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potential synergy between MWA and immu-
notherapy.27 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-
ic and memory functions in CD8+ T-cells, with 
monocyte-mediated MHC-I pathway acti-
vation contributing to the improved T-cell 
response.50 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.18 

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.48 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.51 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 

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 × 11 × 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 from35 with 
permission from John Wiley and Sons. 
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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, MRI, histology). This heterogene-
ity complicates direct cross-study compari-
sons and meta-analyses. Furthermore, many 
published studies are limited by small sam-
ple sizes and a predominance of single-arm, 
non-randomized designs. Consequently, 
although short- and mid-term outcomes re-
ported in cohorts45,48 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 I 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 5. Postoperative complications in the ablation, rotary cutting, and open surgery groups.36

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.37
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Table 1. Summary of complication profiles from selected US-guided MWA studies

Tumor 
type Study ID Study type Patients/lesions (n) Key efficacy Minor complications 

(incidence)

Major 
complications 
(incidence)

Definitions/notes

Benign 
tumors

Zhou et 
al.32 Prospective

39 patients/44 
lesions (37/41 with 
follow-up)

Complete ablation: 
97.5% (40/41); 
significant volume 
reduction (P = 0.005)

Slight to moderate 
pain: 34.1% 
(14/41); slight skin 
depression: 5.4% 
(2/37); oedema and 
swelling (incidence 
not reported)

None

Safe (no epidermal 
burn) even with mean 
skin-to-tumor distance 
of 7.5 mm

Zhang et 
al.33 Prospective 182 patients/205 

lesions

Complete ablation: 
87.32% (179/205) 
by CEUS, 82.93% 
(170/205) by MRI

Local pain and skin 
erythro swelling: 
8.2% (15/182); duct 
ectasia: 4.9% (9/182); 
fat liquefaction: 2.2% 
(4/182)

None

Serious complications: 
hemorrhage, serious 
pain and fat necrosis, 
etc.

Cui et al.34 Prospective 80 patients/104 
lesions

Complete ablation: 
100% (104/104); 
volume reduction: 
80.2% at 12 months 
(P < 0.001)

Pain (slight to 
moderate): 100% 
(80/80); skin redness 
and edema: most 
patients (incidence 
not reported)

None

No immediate or 
delayed complications 
(skin burn, pectoralis 
injury, infection or 
nipple discharge)

Liu et al.16 Retrospective 171 patients/271 
lesions

Complete ablation: 
24.29% (34/140) at 
1–6 months, 45.45% 
(50/110) at 6–12 
months, and 40.91% 
(18/44) at > 12 
months

Slight/moderate 
pain: 14.6% (25/171); 
severe pain: 1.7% 
(3/171); skin scalding: 
0.6% (1/171)

None

No fat liquefaction or 
serious complications 
occurred during the 
operation

Zhang et 
al.35 Retrospective 101 lesions

Technical success: 
100%; no recurrence: 
100% at 24-month 
follow-up

Localized swelling/
pain: 11.9% (12/101); 
skin ecchymosis: 
5.9% (6/101); 
tape allergy: 1.0% 
(1/101); infection: 
2.0% (2/101); 
self-absorbable 
hematoma: 1.0% 
(1/101)

Skin fistula: 
1.0% (1/101) 

The technical success 
rate was defined as no 
enhancement in any 
part of the lesion on 
the first postoperative 
follow-up imaging

Lu et al.36 Retrospective 12 patients

Operation time: 
18.39 ± 7.05 minutes; 
blood loss: 4.12 ± 
1.51 mL; healing 
time: 2.18 ± 1.02 
days; complication 
rate: 8.33%

Subcutaneous 
hematoma: 8.33% 
(1/12); no infection, 
ecchymosis, skin 
damage, or deformity 
reported

None

Compared with open 
surgery and rotary 
cutting: superior 
cosmesis (100% 
excellent/good); 
minimal invasiveness; 
low pain scores (VAS 
1.02–3.05)

Zhang et 
al.37 Case report 1 patient/1 lesion

Volume reduction: 
69.8% at 10-month 
follow-up; complete 
ablation confirmed 
by CEUS

Postoperative 
pain (VAS 4); slight 
skin ecchymosis, 
redness and swelling 
(resolved in 4 weeks)

None

Giant leiomyoma (7.6 
× 6.6 × 7.5 cm); first 
MWA report for breast 
leiomyoma; excellent 
cosmetic outcome
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Table 1. Continued

Tumor 
type Study ID Study type Patients/lesions (n) Key efficacy Minor complications 

(incidence)

Major 
complications 
(incidence)

Definitions/notes

Malignant 
tumors

Zhou et 
al.44 Prospective 41 patients/41 

lesions

Complete 
coagulation: 90% 
(37/41) overall; 95% 
(36/38) for invasive 
ductal carcinoma; 
mean ablation time: 
4.48 minutes

Skin burn: 2.4% 
(1/41); pectoralis 
muscle thermal 
injury: 4.9% (2/41)

None

No necrosis of the 
skin flaps, infection, or 
other adverse effects 
were noted in all 41 
patients during and 
after the procedure

Yu et al.45 Retrospective 21 patients/22 
lesions

Technical efficacy: 
100%; LTP: 4.5% 
(1/22)

A mild sensation of 
heat, pain, and local 
swell in the ablation 
site: 100%

None

Technical efficacy 
was defined as the 
rate of no residual 
tumor 1 month after 
the procedure; major 
complication included 
severe skin injury, 
abscess, hematoma, 
pneumothorax, tumor 
cell implantation, 
wound dehiscence, 
skin flap necrosis and 
nipple areola complex 
necrosis

Zhong et 
al.46 Prospective 33 patients/33 

lesions

Technical 
effectiveness: 100%; 
local recurrence: 
3.0% (1/33); DFS/
OS comparable with 
surgery

Not specified in 
detail; only “no 
ablation-related 
adverse events” 
reported

None

Technical effectiveness 
of MWA was defined 
as complete ablation 
at follow-up enhanced 
imaging 1 month after 
MWA

Dai et al.47 Retrospective 21 patients/28 
lesions

Technical success: 
100%; local 
recurrence: 4.8% 
(1/21); comparable 
OS/DSS with BCS

Slight skin redness 
and subcutaneous 
edema (subside 
within 3 days) (most 
patients)

None

The technical success 
of MWA is defined 
as no enhancement 
of the entire tumor 
area during the 
arterial phase; no skin 
burns or fat necrosis; 
excellent cosmetic 
results: 100%; shorter 
operation time vs. 
BCS; suitable for early 
breast cancer up to 
5 cm

Dai et al.48 Retrospective 15 patients/16 
lesions

Technical 
success: 100% 
(15/15); technical 
effectiveness: 
100% (15/15); local 
recurrence: 26.7% 
(4/15)

Mild skin redness 
and swelling: 
46.6% (7/15); slight 
bleeding: 26.6% 
(4/15); mild pain: 
20.0% (3/15); mild 
tenderness: 26.6% 
(4/15)

Nipple loss: 
6.7% (1/15); 
skin burn and 
nipple loss: 
26.7% (4/15); 
infection: 6.7% 
(1/15)

Technical success: 
tumors treated 
per protocol and 
completely covered 
by ablation zone; 
technical effectiveness: 
no enhancement on 
follow-up imaging at 
1 month

Zhou et 
al.49 Prospective 35 patients/35 

lesions

Complete ablation: 
91.4% (32/35) 
confirmed by 
pathology or follow-
up (median 36 
months)

Local swelling at 
treatment site: 100%, 
resolved within 1 
week

None

Study focused on 
immune response; 
MWA induced 
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.



 

Ultrasound-guided breast MWA  • 685

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 × 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 × 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 × 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) MRI silhouette 
shows no signal for the ablation zone with clear fibrous capsule and margin (arrow).45
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Figure 8. Kaplan–Meier curves for (a) disease-free survival and (b) overall survival.46 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. (a) Cosmetic results in total cohort; (b) cosmetic results in propensity score matching cohort.47 MWA, microwave ablation; BCS, breast-conserving 
surgery; PSM, positive surgical margin.

a

b

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.49
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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). 
(a) 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, naïve 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.27 
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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.52 
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-

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 

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 Tnaïve 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 < 0.001.18 ns, not significant; RFA, radiofrequency ablation; MWA, microwave ablation.
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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 AI for pre-procedural planning 
and intraprocedural guidance could stan-
dardize treatment precision;53 AI 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,54 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.55 

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.9,56 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,57 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, AI-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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