating superficial and small
lesions. Notably, breast tumors, which are of-
ten superficial, are well-suited to ablation at
2.45 GHz using a monopolar antenna. This is
commonly achieved by employing moderate
power levels of 40-60 W for short durations
of 5-10 minutes, ensuring precise and con-
fined treatment.®2

Technical advancements

Recent advances in MWA have markedly
extended its clinical utility, driven mainly by
three key technological improvements. First,
ongoing technical refinements, including

more advanced generator systems and op-
timized ablation parameters, enable more
controlled energy delivery and predictable
ablation zones, enhancing treatment safety
and efficacy across various tumor types.?2%
Second, the integration of real-time imaging
guidance, including US, allows precise anten-
na placement and continuous monitoring of
the ablation process, considerably improving
tumor targeting and margin assessment.''?
Third, MWA is increasingly recognized for
stimulating a durable antitumor immune re-
sponse, which complements its local effects
and supports combination strategies with
systemic therapies, such as immunotherapy
or chemotherapy.”?’?® These developments
together allow more personalized and ef-
fective management of tumors, including
advanced cases where conventional mono-
therapies are insufficient.

The role of ultrasound guidance

US guidance is instrumental in optimizing
the accuracy, safety, and overall therapeutic
outcomes of MWA for breast tumors. As a re-
al-time, radiation-free, and widely accessible
imaging modality, US provides exceptional
visualization of superficial structures, such
as the breast, allowing for accurate needle
placement, continuous monitoring of the
procedure, and immediate evaluation of
therapeutic efficacy.” The high-resolution
capability of US enables clear differentiation
between the target nodule and surrounding
tissues, including critical anatomical struc-
tures, such as blood vessels and ducts, there-
by minimizing the risk of collateral damage
(Figure 1).

During the pre-procedural phase, US is
used to locate the nodule precisely, deter-
mine its size and depth, and plan the optimal
trajectory for antenna insertion. This step is
crucial for ensuring complete coverage of the
target area while avoiding vital structures.
Intra-procedurally, real-time US monitoring
allows clinicians to observe the formation
and expansion of the hyperechoic ablation
zone, which corresponds to the region of
coagulative necrosis. This dynamic feedback
facilitates adjustments in power output or
antenna position as needed to achieve ad-
equate margins and avoid under-treatment
or overtreatment.'* Moreover, color Doppler
or contrast-enhanced US (CEUS) can be em-
ployed to evaluate vascularity and perfusion
changes, providing additional information
on treatment efficacy and helping to iden-
tify residual viable tissue. Post-procedural
US assessment, often supplemented with
contrast-enhanced imaging, is essential for
confirming the completeness of ablation and
detecting any complications, such as hema-
toma or edema. The ability to perform these
evaluations immediately after the procedure
contributes to the high clinical acceptabil-
ity and patient satisfaction associated with
US-guided MWA.'¢

The integration of US guidance with MWA
is particularly advantageous in the breast
due to its superficial location and relatively
homogeneous parenchyma, which allow
for excellent acoustic windows and minimal
artifact interference. This synergy not only
improves technical success but also supports
the broader adoption of MWA as a minimally
invasive alternative to surgery for both be-
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nign and malignant breast tumors, aligning
with the ongoing trend toward personalized
and organ-preserving therapies.>'

Clinical applications of ultrasound-guided
microwave ablation for breast tumors

The utilization of US-guided MWA in
breast disease management has expand-
ed markedly, encompassing both benign
and malignant tumors. Its efficacy is under-
pinned by the favorable anatomical location
of the breast, which allows for excellent US
visualization, precise antenna placement,
and real-time monitoring of the process.

Treatment of benign breast tumors

Approximately 80% of breast tumors
are benign, and with advances in detection
technologies, the diagnosis of benign breast
tumors has become increasingly common.
This trend underscores a growing need for
effective treatment strategies. A variety of
therapeutic approaches are available for be-
nign breast tumors.?**° As the most common
benign breast disease,* fibroadenomas are a
common indication for US-guided MWA. This
technique offers a minimally invasive alter-
native to surgical excision for patients seek-
ing to avoid scarring, general anesthesia, or
a prolonged recovery period. The primary
goals include decreasing tumor volume and
relieving co-occurring symptoms, such as
pain or palpable discomfort.

In a prospective study, US-guided MWA
was applied to 44 benign breast tumors (<
3 c¢m) in 39 patients. The procedure, per-
formed under local anesthesia (mean dura-
tion: 74 seconds), achieved complete abla-
tion in 97.5% of cases, as confirmed by CEUS
during follow-up. Tumor volume decreased
significantly (P = 0.005), and no skin burns
occurred despite a mean skin-to-tumor dis-
tance of 7.5 mm.*? Further supporting evi-
dence comes from a larger cohort study eval-
uating US-guided MWA in 205 benign breast
lesions. Post-ablation, both CEUS and mag-
netic resonance imaging (MRI) were used to
assess treatment efficacy. Results showed a
notable decrease in lesion size and volume at
3, 6, or 12 months after the procedure, with
21.5% of lesions completely disappearing by
the 12-month follow-up. The CEUS and MRI
indicated technical success rates of 87.32%
and 82.93%, respectively. The procedure
proved safe, with no reports of major com-
plications.?®* Another study focusing on larger
benign breast lesions (= 2 cm) further sup-
ports the efficacy of MWA. In this prospective
analysis of 104 lesions treated with US-guid-

ed MWA, complete ablation was achieved in
all cases, as confirmed by contrast-enhanced
imaging (Figure 2). Over a median follow-up
of 12.5 months, the mean volume reduction
rate reached 80.2% (P < 0.001), with no major
complications reported. Multivariate analysis
identified lesion location as an independent
predictor of volume reduction; adjacency
to the areola was associated with greater
shrinkage, whereas proximity to the skin cor-
related with reduced regression. These find-
ings affirm US-guided MWA as a viable and
well-tolerated therapeutic approach even
for larger benign breast lesions.>* Further ev-
idence from a larger cohort study specifically
assessed the therapeutic effects of US-guid-
ed MWA in the treatment of breast fibroad-
enomas. Among 271 lesions in 171 patients,
US-guided MWA led to progressive volume
reduction and complete regression over time
(Figure 3), with complete disappearance ob-
served in 24.3%, 45.5%, and 40.9% of lesions
at 1-6, 6-12, and > 12 months, respectively.
Smaller lesion diameter (< 1.5 cm) was sig-
nificantly correlated with more favorable
treatment outcomes (P < 0.05), whereas fac-
tors such as patient age, lesion location, and
blood flow showed no significant correlation
with outcomes.'® A comparative analysis was
conducted to further evaluate US-guided
MWA versus vacuum-assisted excision (VAE)
for breast lesions with uncertain malignant
potential (B3 lesions). The results indicat-
ed comparable technical success rates be-
tween the two techniques, with no residual
lesions observed in the MWA group (Figure
4), compared with a 3.4% residue rate in the
VAE group. Notably, the MWA group expe-
rienced significantly fewer postoperative
adverse events, particularly in lesions > 2.5
cm, and was associated with lower recur-
rence, reduced need for re-intervention, and
higher patient satisfaction.?®> In a compar-
ative retrospective study, US-guided MWA
demonstrated marked advantages over
both open surgery and US-guided minimal-
ly invasive rotary cutting. Patients receiving
MWA experienced briefer procedures, less
blood loss during surgery, minimal scarring,
quicker healing, and reduced postoperative
pain at 24-72 hours. Both MWA and rotary
cutting resulted in fewer complications and
better cosmetic outcomes than open sur-
gery (Figure 5), while showing comparable
efficacy between the two minimally invasive
approaches. The study highlights US-guid-
ed MWA as a particularly effective option,
offering rapid recovery, minimal invasive-
ness, and enhanced patient satisfaction in
the management of benign breast lesions.*
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For rare benign breast tumors, such as giant
leiomyoma, which pose significant cosmetic
concerns due to large size or periareolar loca-
tion, US-guided MWA has also demonstrated
promising outcomes. In a case report involv-
ing an 8 cm leiomyoma, MWA achieved a
volume reduction rate of 69.8% at 10-month
follow-up (Figure 6), with excellent cosmetic
results and no major complications, high-
lighting its potential as a tissue-sparing alter-
native to surgery in selected cases.’”

Therefore, accumulating evidence sup-
ports US-guided MWA as a feasible and
effective minimally invasive treatment for
benign breast tumors. This technique is asso-
ciated with high rates of complete ablation,
large volume reduction, and even complete
disappearance of tumors over time (Table
1). It offers a favorable safety profile with
minimal complications, preserves cosmetic
outcomes, and reduces vascular supply to
treated areas. Compared with conventional
surgical excision, US-guided MWA demon-
strates satisfactory therapeutic efficacy,
shorter procedure times, reduced intraoper-
ative blood loss, less postoperative pain, and
faster recovery. These advantages position
US-guided MWA as a promising non-surgical
alternative, particularly for selected tumors
based on size and location.

Treatment of malignant breast tumors

Globally, breast cancer continues to be
the most common cancer and foremost
cause of cancer death in women. The disease
encompasses a highly heterogeneous group
of tumors, classified by histological type,
growth patterns, and molecular profiles,
all of which are critical for prognostic strat-
ification and therapeutic decision-making.
Current treatment strategies include surgery,
radiotherapy, chemotherapy, endocrine
therapy, targeted agents, and immunother-
apy. The selection of treatment modalities
is highly individualized and depends on tu-
mor stage, biological subtype, and patient
preferences.?®** In addition, various studies
have reported comparable overall survival
and distant metastasis-free survival between
breast-conserving surgery (BCS) and mastec-
tomy, with some evidence suggesting even
improved long-term outcomes and lower
recurrence rates among patients undergoing
conservation therapy.®** Within this con-
text, techniques such as US-guided MWA are
being investigated as promising minimal-
ly invasive alternatives that align with the
principles of conserving breast tissue while
achieving effective tumor control.

Wang et al.



Figure 2. Imaging evaluation before and after microwave ablation (MWA) in one representative case. (a) Benign breast lesion (BBL) with 6.0 x 3.5 x 4.9 cm size
showing hypoechogenicity with a clear margin on ultrasound (US); (b) color Doppler flow imaging before MWA showing the arterial blood flow signal in the BBL
parenchyma; (c) a hyper-signal in the BBL parenchyma on magnetic resonance imaging (MRI) T2-weighted images before MWA; (d, e) contrast-enhanced MRI
in axial and sagittal sections showing a hyper-enhancement in the BBL parenchyma in the arterial phase before MWA; (f) three-dimensional (3D) visualization
showing the spatial structure of BBL; (g) BBL before MWA showed hyper-enhancement in the arterial phase of contrast-enhanced ultrasound (CEUS); (h) after MWA,
a hypoechoic ablation zone with a size of 5.0 X 3.6 x 4.5 cm is shown in the tumor region by CEUS; (i) hypo-signal in the BBL parenchyma on MRI T2-weighted
images after MWA; (j, k) contrast-enhanced MRI in axial and sagittal sections showing no enhancement in the BBL parenchyma in the arterial phase after MWA; (1)
3D visualization showing the spatial structure of the ablation zone; (m-p) after 12 months follow-up, the ablation debris decreased gradually to a size of 1.1 x 0.4 x
1.2 cm on T2-weighted images (m) and arterial phase (n, o) of MRl images and the US image (yellow arrows in p).>*

Several recent clinical studies have further
validated the therapeutic profile of US-guid-
ed MWA for managing malignant breast
tumors, particularly in early-stage disease.
For instance, a feasibility study involving
41 patients with solitary breast cancers (<
3 cm) demonstrated that US-guided MWA
achieved complete ablation in 90% of cases
(95% confidence interval: 76.9%-97.3%) as
confirmed by histochemical staining, with a
mean ablation time of only 4.48 minutes and
minimal reversible complications.** Anoth-
er pilot cohort study compared US-guided
MWA with nipple-sparing mastectomy in
patients with invasive ductal carcinoma (<
5 cm) (Figure 7). With a median follow-up of
26.7 months, both groups showed compa-
rable tumor progression rates (P = 0.16), no
cancer-related deaths, and no major compli-
cations. However, the MWA group exhibited

significantly shorter hospitalization times
and superior cosmetic outcomes (P < 0.001),
supporting its suitability, especially for elder-
ly populations ineligible for surgery.* In a
multicenter prospective cohort research fo-
cusing on elderly individuals with hormone
receptor-positive/human epidermal growth
factor receptor 2-negative breast cancer,
US-guided MWA combined with endocrine
therapy yielded disease-free and overall
survival outcomes comparable with those
of standard surgery with adjuvant therapy
(Figure 8), while significantly reducing the
hospitalization period (7.1 vs. 13.0 days, P
< 0.001).* Additionally, a propensity score-
matched study comparing US-guided MWA
with BCS in patients with early breast cancer
found no significant differences in tumor
progression, overall survival, or disease-spe-
cific survival after a median follow-up of 43

months. US-guided MWA exhibited shorter
procedure times, fewer complications, and
significantly better cosmetic satisfaction
(Figure 9) (P < 0.001), highlighting its po-
tential as a minimally invasive alternative to
BCS in selected cases.”” In a pioneering win-
dow-of-opportunity trial focusing on a par-
ticularly challenging patient subset where
tumors affect the skin or nipple-areola
complex (NAC), it demonstrated the viabili-
ty of US-guided MWA as a local therapeutic
option.*® The study enrolled 15 inoperable
patients with advanced disease, employing
innovative techniques such as hydro-dis-
section and variable power ablation (20-60
W) to protect superficial structures while
achieving complete tumor necrosis. Tech-
nical success and effectiveness were both
100%, with a median follow-up of 33.5
months. Although instances of skin burns

Ultrasound-guided breast MWA -



Figure 3. Depicts three cases of patients with different responses to treatment. Ultrasound before microwave ablation (MWA) showed three lesions with clear
boundaries (a, ¢, e). At 8 months, 9 months, and 11 months after the MWA, the figure shows the results of enlargement (b), reduction (d), and complete regression

(f), respectively.'®

and nipple loss occurred in some cases, all
wounds healed within a median duration
of 3.7 months, and > 93% of patients rated
their aesthetic results as excellent or good.
Importantly, MWA markedly improved the
quality of life and even enabled subsequent
curative surgery in two patients by reducing
tumor burden. This study supports MWA as
a promising minimally invasive alternative
for complex breast cancers with skin/NAC in-
volvement, particularly in patients ineligible
for standard surgical treatment.

Besides ablating tumors locally, MWA can
elicit systemic antitumor immune responses,
which contribute to sustained therapeutic
benefits and may inhibit the growth of dis-
tant untreated tumors.® This immunostim-
ulatory effect positions MWA as a valuable
component within combinatorial therapeu-
tic approaches for breast cancer. A clinical
study in early-stage breast cancer revealed
that US-guided MWA not only achieved a
high complete ablation rate (91.4%) but also
significantly promoted a Th1-polarized im-
mune response, characterized by an increase
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in inducible costimulator (ICOS)-activated
CD4* T-cells (Figure 10) and elevated IFN-y
levels. T-cell receptor sequencing further in-
dicated clonal expansion of T lymphocytes
recognizing breast tumor-specific antigens,
suggesting the induction of a durable adap-
tive immune response.** Single-cell tran-
scriptomic analysis revealed that US-guided
MWA induced activation of NK cells and CD8*
T-cells (Figure 11), along with enhanced ICOS
expression in CD4* T-cells. Immune check-
point blockade on post-MWA samples result-
ed in higher T-cell activity, supporting the

Wang et al.
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Figure 4. Technical success of microwave ablation (MWA) in one representative case (a 36-year-old woman with a left intraductal papillary pattern of the breast of
17 X 11 X 9 mm in size). (a) Ultrasound (US) before MWA showed a hypoechoic mass with clear boundary; (b) the tumor before ablation with contrast-enhanced
US (CEUS) showed homogeneous enhancement on CEUS; (the yellow arrow points to the mass) (c) magnetic resonance imaging (MRI) showed the tumor before
ablation with notable enhancement; (d) US showed the tumor was being treated with MWA; (e) the ablated mass without enhancement on CEUS; (f-i) US variance
of the breast benign tumor after MWA during follow up at 3, 6, 12, and 24 months, respectively. During the process, the tumor size decreased gradually and finally
disappeared on the US image; (the blue arrow points to the mass); (j) at the follow-up of 24 months, no masses were detected on MRI. Reprinted from* with

permission from John Wiley and Sons.

potential synergy between MWA and immu-
notherapy.”’ A window-of-opportunity trial
combining preoperative MWA with a single
dose of anti-PD-1 antibody (camrelizumab)
demonstrated that the regimen was well-tol-
erated and practicable, without delaying sur-
gery.This approach led to enhanced cytotox-
icand memory functions in CD8" T-cells, with
monocyte-mediated MHC-I pathway acti-
vation contributing to the improved T-cell
response.®® Moreover, when compared with
RFA, US-guided MWA was found to induce
superior cytolytic activity in peripheral T-cells
and promote memory CD4* T-cell expansion
(Figure 12). Single-cell analyses indicated
that these differences may stem from distinct
antigen presentation mechanisms, with den-
dritic cells and altered fatty acid metabolism
playing a crucial role in the MWA-induced
immune environment.'

Based on the evidence presented,
US-guided MWA has emerged as a safe and
effective minimally invasive therapeutic op-
tion for selected patients with malignant
breast tumors, particularly those with ear-
ly-stage disease. Clinical studies demon-

strate high rates of complete ablation, short-
to mid-term local tumor control that appears
comparable with surgical interventions, and
superior cosmetic outcomes with reduced
procedural times and shorter hospital stays
(Table 1). Importantly, US-guided MWA not
only achieves localized tumor destruction
but also stimulates systemic antitumor im-
mune responses, including Th1 polarization
and T-cell activation, which may enhance
long-term disease control and support com-
bination strategies with immunotherapy.
These attributes suggest that US-guided
MWA could become a valuable alternative
to conventional surgery in selected patient
populations, especially in elderly patients
or those ineligible for standard operative
management, while also offering a promis-
ing platform for multimodal treatment ap-
proaches in breast oncology.

Limitations and challenges of ultra-
sound-guided microwave ablation for
breast tumors

The application of US-guided MWA, al-
though promising, is constrained by several

technical, biological, and clinical challenges,
which must be carefully considered for pa-
tient selection and procedural planning.

Technical and procedural limitations

Key technical constraints are often relat-
ed to tumor characteristics and the physical
principles of MWA. Treating tumors near crit-
ical structures, such as the skin (< 0.5 cm),
NAC, or chest wall, remains challenging due
to the inherent risk of thermal injury, includ-
ing burns or deformity. Techniques such as
hydro-dissection can create protective fluid
barriers, but they add procedural complexi-
ty.*® Furthermore, intraprocedural monitor-
ing, although feasible with US, is imperfect.
The hyperechoic gas microbubbles gener-
ated during ablation can obscure the true
ablation margin and the underlying tumor,
potentially compromising the assessment of
complete coverage, especially for less expe-
rienced operators.’' This is of particular con-
cern with larger tumors, which may require
multiple overlapping ablations or moving
techniques, increasing the risk of incomplete
treatment or collateral damage due to the
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cumulative thermal effect and obscured visi-
bility. Finally, as a destructive modality, MWA
does not provide a specimen for definitive
post-procedural histopathological analysis,
which is a major drawback compared with
surgical excision or VAE. This underscores the
paramount importance of a conclusive histo-
pathological diagnosis via core needle biop-
sy prior to ablation. The risk of false-negative

biopsies necessitates meticulous sampling
from multiple sites within a suspicious lesion
to minimize the chance of missing a malig-
nancy before proceeding with ablation.

Methodological heterogeneity and evi-
dence gaps

Beyond technical and biological consid-
erations, the current body of evidence on

US-guided MWA for breast tumors has sev-
eral methodological limitations that warrant
careful interpretation. There is substantial
heterogeneity across the available clinical
studies, including variability in patient in-
clusion criteria, tumor subtypes, applied
MWA parameters (power, duration), and
techniques for assessing treatment efficacy
(e.g., CEUS, MR, histology). This heterogene-
ity complicates direct cross-study compari-

%, sons and meta-analyses. Furthermore, many
ChiPlot . . . .
”c,o% MBI BRI - published studies are limited by small sam-
%, —— M4 ple sizes and a predominance of single-arm,
> Subcutaneous ecchymosis X R
Subcutaneous hematoma 3 non-randomized designs. Consequently,
Incision infecti .
5 paagal 2 although short- and mid-term outcomes re-

ported in cohorts**® are encouraging, the
absence of large-scale, randomized con-
trolled trials (RCTs) with long-term (> 5 years)
follow-up currently represents the most criti-
cal evidence gap. The lack of Level | evidence
precludes definitive conclusions regarding
its long-term oncological equivalence to sur-
gery and underscores the need for rigorously
designed, prospective RCTs to validate these
preliminary findings.

Figure 6. A 37-year-old female with a huge mass in the left breast. (a, b) The location of the tumor on enhanced magnetic resonance imaging; (c) sonographic
appearance of the tumor on two-dimensional ultrasound (2D-US); (d) contrast-enhanced US (CEUS) showed homogeneous hyperenhancement of the tumor
during the arterial phase; (e) during US-guided microwave ablation; (f) the area of ablation showed no enhancement in arterial phase and venous phase after
ablation; (g) the skin of the breast was slightly ecchymosis after ablation, and the appearance of the breast was intact; (h, i) after 10 months of follow-up, 2D-US
showed that the mass was considerably reduced, and CEUS showed that there was no enhancement in the arterial phase and venous phase of the ablation area.?”
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Table 1. Summary of complication profiles from selected US-guided MWA studies

. L Major
Tumor StudyID  Study type Patients/lesions (n) Key efficacy Mmpr Gl el elie complications Definitions/notes
type (incidence) L
(incidence)
Slight to moderate
. pain: 34.1% .
39 patients/44 Complete ablation: (14/41); slight skin Safe (no ep|d§rmal
Zhou et . . . 97.5% (40/41); X burn) even with mean
- Prospective lesions (37/41 with  ~" ™ depression: 5.4% None ) ;
al. follow-up) significant volume (2/37); oedema and skin-to-tumor distance
2 reduction (P =0.005) S of 7.5 mm
swelling (incidence
not reported)
Local pain and skin
Complete ablation: erythro swelling: Serious complications:
Zhang et Prospective 182 patients/205 87.32% (179/205) 8.2% (15/182); duct None hemorrhage, serious
al.® P lesions by CEUS, 82.93% ectasia: 4.9% (9/182); pain and fat necrosis,
(170/205) by MRI fat liquefaction: 2.2% etc.
(4/182)
Complete ablation: Raini(slightito No immediate or
100% (104/104); LI delayed complications
. = . 80 patients/104 ? it (80/80); skin redness 2y p .
Cui et al. Prospective . volume reduction: None (skin burn, pectoralis
lesions and edema: most S . .
80.2% at 12 months ; L injury, infection or
(P<0.001) patients (incidence nipple discharge)
’ not reported) PP 9
Complete ablation:
24.29% (34/140) at Slight/moderate No fat liquefaction or
171 patients/271 ISt asieiin (SR 1Al serious gom lications
Liuetal.'® Retrospective Iesio';s (50/110) at 6-12 severe pain: 1.7% None occurred durr)in the
Benian months, and 40.91%  (3/171); skin scalding: o tion 9
9 (18/44) at > 12 0.6% (1/171) P
tumors
months
Localized swelling/
pain: 11.9% (12/101);
skin ecchymosis: The technical success
Technical success: 5.9% (6/101); rate was defined as no
Zhang et Retrospective 101 lesions 100%; no recurrence: tape allergy: 1.0% Skin fistula: enhancement in any
al>s P 100% at 24-month (1/101); infection: 1.0% (1/101) part of the lesion on
follow-up 2.0% (2/101); the first postoperative
self-absorbable follow-up imaging
hematoma: 1.0%
(1/101)
O 2t e Compared with open
. Subcutaneous surgery and rotary
18.39 + 7.05 minutes; . .
hematoma: 8.33% cutting: superior
blood loss: 4.12 + . . .
- . . ) . (1/12); no infection, cosmesis (100%
Luetal. Retrospective 12 patients 1.51 mL; healing . R None .
time: 2.18 + 1.02 ecchymosis, skin excellent/good);
T damage, or deformity minimal invasiveness;
days; complication .
rate: 8.33% reported low pain scores (VAS
o 1.02-3.05)
Volume reduction: Postoperative Giant leiomyoma (7.6
Zhang et 69.8% at 10-month pain (VAS 4); slight X 6.6 X 7.5 cm); first
a7 9 Case report 1 patient/1 lesion  follow-up; complete  skin ecchymosis, None MWA report for breast

ablation confirmed
by CEUS

redness and swelling
(resolved in 4 weeks)

leiomyoma; excellent
cosmetic outcome
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Table 1. Continued

. L Major
Tumor StudyID  Study type Patients/lesions (n) Key efficacy Mmgr Gl el elie complications Definitions/notes
type (incidence) L
(incidence)
Sg;‘ﬂ:?on‘ 90% No necrosis of the
9 270 Skin burn: 2.4% skin flaps, infection, or
. (37/41) overall; 95% X
Zhou et X 41 patients/41 . . (1/41); pectoralis other adverse effects
o Prospective b (36/38) for invasive None K
al. lesions ductal carcinoma: muscle thermal were noted in all 41
L injury: 4.9% (2/41) patients during and
mean ablation time: after the procedure
4.48 minutes p
Technical efficacy
was defined as the
rate of no residual
tumor 1 month after
the procedure; major
. . A mild sensation of complication included
21 patients/22 Tl Gtz ey heat, pain, and local severe skin injur
Yuetal® Retrospective .p 100%; LTP: 4.5% 0 p ! : None Jury,
lesions (1/22) swell in the ablation abscess, hematoma,
site: 100% pneumothorax, tumor
cell implantation,
wound dehiscence,
skin flap necrosis and
nipple areola complex
necrosis
Technical Not specified in Technical effectiveness
effectiveness: 100%; detailr')onl "no of MWA was defined
Zhong et Prospective 33 patients/33 local recurrence: ablati’on—rZIated None as complete ablation
al.s P lesions 3.0% (1/33); DFS/ " at follow-up enhanced
. adverse events . .
OS comparable with imaging 1 month after
reported
surgery MWA
Malignant
tumors The technical success
of MWA is defined
as no enhancement
of the entire tumor
Technical success: Slight skin redness area during the
21 patients/28 100%; local and subcutaneous arterial phase; no skin
Daietal”” Retrospective Iesti))ns recurrence: 4.8% edema (subside None burns or fat necrosis;
(1/21); comparable within 3 days) (most excellent cosmetic
0OS/DSS with BCS patients) results: 100%; shorter
operation time vs.
BCS; suitable for early
breast cancer up to
5cm
. Mild skin redness . Technical success:
Technical and swellina: Nipple loss: tumors treated
success: 100% g 6.7% (1/15); per protocol and
. 46.6% (7/15); slight .
. (15/15); technical ; skin burn and completely covered
. - . 15 patients/16 . . bleeding: 26.6% . ) . )
Daietal.®® Retrospective lesions effectiveness: (4/15); mild pain: nipple loss: by ablation zone;
100% (15/15); local ! pain: 26.7% (4/15); technical effectiveness:
20.0% (3/15); mild : .
recurrence: 26.7% infection: 6.7%  no enhancement on
tenderness: 26.6% R .
(4/15) (1/15) follow-up imaging at
(4/15)
1 month
Complete ablation:
91.4% (32/35) Local swelling at Study focused on
Zhou et Prospective 35 patients/35 confirmed by treatment site: 100%, None immune response;
al® P lesions pathology or follow-  resolved within 1 MWA induced

up (median 36
months)

week

antitumor immunity

US, ultrasound; MWA, microwave ablation; CEUS, contrast-enhanced ultrasound; MRI, magnetic resonance imaging; LTP, local tumor progression; VAS, visual analog scale; DFS,

disease-free survival; OS, overall survival; DSS, disease-specific survival; BCS, breast-conserving surgery.
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Figure 7. A 68-year old woman with invasive ductal carcinoma of the right breast. (a) Ultrasound (US) scan before microwave ablation (MWA) shows the hypoechoic
mass (arrow) with a size of 3.3 x 3.2 cm; (b) contrast-enhanced US (CEUS) before MWA shows the mass is hyper-enhanced (arrow) in arterial phase; (c) transverse
contrast-enhanced magnetic resonance imaging (MRI) shows hyperintensity masses (arrow) before MWA in arterial phase; (d) US scan shows the heterogeneously
hypoechoic mass (marker) with a size of 2.6 x 2.3 cm immediately after MWA (ghost size). Hyperechoic needle tracts can be seen in the ablated mass (arrow); (e)
CEUS immediately after MWA shows the mass is non-enhanced (arrow) in arterial phase; (f) contrast-enhanced MRI image shows hyperintensity ghost of mass
(red arrow) and the peripheral hypointensity treatment zone (white arrow) in the arterial phase 3 days after MWA. The ablation margin is from 1.2 to 2.2 cm (yellow
lines), which can be measured in the hospital information system; (g) US scan shows the heterogeneously ablation zone (marker) shrinks to a size of 2.5 x 1.8 cm at
18 months after MWA. The ghost of mass (arrow) is surrounded by hypoechoic adipose tissue; (h) contrast-enhanced MRI image shows the treatment zone (white
arrow) is non-enhanced with a clear capsule and the central hyperintensity ghost of mass (red arrow) in arterial phase at 18 months after MWA; (i) MRl silhouette
shows no signal for the ablation zone with clear fibrous capsule and margin (arrow).*
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Figure 8. Kaplan-Meier curves for (a) disease-free survival and (b) overall survival.*® DFS, disease-free survival; MWA, microwave ablation; OS, overall survival.
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Figure 9. Cosmetic results and reasons for without excellent evaluation between selected patients with early breast cancer who underwent MWA and breast-
conserving surgery. (@) Cosmetic results in total cohort; (b) cosmetic results in propensity score matching cohort.*” MWA, microwave ablation; BCS, breast-conserving
surgery; PSM, positive surgical margin.

Baseline characteristics of study population

Variables Surgery (13) Microwave ablation (35)
Median age, y 46 (32-64) 59 (38-87)
l \ Tumor size
Ml groun ; T 6 (46.2%) 20 (57.1%)
g.:ﬁ -------- il i —— &> T2 7 (53.8%) 15 (42.9%)
(¢ ) Surgery group 1 | withiwithout surgery Node status
o i NO 4(30.8%) 29 (82.9%)
SN\ - R > N1 5(38.5%) 4 (11.4%)
Y Y Systemic therap N2 4 (30.8%) 2 (5.7%)
+ } e d 4 { Analysis | Molecular subtype
Do T D7 l D28 Luminal-HER2-negative 8 (61.5%) 20 (57.1%)
. HER2-positive 2 (15.4%) 7 (20.0%)
(MWA or gﬁ?‘g'mm EoROy-op eatents Triple negative 3(23.1%) 8 (22.9%)
Local treatment
a Surgery 13 (100%) 0 (0%)
I P MWA 0 (0%) 15 (42.9%)
MWA followed by surgery 0 (0%) 20 (57.1%)
Tim-3+/CD8*T 3 -1 1 3 Ablation time, minutes / 25
Tim-3/CD4'T | 1 Il IT ql Column Z-Score (mean, range) (2-5)
(AG3/GBeT 1| I 1 ) b
PD-1*/CD4'T f i]
PD-1+/CD8*T IE I i ﬂ I {
co4T Ul ' g __oom 2 0024 1 B
ICOS*/CD8'T II I 3 o = 3 = % .2 T
ICOS*/CD4*T g o 2 g - i g, "
coet AT [ B =515 = =1} = =
cD8'T Bl ii»a 4 2 3 g0 .
TIGIT/GD8T J i & S
LAG-3'/CD4'T J | | Ml ! Ill d = = — : . — f' s o =
C
0. 0014 NS NS = 1.09 o e PO 1 NS —
s s = 5 3 3
= Ea r r o5 £
== S F i1 i I l_lil
25 2 2T gy 25
i i o S e % 3 §3 i
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Figure 10. Phenotypical characterization of peripheral T-cells in patients treated with microwave ablation (MWA). (a) Schematic illustrating the study design; (b)
basic characteristics of enrolled patients; (c) heat map of the changes in peripheral T-cells, CD4*, and CD8* T-cell subsets in the MWA group (n = 33) and the surgery
group (n = 12). The increased frequencies of peripheral T-cells (d); CD4* (e); but not CD8* (f) T-cells in patients treated with MWA were compared with those
in surgery; (g) scatter plots showing the changes in the activated (inducible costimulator) and exhausted (LAG-3, TIGIT, TIM-3, and PD-1) CD4* T-cells. Data are
presented as mean + standard deviation.*
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Figure 11. Overview of changes in the NK and T-cells, and the activated phenotypes of NK cells induced by microwave ablation (MWA) of breast cancer (n = 6).
(@) UMAP analysis of peripheral NK and T-cells showing eight clusters before and after MWA; (b) the proportions of each cell cluster before and after ablation; (c)
heatmap of the gene sets of cytotoxicity, exhaustion/inhibitory, regulatory, naive and co-stimulation of these eight cell clusters; (d) gene ontology enrichment
pathway analysis of genes preferentially upregulated in XCL2*NK cells; (e) volcano plot showing upregulated genes of peripheral GZMB*NK cells induced by MWA;
(f) the cytotoxic scores of different peripheral NK cell clusters before and after MWA.?’

Ultrasound-guided breast MWA -«



Relative Increase of % CD4'Tqy

pre

post

s ns

& I

8 1.5+ ns ns

ES u

o« 1.04 a

(<] A

$ 054 o "

g ooge ]

S 0oy é .

£ k sla

2054 ¢ "

s

& A0-—7—T7—T—

IS IA S\ o

& & \s‘\
X

CD45RA —— @8
l Ll
:

*okk

g ns Fi f !

L — i ns ns

g 6 ns ns 8 1.5 N

o | 10 | o

R 4 . 1.0 A

.‘6 . A ‘06 AA

9 by 0.5 L ”

© 2 . ©

1 @ o ° IV

14 % % 5 0.0 %2 I

o o

£ o == .qF.. = E" as

g A» .g -0.54 " Ak

= - o

% -2 T T T % -1.0 T T T

L4 NIA R\ o © S \af
o« SR 5 &

Surgery RFA

Relative Increase of % CD4'Tpve
w
1
_]

ns

5 ns ns 1—5 ns ns

% 1.5 ! 3 39

o . 9 N

e 17 . S 2

..6 <]

o054 ¢ 1 g

2 ofe s M

S 0.0-ase. gl 5 ¢

< LA £ o_%.& "

s 057 . 2 ;3 :

= ©

S 40— g AT

Q

¢ S & & S &«
S ES $ES
) L)

g —

[

T’,_S,’ 20o s ns

O 154 °

B3

5 1.0 . "

o 0.5 &

o

5 o'o_....’... %

£ 3 .

.QZ) '0.5- ﬂ

5 10—

[

[ SRR\
& & k‘s\
&

Figure 12. Changes in peripheral memory CD4+ and CD8+ T-cell subsets among different treatment groups. Flow cytometry gating graphs of CD4 + T-cells and
relative increases in CD4+ (a) and CD8+ (b) TCM, TEMRA, TEM, and Tnaive subsets in patients treated with RFA (n = 15) or MWA (n = 30) compared with surgery (n =
15). Data are shown as mean + standard deviation. “P < 0.01; *"P < 0.001."® ns, not significant; RFA, radiofrequency ablation; MWA, microwave ablation.

Biological uncertainties and standardiza-
tion barriers

Considerable biological and diagnostic
uncertainties persist. For benign disease,
there is a lack of consensus on whether to in-
tervene in certain conditions, such as hyper-
plastic nodules (excluding severe or atypical
hyperplasia), often leading to management
based on patient symptoms or preference
rather than standardized guidelines. For ma-
lignant applications, the biological response
to thermal ablation may vary based on tu-
mor biology (e.g., molecular subtypes, pres-
ence of an extensive intraductal component)

and microenvironmental factors, influencing
the risk of residual disease or recurrence.*
Finally, widespread adoption is hindered by
a lack of universally standardized protocols
and guidelines regarding power settings,
ablation time, and endpoint determination.
Success remains operator-dependent, re-
quiring significant expertise in both ultraso-
nography and interventional technique.

Future perspectives

The continued evolution of US-guided
MWA for breast tumors will be shaped by in-
terdisciplinary innovations aimed at enhanc-

« February 2026 - Diagnostic and Interventional Radiology

ing precision, expanding clinical applicability,
and integrating within broader oncological
frameworks. Based on current evidence and
emerging technological trends, the follow-
ing key directions are envisioned:

Technological refinements and smarter ab-
lation systems

Future MWA systems will likely feature
miniaturized and adaptive antenna designs
(e.g., triaxial, slot, or multi-tine configura-
tions) capable of conforming to complex
tumor morphologies while sparing critical
adjacent structures. Coupled with real-time
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temperature monitoring through non-inva-
sive methods, such as MRI thermography or
integrated fiber-optic sensors, these advanc-
es will allow dynamic modulation of energy
delivery, reducing the risk of incomplete ab-
lation or collateral damage. Furthermore, the
integration of Al for pre-procedural planning
and intraprocedural guidance could stan-
dardize treatment precision;>* Al algorithms
trained on multi-parametric imaging and
radiomic data may predict optimal ablation
parameters, antenna trajectories, and even
early signs of treatment response.

Advanced imaging integration and radio-
mics

The fusion of real-time US with pre-pro-
cedural MRI or CT will enhance spatial ac-
curacy and margin assessment, particular-
ly for tumors adjacent to critical anatomy.
US radiomics,** which involves extracting
high-throughput quantitative features from
grayscale, Doppler, and CEUS, holds signif-
icant promise for personalizing US-guided
MWA. Radiomic signatures may predict di-
electric properties, ablation susceptibility,
and immune microenvironment features,
enabling patient-specific therapy planning.
Post-ablation, delta-radiomics could serve as
a non-invasive biomarker for treatment effi-
cacy and residual disease.*

Immunomodulation and combination

strategies

US-guided MWA-induced immunogen-
ic cell death provides a strong rationale for
combining ablation with immunotherapy.
Future studies should focus on optimiz-
ing the timing and sequencing of immune
checkpoint inhibitors (e.g., anti-PD-1) with
US-guided MWA to amplify systemic an-
titumor responses. Nanotechnology rep-
resents a research avenue that could further
enhance this synergy through thermally
responsive nanocarriers co-loaded with im-
munomodulators or chemotherapeutics,
enabling targeted delivery to the ablation
zone and residual tumor niches.”*¢ Research
into spatial immune dynamics via single-cell
transcriptomics will help identify novel bio-
markers and combination targets.

Standardization and validation

There is a critical need for standardized
international guidelines on technical pa-
rameters, endpoint definitions, and patient
selection criteria for both benign and malig-
nant applications. Large-scale prospective
registries and RCTs with long-term follow-up
(> 5 years) are essential to validate oncolog-

ical outcomes, including local recurrence,
survival, and cosmetic results. Incorporating
patient-reported outcomes and cost-effec-
tiveness analyses will further support the
integration of US-guided MWA into clinical
care pathways.

Cost-effectiveness, economic consider-

ations, and accessibility

The economic viability of US-guided MWA,
as an emerging technology, is a key factor
influencing its broader adoption. The initial
costs associated with the acquisition of MWA
equipment and specialized operator training
present major barriers. Moreover, variability
in medical insurance coverage for ablation
procedures remains a challenge. Howev-
er, the inherent advantages of US-guided
MWA, such as its ability to be performed
under local anesthesia, its shorter operative
times, and the reduced need for hospital-
ization, suggest a potential for long-term
cost savings compared with traditional sur-
gical resection, though this requires formal
validation. These savings would stem from
decreased use of operating room resources,
shorter inpatient stays, and faster patient re-
covery. Concurrently, expanding the clinical
indications for US-guided MWA to complex
scenarios (e.g., tumors involving the skin or
NAC) and patients ineligible for surgery can
enhance its clinical value. To improve global
accessibility, future efforts should focus on
developing more portable and affordable
systems, particularly for resource-limited
settings. Coupled with the implementation
of tele-proctoring and simulation-based
training platforms to disseminate expertise
efficiently,”” these strategies can help lower
economic and training barriers. Nonetheless,
comprehensive health-economic analyses
and large-scale cost-effectiveness studies
are urgently needed to evaluate and quantify
these economic benefits formally against the
current standard of care.

US-guided MWA represents a promising
minimally invasive modality for treating both
benign and malignant breast tumors. Sup-
ported by robust clinical evidence, US-guid-
ed MWA demonstrates high rates of com-
plete ablation, considerable tumor volume
reduction, and favorable cosmetic outcomes,
with a low incidence of complications. For
benign lesions, such as fibroadenomas, it
offers a viable non-surgical alternative that
avoids general anesthesia, minimizes scar-
ring, and facilitates rapid recovery. For ear-
ly-stage breast cancer, preliminary studies
indicate that US-guided MWA can achieve
local tumor control comparable with surgical

resection in the short- to mid-term, while of-
fering notable clinical benefits, such as short-
er procedure times, reduced hospitalization,
and enhanced patient satisfaction.

Beyond its local ablative effects, US-guid-
ed MWA stimulates systemic antitumor im-
mune responses, including Th1 polarization
and T-cell activation, which may synergize
with immunotherapy and other systemic
treatments, opening new avenues for mul-
timodal cancer management. However, the
adoption of US-guided MWA is not without
challenges. Technical limitations related to
tumor proximity to critical structures, in-
traprocedural monitoring difficulties, and
the lack of long-term oncological data from
randomized trials necessitate cautious pa-
tient selection and procedural planning.
Future advancements in antenna design,
real-time imaging integration, Al-assisted
treatment planning, and combination immu-
notherapies hold great potential to enhance
the precision, efficacy, and accessibility of
US-guided MWA. Standardized international
guidelines and large-scale prospective stud-
ies are urgently needed to validate long-term
outcomes and establish US-guided MWA as a
mainstream option in breast tumor manage-
ment.

In summary, US-guided MWA represents a
major advancement in the shift toward min-
imally invasive, organ-preserving therapies.
With ongoing technological refinement and
clinical validation, it is poised to meet the
demand for personalized, minimally inva-
sive care in breast oncology, particularly for
patients seeking alternatives to traditional
surgery.
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