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Simple Summary

After preoperative chemotherapy, some patients with breast cancer may be able to avoid
extensive axillary surgery if sentinel lymph nodes can be identified and assessed accu-
rately. Standard mapping commonly relies on radioactive tracers, which are unavailable in
many hospitals. We prospectively evaluated contrast-enhanced ultrasound combined with
methylene blue as a non-radioactive mapping strategy after neoadjuvant chemotherapy.
In patients with initially cN1 disease, the combined approach identified sentinel lymph
nodes in 99.04% of cases and the false-negative rate was 9.38%. Contrast-enhanced ultra-
sound localization was highly concordant with methylene blue mapping and also provided
supplementary information on nodal metastatic status. These findings suggest that this
method may support further evaluation of a feasible non-radioactive axillary mapping
strategy in selected patients.

Abstract

Background: Reliable axillary restaging after neoadjuvant chemotherapy (NAC) is essential
for patients with initially cN1 breast cancer considered for surgical de-escalation. Although
radioisotope plus blue dye dual-tracer mapping can reduce the false-negative rate (FNR)
of sentinel lymph node biopsy (SLNB), its routine use is limited by radioisotope access,
infrastructure requirements, and procedural complexity. We evaluated contrast-enhanced
ultrasound (CEUS) combined with methylene blue as a non-radioactive dual-mapping
strategy. Methods: In this two-center prospective cohort study, patients undergoing surgery
after NAC were enrolled if they received preoperative CEUS, intraoperative methylene
blue mapping, SLNB, and axillary lymph node dissection. The primary analysis focused
on patients with initially ¢cN1 disease, whereas cN2-3 patients were included only for
exploratory analyses. Detection rate (DR), FNR, predictive values, CEUS-methylene blue
concordance, and CEUS performance for predicting SLN metastasis were assessed. Results:
A total of 269 patients were enrolled, including 208 with initial cN1 disease, 45 with cN2
disease, and 16 with cN3 disease. In the cN1 cohort, CEUS plus methylene blue achieved
the highest SLN DR (99.04%; 95% CI, 96.56-99.74), followed by CEUS alone (98.08%) and
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methylene blue alone (71.63%). The FNR was 9.38% (95% CI, 4.37-18.98) for both CEUS
plus methylene blue and CEUS alone, versus 12.50% for methylene blue alone. CEUS-
methylene blue concordance was 91.16%. For predicting SLN metastasis, CEUS showed
65.52% sensitivity, 86.30% specificity, and 80.39% accuracy. No immediate procedure-related
adverse events occurred. Conclusions: CEUS combined with methylene blue showed high
SLN detection and a promising false-negative profile in patients with initially cN1 breast
cancer after NAC. These findings support further evaluation of this feasible non-radioactive
strategy with larger comparative studies, particularly in settings with limited access to
radioisotope-guided mapping.

Keywords: breast cancer; sentinel lymph node biopsy; contrast-enhanced ultrasound;
methylene blue; neoadjuvant chemotherapy

1. Introduction

Breast cancer is the most commonly diagnosed cancer among women, and axillary
nodal status remains central to disease staging, prognosis, and locoregional treatment
planning [1]. In patients presenting with node-positive disease, neoadjuvant chemotherapy
(NAC) can downstage both the breast and axilla, thereby creating opportunities to de-
escalate breast and axillary surgery [2—4]. Axillary lymph node dissection (ALND) has
long been the standard axillary surgical procedure. Because more than 40% of clinically
node-positive patients may achieve an axillary pathological complete response (pCR) after
NAC, whether ALND can be safely omitted has become an important clinical question.
Recent studies have suggested that, in carefully selected patients with initially cN1 disease
who convert to ycNO after NAC, axillary recurrence remains very low after sentinel lymph
node biopsy (SLNB) alone, and no significant differences in overall survival have been
observed compared with ALND [5-8]. Accordingly, as systemic therapy continues to
improve, the clinical focus has shifted from whether NAC is effective to how the axilla
should be restaged after treatment and which patients may safely avoid ALND.

SLNB is the standard staging procedure for patients with clinically node-negative
breast cancer [9,10]. It has also been extensively investigated after NAC in initially node-
positive patients as a potential strategy for axillary de-escalation. However, the clinical
acceptability of post-NAC SLNB depends on achieving both a sufficiently high detection
rate (DR) and a sufficiently low false-negative rate (FNR). Landmark prospective studies
have shown that the accuracy of post-NAC SLNB remains suboptimal when technical
conditions are not adequately optimized. In ACOSOG Z1071, the FNR of SLN surgery after
NAC in patients with biopsy-proven node-positive disease was 12.6%. Similarly, in the
SENTINA trial, patients who converted from cN+ to ycNO after NAC had a DR of 80.1%
and an FNR of 14.2% [11,12]. Therefore, improving sentinel lymph node (SLN) detection
while reducing false-negative results remains a key challenge for axillary de-escalation
after NAC.

To reduce the FNR of SLNB in initially node-positive patients after NAC, clinical
guidelines and prospective studies generally recommend strategies that include dual-
tracer mapping with a radioisotope plus blue dye and retrieval of at least three SLNs [13].
Previous studies have shown that these optimization measures can significantly improve
the accuracy of post-NAC SLNB and reduce the FNR to a level approaching or below
the clinically acceptable range. Retrieval of the clipped node in ACOSOG Z1071 reduced
the false-negative rate to 6.8%; the SN FNAC study reported a false-negative rate of 8.4%
with mandatory immunohistochemistry; and the prospective SenTa study reported a false-
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negative rate of 4.2% for targeted axillary dissection [14—20]. However, these strategies
often depend on radioisotopes, clip placement, additional imaging localization, or more
complex perioperative workflows, thereby increasing technical complexity and imposing
higher requirements on equipment, personnel training, and multidisciplinary coordination.
As a result, their implementation in routine clinical practice, particularly in resource-limited
settings, remains challenging. For many community hospitals and resource-constrained
centers without access to radioisotope mapping, improving SLN detection while reducing
false-negative results without relying on radioactive tracers remains a key issue in axillary
de-escalation after NAC [21,22].

Against this background, there is a continuing need for a practical and reliable non-
radioactive strategy for axillary staging after NAC. Methylene blue mapping has long
been used as a practical intraoperative method for sentinel lymph node identification
because of its simplicity, low cost, and broad availability, although its performance is
suboptimal when used as a single tracer. Likewise, previous studies have demonstrated
the feasibility of contrast-enhanced ultrasound (CEUS) for preoperative sentinel lymph
node localization, showing that it can delineate lymphatic drainage pathways and identify
the first enhanced node in real time without radioisotope guidance [23-28]. On this basis,
combining methylene blue with CEUS may represent a rational strategy that integrates
preoperative lymphatic mapping with intraoperative visual confirmation.

Accordingly, the present study aimed to evaluate the diagnostic performance and
feasibility of CEUS combined with methylene blue for SLNB in patients with initially
cN1 breast cancer after NAC, with a particular focus on its detection performance, false-
negative rate, concordance between CEUS localization and methylene blue mapping, and
the adjunctive role of CEUS in predicting SLN metastasis. Patients with initial cN2-3
disease were included only for exploratory analyses to assess the potential boundaries of
this strategy in patients with higher initial nodal burden.

2. Materials and Methods
2.1. Study Design and Study Population

This was a two-center, prospective cohort study. The study was approved by the
Ethics Committee of the First Affiliated Hospital of Sun Yat-sen University and the Seventh
Affiliated Hospital of Sun Yat-sen University (approval number: [2021]318) and regis-
tered at ClinicalTrials.gov (NCT04932460) on 15 June 2021. All patients provided written
informed consent.

Consecutive breast cancer patients who underwent surgery after receiving standard
NAC at the First Affiliated Hospital of Sun Yat-sen University and the Seventh Affiliated
Hospital of Sun Yat-sen University between July 2021 and March 2026 were prospec-
tively enrolled. The inclusion criteria were as follows: (i) female patients aged >18 years;
(ii) histopathologically confirmed invasive breast cancer before NAC; (iii) initial clinical
stage of cT0—4N1-3MO0 before NAC; (iv) completion of a standard NAC regimen followed
by breast and axillary surgery, including SLNB and ALND, at one of the participating
centers; and (v) consent to undergo preoperative sentinel lymph node CEUS examination
and intraoperative methylene blue mapping. Patients with other malignant diseases, prior
ipsilateral breast or axillary surgery or radiotherapy, or missing key clinical or pathological
data were excluded. Patients with initially cN1 disease constituted the primary analytic
cohort because this group is the most clinically relevant population for post-NAC axillary
de-escalation. Patients with initial cN2-3 disease were included only for exploratory analy-
ses to evaluate the potential performance boundaries of this strategy in patients with higher
initial nodal burden. The patient selection process is shown in Figure 1.
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Patients screened for eligibility
July 2021 to March 2026
n=471

Excluded (n = 202)
Prior ipsilateral breast/axillary surgery (n = 3)
Prior ipsilateral axillary radiotherapy (n = 2)
Incomplete NAC (n = 6)

l— Missing key data (n = 8)

Refusal to consent (n = 47)

No preoperative CEUS orno il ive

methylene blue mapping (n=123)

No SLNB or no ALND (n=13)

Patients underwent complete NAC
followed by SLNB and ALND

n =269

Patients with ctN1 Patients with cN2—3
n=208 n=61

Had at least 1 SLN detected Had no SLN detected and
and underwent ALND underwent ALND
n=204 n=4
SLN negative SLN positive
n=144 n=60
. " Residual axillary lymph Residual axillary lymph
ALND negative ALND positive node negative node positive
n=138 n=6 n=11 n=49

Figure 1. Flow diagram of the study. cN, clinical lymph node status before NAC; NAC, neoadjuvant
chemotherapy; CEUS, contrast-enhanced ultrasound; ALND, axillary lymph node dissection; SLNB,
sentinel lymph node biopsy; SLN, sentinel lymph node.

2.2. Study Endpoints

The primary endpoints of this study were the sentinel lymph node detection rate
and the false-negative rate. DR was defined as the proportion of patients in whom at
least one sentinel lymph node was successfully identified by CEUS, methylene blue, or
the combined approach. FNR was defined as the proportion of patients with residual
axillary nodal disease confirmed by ALND who had negative SLN findings. The secondary
endpoints included: (i) the number of sentinel lymph nodes detected by each method;
(ii) the sensitivity, positive predictive value (PPV), and negative predictive value (NPV)
of each method; (iii) the DR and FNR in subgroups; (iv) the concordance between CEUS
localization and methylene blue mapping; (v) the adjunctive diagnostic value of CEUS for
lymph node metastasis; and (vi) procedure-related adverse events.

2.3. Sample Size Calculation

A precision-based approach was used for sample size estimation, and the larger
estimate derived from the two endpoints, DR and FNR, was selected as the final required
sample size. Based on previous post-neoadjuvant SLNB studies in initially node-positive
breast cancer, the expected DR was set at 95%, with an allowable margin of error of 3%
for the 95% confidence interval, and the expected FNR was set at 10.0% with an allowable
margin of error of 5.0%. Assuming a residual axillary nodal positivity rate of approximately
40%, the minimum required sample size was estimated to be 348 patients. After accounting
for an anticipated 10% rate of loss to follow-up or missing key data, the final target sample
size was set at approximately 380-390 patients.
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As updated clinical guidelines increasingly supported omission of ALND in selected
patients with initially ¢cN1 disease who converted to ycNO after NAC and had negative
SLNB findings, continued mandatory ALND raised ethical concerns. Following a joint
review by the institutional ethics committees and the study steering committee, enrollment
was terminated early to minimize surgical morbidity and avoid potentially unnecessary
ALND. Consequently, the final sample size did not reach the originally estimated target,
and the final cohort was underpowered relative to the original design, particularly for
precise estimation of the primary FNR endpoint.

2.4. Neoadjuvant Chemotherapy Regimens

All patients received standard NAC regimens based on the National Comprehensive
Cancer Network (NCCN) guidelines. The specific treatment regimen was determined
according to tumor molecular subtype, clinical stage, and routine clinical practice at the
time of treatment. Patients with HER2-negative disease primarily received anthracycline-
and/or taxane-based chemotherapy, with carboplatin added in selected cases. Patients with
HER2-positive disease received anti-HER?2 targeted therapy in addition to chemotherapy.
The number of NAC cycles and the specific drug regimen were adjusted according to
individual patient characteristics and treatment response.

2.5. Study Procedures

All enrolled patients underwent preoperative sentinel lymph node CEUS within one
week before surgery. All CEUS examinations were performed by two dedicated ultrasound
specialists, each with more than 10 years of experience in breast imaging, and the imaging
findings and final reports were jointly reviewed and confirmed by both operators. Three
ultrasound systems were used: the Siemens ACUSON (Siemens Healthineers, Erlangen,
Germany), Mindray Resona 7 (Mindray, Shenzhen, China), and Philips iU22 (Philips,
Amsterdam, The Netherlands). Each system was equipped with a high-frequency linear-
array transducer and contrast-specific imaging sequences. Examinations were performed
in continuous real-time CEUS mode using a low mechanical index (MI < 0.15). The
ultrasound contrast agent was SonoVue (Bracco, Milan, Italy), prepared by mixing the
lyophilized powder with 5 mL of normal saline and shaking for 30 s before use. The
contrast agent was injected subcutaneously into the outer upper quadrant of the areola
on the affected side. After injection, the lymphatic drainage of the contrast agent from the
periareolar area toward the axilla was observed in real time, and the location, number, and
enhancement characteristics of the first or first few enhanced lymph nodes were recorded.
On CEUS, SLNs were defined as the first one or several axillary nodes to enhance along
the lymphatic drainage channels originating from the periareolar region. The following
findings were recorded during the examination: (i) whether lymphatic drainage pathways
were successfully visualized; (ii) whether sentinel lymph nodes were successfully identified;
(iii) the number of sentinel lymph nodes detected by CEUS; and (iv) the enhancement
patterns and suspicious metastatic features of the sentinel lymph nodes. The lymphatic
drainage direction and the surface projection of the sentinel lymph nodes were marked on
the skin for intraoperative guidance.

All patients underwent breast and axillary surgery within 3—4 weeks after completion
of NAC. SLNB followed by ALND was performed in all patients. Breast surgery consisted
of either breast-conserving surgery or mastectomy.

During the operation, 1 mL of 1% methylene blue solution was injected into the pe-
riareolar region on the affected side, followed by local massage for 15 min to facilitate
lymphatic drainage of the dye. During surgery, CEUS-localized nodes, methylene blue-
identified nodes, and any additional suspicious nodes identified by the surgeon were
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excised whenever technically feasible and submitted for pathological examination. The sur-
geon identified blue-stained lymph nodes in the axilla, assessed their concordance with the
preoperative CEUS findings, and excised the sentinel lymph nodes. When the preoperative
CEUS skin marking and intraoperative methylene blue mapping were discordant, both the
CEUS-localized area/node and blue-stained lymph nodes were explored.

Patients were carefully monitored during and immediately after CEUS examination
and intraoperative methylene blue mapping for procedure-related adverse events, includ-
ing allergic reactions. Delayed adverse events after discharge were not systematically
captured during follow-up.

2.6. Histopathological Evaluation

All resected SLNs were submitted separately for pathological examination and serially
sliced at 2 mm intervals along their longest axis according to a standardized institutional
protocol. Hematoxylin and eosin (H&E) staining was routinely performed on all tissue
sections. Immunohistochemical staining was additionally performed by two experienced
pathologists when H&E findings were equivocal or suspicious for metastatic involvement,
including suspected micrometastases or isolated tumor cells. Nodal metastatic deposits
were classified according to their maximum dimension as macrometastases (>2 mm),
micrometastases (>0.2 mm and <2 mm), or isolated tumor cells (<0.2 mm). The same
pathological processing and diagnostic criteria were applied at both participating centers.
The total number of lymph nodes, the number of positive lymph nodes, and the metastatic
status in both sentinel lymph node and ALND specimens were recorded. pCR was defined
as the absence of residual invasive disease in both the breast and axillary tissues (ypT0/is
ypNO). Breast cancer molecular subtypes were determined according to the ASCO/CAP
guidelines. Estrogen receptor (ER) and progesterone receptor (PR) positivity were de-
fined as nuclear staining in >1% of tumor cells. HER2 status was determined based on
immunohistochemistry and in situ hybridization results according to the ASCO/CAP
recommendations. On this basis, patients were classified into four molecular subtypes:
HR+/HER2—, HR—/HER2—, HR+/HER2+, and HR—/HER2+.

2.7. Statistical Analysis

Statistical analyses were performed using R software (version 4.3.2). Continuous
variables are presented as the median (range) or median with interquartile range (IQR),
as appropriate, and categorical variables are expressed as numbers and percentages. For
the three mapping methods, sentinel lymph node detection rate (DR), false-negative rate
(FNR), positive predictive value (PPV), and negative predictive value (NPV) were calculated
separately. For the diagnostic performance of CEUS in predicting sentinel lymph node
metastasis, sensitivity, specificity, PPV, NPV, accuracy, and overall concordance rate were
calculated, using ALND pathology as the reference standard. Pairwise differences in SLN
detection rates were assessed using exact McNemar tests based on discordant pairs. p values
were adjusted for the three pairwise comparisons using the Holm method. Differences in
FNR between subgroups were assessed using Fisher’s exact test. To evaluate the uncertainty
of the FNR estimate, the one-sided 95% upper confidence limit (UCL) was calculated using
the Wilson score method. All statistical tests were two-sided, except for the one-sided UCL
estimation, and a p value < 0.05 was considered statistically significant.

3. Results
3.1. Patient Enrollment and Baseline Characteristics

During the study period, 471 patients were screened for eligibility at the two par-
ticipating centers. After the exclusion of 202 patients, 269 patients were included in the
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analysis: 208 with initially cN1 disease, 45 with cN2 disease, and 16 with ¢cN3 disease. All
included patients underwent preoperative CEUS, intraoperative methylene blue mapping,
SLNB, and ALND and were included in the diagnostic-performance analyses.

Overall, the median age of the study population was 50 years (range, 22-74 years), and
premenopausal women accounted for more than half of the cohort. Baseline breast tumor
burden was predominantly cT2, and after NAC, 131 patients (48.70%) achieved breast pCR
and 178 (66.17%) achieved axillary pCR.

When stratified by initial nodal stage, the cN1 cohort remained the predominant
subgroup. In these patients, the median age was 50 years (range, 22-74 years), 60.58%
were premenopausal, and 73.56% presented with c¢T2 disease. Most cN1 patients were
classified as clinical stage II before NAC (76.92%). After NAC treatment, breast and axillary
PCR were observed in 97 (46.63%) and 142 patients (68.27%), respectively. By comparison,
axillary pCR was lower in the cN2 cohort (48.89%), whereas the cN3 subgroup, despite the
limited sample size, showed a relatively high axillary pCR rate in 14 of 16 patients (87.50%).
In terms of molecular subtype, HR+/HER2— was the most common subtype in the cN1
cohort (36.54%), followed by HR— /HER2+ (32.69%). Detailed baseline clinicopathological
characteristics of the study population are summarized in Table 1.

Table 1. Baseline clinicopathological characteristics of the study population.

Characteristics cN1, n (%) cN2, n (%) cN3, n (%) Total, n (%)
n 208 45 16 269
Age, median (range), years 50 (22-74) 51 (24-68) 50 (25-66) 50 (22-74)
Age <50 100 (48.08) 15 (33.33) 7 (43.75) 122 (45.35)
Age > 50 108 (51.92) 30 (66.67) 9 (56.25) 147 (54.65)
BMI (kg/m?)

<25 141 (67.79) 32 (71.11) 12 (75.00) 185 (68.77)
>25 67 (32.21) 13 (28.89) 4 (25.00) 84 (31.23)
Menstrual status

Premenopausal 126 (60.58) 18 (40.00) 8 (50.00) 152 (56.51)
Menopausal 82 (39.42) 27 (60.00) 8 (50.00) 117 (43.49)
Clinical T stage

cTO0 0 1(2.22) 0 1(0.37)
cT1 10 (4.81) 4 (8.89) 0 14 (5.20)
cT2 153 (73.56) 30 (66.67) 10 (62.50) 193 (71.75)
cT3 45 (21.63) 10 (22.22) 5 (31.25) 60 (22.30)
cT4 0 0 1(6.25) 1(0.37)
Clinical TNM stage prior NAC

I 160 (76.92) 0 0 160 (59.48)
I 48 (23.08) 45 (100) 16 (100) 109 (40.52)
Pathological breast status after

NAC

ypTO 97 (46.63) 25 (55.56) 9 (56.25) 131 (48.70)
ypT1 74 (35.58) 13 (28.89) 5(31.25) 92 (34.20)
ypT2 30 (14.42) 7 (15.56) 2 (12.50) 39 (14.50)
ypT3 2 (0.96) 0 0 2 (0.74)
ypT4 4(1.92) 0 0 4 (1.49)
Pathological axillary status

after NAC

ypNO 142 (68.27) 22 (48.89) 14 (87.50) 178 (66.17)
ypN1 42 (20.19) 13 (28.89) 1(6.25) 56 (20.82)
ypN2 13 (6.25) 7 (15.56) 1 (6.25) 21 (7.81)
ypN3 10 (4.81) 3 (6.67) 0 13 (4.83)
Molecular subtypes

HR+/HER2— 76 (36.54) 18 (40.00) 5(31.25) 99 (36.80)
HR-/HER2— 30 (14.42) 8 (17.78) 5 (31.25) 43 (15.99)
HR+/HER2+ 34 (16.35) 9 (20.00) 5 (31.25) 48 (17.84)
HR-/HER2+ 68 (32.69) 10 (22.22) 1 (6.25) 79 (29.37)

https:/ /doi.org/10.3390/ cancers18152383


https://doi.org/10.3390/cancers18152383

Cancers 2026, 18, 2383

8 of 18

Table 1. Cont.

Characteristics cN1, 1 (%) cN2, n (%) cN3, 11 (%) Total, n (%)

Breast surgery

Lumpectomy 45 (21.63) 12 (26.67) 1 (6.25) 58 (21.56)

Mastectomy 163 (78.37) 33 (73.33) 15 (93.75) 211 (78.44)

Breast pCR

Yes 97 (46.63) 25 (55.56) 9 (56.25) 131 (48.70)

No 111 (53.37) 20 (44.44) 7 (43.75) 138 (51.30)

Axillary pCR

Yes 142 (68.27) 22 (48.89) 14 (87.50) 178 (66.17)

No 66 (31.73) 23 (51.11) 2 (12.50) 91 (33.83)

Axillary pCR by subtypes

HR+/HER2— 32 (22.54) 3(6.67) 3 (18.75) 38 (14.13)

HR—/HER2— 24 (16.90) 3 (6.67) 5(31.25) 32 (11.90)

HR+/HER2+ 24 (16.90) 6 (13.33) 5(31.25) 35 (13.01)

HR-/HER2+ 62 (43.66) 10 (22.22) 1 (6.25) 73 (27.14)

Abbreviations: BMI, body mass index; cT, clinical tumor stage; TNM, tumor-node-metastasis; HER2, human
epidermal growth factor receptor 2; HR, hormone receptor; NAC, neoadjuvant chemotherapy; pCR, pathological
complete response; ypT, pathological tumor stage after NAC; ypN, pathological lymph node status after NAC.

3.2. SLN Detection by CEUS, Methylene Blue, and the Combined Approach

The SLN detection outcomes are presented in Table 2. The combined CEUS plus
methylene blue approach achieved the highest detection rate, with successful identification
of at least one SLN in 206 of 208 patients (99.04%, 95% CI, 96.56-99.74), followed closely by
CEUS alone in 204 of 208 patients (98.08%, 95% CI, 95.16-99.25). In contrast, methylene blue
alone showed a substantially lower detection rate of 71.63% (149/208; 95% CI, 65.16-77.33).
Pairwise exact McNemar tests showed higher detection rates for both CEUS alone and the
combined approach than for methylene blue alone (both Holm-adjusted p < 0.001). The
combined approach detected SLNs in two additional patients compared with CEUS alone,
but the difference was not statistically significant (Holm-adjusted p = 0.500).

Table 2. Detection rate and number of retrieved sentinel lymph nodes by CEUS, methylene blue, and
the combined approach.

Characteristics Value
Detection rate, n/N (%, 95% CI)
CEUS + methylene blue 206/208 (99.04, 95% CI, 96.56-99.74)
CEUS 204/208 (98.08, 95% CI, 95.16-99.25)
Methylene blue 149/208 (71.63, 95% CI, 65.16-77.33)
Number of SLNs retrieved, median (IQR)
CEUS + methylene blue 3(14)
CEUS 3(1-4)
Methylene blue 2 (1-4)

CEUS + methylene blue number of SLNs
retrieved, n

0 2

1 55
2 47
3 45
4 32
>5 27

Abbreviations: CEUS, contrast-enhanced ultrasound; SLNSs, sentinel lymph nodes; IQR, interquartile range.
The median number of retrieved SLNs was 3 (IQR, 1-4) for both the combined ap-

proach and CEUS alone, compared with 2 (IQR, 1-4) for methylene blue alone. Under the
combined approach, no SLN was detected in 2 patients, while 55, 47, 45, and 32 patients
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had 1, 2, 3, and 4 SLNSs retrieved, respectively; 27 patients had 5 or more SLNs retrieved.
Overall, these findings indicate that CEUS provided a markedly higher detection yield than
methylene blue alone, and the combined approach had the highest observed SLN detection
rate, although its detection rate did not differ significantly from that of CEUS alone.

3.3. Diagnostic Performance of CEUS, Methylene Blue, and the Combined Approach

With respect to false-negative results, the combined approach and CEUS alone yielded
the same false-negative rate of 9.38% (95% CI, 4.37-18.98), which was numerically lower
than that of methylene blue alone (12.50%, 95% CI, 5.46-26.11). However, the confidence
intervals were relatively wide, indicating uncertainty in the precision of these estimates.
The NPV remained high across all three methods, reaching 95.95% (95% CI, 91.44-98.13)
for the combined approach, 95.89% (95% CI, 91.32-98.10) for CEUS alone, and 95.61%
(95% CI, 90.14-98.11) for methylene blue alone. In addition, the PPV was comparable for
the combined approach and CEUS alone (both 82.86%; 95% CI, 72.38-89.91) and slightly
lower for methylene blue alone (81.40%; 95% CI, 67.38-90.26). These findings suggest that
CEUS-based mapping, either alone or in combination with methylene blue, maintained a
relatively low false-negative rate while preserving high predictive performance. Overall,
the main advantage of combining CEUS with methylene blue was reflected primarily in
improved SLN detection rather than a clearly lower FNR compared with CEUS alone. The
diagnostic performance of the three mapping strategies is summarized in Table 3.

Table 3. Diagnostic performance of CEUS, methylene blue, and the combined approach in
cN1 patients.

Mapping Method FNR (%) 95% CI NPV (%) 95% CI PPV (%) 95% CI
CEUS + methylene blue 9.38 4.37-18.98 95.95 91.44-98.13 82.86 72.38-89.91
CEUS 9.38 4.37-18.98 95.89 91.32-98.10 82.86 72.38-89.91
Methylene blue 12.50 5.46-26.11 95.61 90.14-98.11 81.40 67.38-90.26

Abbreviations: CEUS, contrast-enhanced ultrasound; FNR, false-negative rate; NPV, negative predictive value;
PPV, positive predictive value.

3.4. Subgroup Analysis of the Combined CEUS Plus Methylene Blue Approach

In patients with initial cN1 disease, the combined CEUS plus methylene blue approach
maintained a high SLN detection rate across all subgroups, ranging from 97.92% to 100.00%.
Detection performance was generally comparable across subgroups stratified by age, hor-
mone receptor status, HER2 status, and clinical stage before NAC, indicating consistently
high observed detection rates across the clinicopathological subgroups.

In contrast, the false-negative rate varied across subgroups. When stratified by age,
patients aged <50 years had a higher FNR than those aged >50 years (22.22% vs. 0), and
this difference was statistically significant (p = 0.003); correspondingly, the NPV reached
100.00% in patients aged >50 years. By comparison, although numerical differences in
FNR were observed according to the number of retrieved SLNs, HR status, HER?2 status,
and clinical stage before NAC, none of these comparisons reached statistical significance
(Table 4). Overall, the combined approach achieved consistently high detection rates
in initially cN1 patients, while age appeared to be a potential factor associated with its
false-negative performance. Given the small number of false-negative events and the
exploratory nature of the subgroup comparisons, the observed association with age should
be considered hypothesis-generating.
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Table 4. Subgroup analysis of the combined CEUS plus methylene blue approach in cN1 patients.

. o o 95% UCL for o
Patients, n DR (%) FNR (%) FNR (%) p Value NPV (%)
Age (years)
<50 100 99.00 22.22 37.55 0.003 94.81
>50 108 99.07 0 6.65 : 100.00
Number of
SLNs
removed
1 55 98.11 11.11 28.64 94.44
2 47 97.92 0 25.28 1 100.00
>3 104 100.00 10.53 21.39 94.29
HR status
HR+ 110 98.18 9.62 18.47 1 91.80
HR— 98 100 8.33 30.12 98.85
HER?2 status
HER2+ 102 100 6.25 23.75 1 98.85
HER2— 106 98.11 10.42 19.90 91.80
Clinical TNM
stage before
NAC
I 160 99.38 10.64 20.29 0.66 95.76
I 48 97.92 5.26 20.50 : 96.67

Abbreviations: CEUS, contrast-enhanced ultrasound; DR, detection rate; FNR, false-negative rate; UCL, upper
confidence limit; NPV, negative predictive value; SLNs, sentinel lymph nodes; HR, hormone receptor; HER?2,
human epidermal growth factor receptor 2; TNM, tumor-node-metastasis; NAC, neoadjuvant chemotherapy.

3.5. Concordance Between CEUS Localization and Methylene Blue Mapping

Concordance between CEUS localization and intraoperative methylene blue mapping
could be assessed only when both methods successfully identified SLNs. Among the
149 patients with methylene blue-detected SLNs, 147 also had SLNs identified by CEUS
and were therefore evaluable for concordance analysis. The remaining patients were
not included in the concordance analysis because SLNs were not detected by one of the
two methods, rather than because of missing procedural documentation. Preoperative
CEUS localization was concordant with intraoperative methylene blue mapping in 134
of 147 cases, corresponding to a concordance rate of 91.16%. Discordance was observed
in 13 patients (Figure 2). These findings indicate a high level of correspondence between
CEUS-based preoperative localization and intraoperative methylene blue guidance at the
patient level (Table 5).

Table 5. Concordance between CEUS localization and intraoperative methylene blue mapping in
cN1 patients.

Variable Value
Total evaluable patients 147
Concordant cases 134

Discordant cases 13
Concordance rate (%) 91.16
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Figure 2. Representative cases of concordance and discordance between preoperative CEUS localiza-
tion and intraoperative methylene blue mapping. (A,B) Representative photographs demonstrating
concordance between the skin surface projection marked according to preoperative CEUS and the
position of methylene blue-identified sentinel lymph nodes during surgery. (C,D) Representa-
tive photographs demonstrating discordance between the preoperative CEUS surface marking and
intraoperative methylene blue localization. CEUS, contrast-enhanced ultrasound.

3.6. Diagnostic Value of CEUS for Predicting SLN Metastasis

Among the 204 evaluable patients who successfully underwent preoperative CEUS,
CEUS-based assessment of SLN metastatic status was concordant with ALND pathological
findings in 164 cases, corresponding to an overall concordance rate of 80.39% (95% ClI,
74.38-85.28), whereas discordance was observed in 40 cases. In terms of diagnostic perfor-
mance, CEUS yielded a sensitivity of 65.52% (95% CI, 52.68-76.42), a specificity of 86.30%
(95% CI, 79.80-90.93), a PPV of 65.52% (95% CI, 52.68-76.42), a NPV of 86.30% (95% ClI,
79.80-90.93), and an overall accuracy of 80.39% (95% CI, 74.38-85.28) (Table 6). These find-
ings suggest that CEUS showed relatively good agreement with pathological axillary status
and may provide supplementary preoperative information on nodal metastatic status.

Table 6. Diagnostic performance of CEUS for predicting sentinel lymph node metastasis in

cN1 patients.
Variable Value

Total evaluable patients 204

Concordant cases 164

Discordant cases 40
Concordance rate (%) 80.39 (95% CI, 74.38-85.28)
Sensitivity (%) 65.52 (95% CI, 52.68-76.42)
Specificity (%) 86.30 (95% CI, 79.80-90.93)
PPV (%) 65.52 (95% CI, 52.68-76.42)
NPV (%) 86.30 (95% CI, 79.80-90.93)
Accuracy (%) 80.39 (95% CI, 74.38-85.28)

Abbreviations: NPV, negative predictive value; PPV, positive predictive value.

3.7. Exploratory Diagnostic Analysis in Initial cN2 and cN3 Patients

Because the primary analysis focused on initially cN1 patients, patients with initial
cN2-3 disease were analyzed only exploratorily to assess the potential performance bound-
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aries of CEUS combined with methylene blue in patients with higher nodal burden (Table 7).
In the cN2 subgroup, the combined CEUS plus methylene blue approach achieved a de-
tection rate of 91.11% (41/45; 95% ClI, 79.27-96.49), which was higher than that of CEUS
alone (84.44%; 38/45; 95% CI, 71.22-92.25) and methylene blue alone (66.67%; 30/45; 95%
CI, 52.07-78.64). The corresponding false-negative rates were 33.33% (95% CI, 17.97-53.29),
31.82% (95% CI, 16.36-52.68), and 29.41% (95% CI, 13.28-53.13), respectively.

Table 7. Diagnostic performance for three approaches in ctN2 and cN3 patients.

Mapping Method Patients, n/N DR (%, 95% CI) FNR (%, 95% CI) NPV (%, 95% CI) PPV (%, 95% CI)
cN2
CEUS EEShylene 41/45 91.11 (79.27-96.49)  33.33 (17.97-53.29)  68.00 (48.41-82.80)  72.73 (51.85-86.85)
CEUS 38/45 84.44 (71.22-92.25)  31.82 (16.36-52.68)  69.57 (49.13-84.40)  71.43 (50.04-86.19)
Methylene blue 30/45 66.67 (52.07-78.64)  29.41 (13.28-53.13)  72.22 (49.13-87.50)  70.59 (46.87-86.72)
cN3
CEUS + methylene 100.00
e 16/16 (80.64-100.00) 0 (0.00-65.76) 100 (78.47-100.00)  66.67 (20.77-93.85)
CEUS 15/16 93.75 (71.67-98.89) 0 (0.00-65.76) 100 (72.25-100.00)  66.67 (20.77-93.85)
Methylene blue 12/16 75.00 (50.50-89.82) 0 (0.00-65.76) 100 (77.19-100.00)  66.67 (20.77-93.85)
cN1 + cN2 + cN3
CEUS +bﬁ‘;thylene 263/269 97.77 (95.29-98.98)  15.56 (9.46-24.47)  92.51 (87.71-95.53)  80.00 (70.80-86.87)
CEUS 257/269 95.54 (92.39-97.42)  14.77 (8.78-23.60)  92.90 (87.92-95.98)  79.79 (70.43-86.73)
Methylene blue 191/269 71.00 (65.31-76.06)  16.95 (9.44-28.52)  92.96 (87.31-96.17)  77.78 (65.80-86.52)

Abbreviations: CEUS, contrast-enhanced ultrasound; DR, detection rate; FNR, false-negative rate; NPV, negative
predictive value; PPV, positive predictive value; cN, clinical lymph node status before neoadjuvant chemotherapy.

In the cN3 subgroup, the combined approach, CEUS alone, and methylene blue alone
yielded detection rates of 100.00% (16/16; 95% CI, 80.64-100.00), 93.75% (15/16; 95% CI,
71.67-98.89), and 75.00% (12/16; 95% CI, 50.50-89.82), respectively, whereas the false-
negative rate was 0 for all three methods; however, the confidence intervals were wide,
reflecting substantial statistical uncertainty due to the small sample size. When patients
with ¢cN1-3 disease were analyzed together, the overall detection rate of the combined
approach was 97.77% (263/269; 95% Cl, 95.29-98.98), compared with 95.54% for CEUS
alone (257/269; 95% CI, 92.39-97.42) and 71.00% for methylene blue alone (191/269; 95%
CI, 65.31-76.06). The corresponding false-negative rates were 15.56% (95% CI, 9.46-24.47),
14.77% (95% CI, 8.78-23.60), and 16.95% (95% ClI, 9.44-28.52), respectively.

Overall, although the combined strategy had a higher observed detection rate in
patients with initial cN2-3 disease, these subgroup results should be interpreted cautiously
because of the relatively small sample sizes and wide confidence intervals. The false-
negative performance appeared less stable than that observed in the primary ¢cN1 cohort,
particularly in cN2 patients.

3.8. Adverse Events

No allergic reactions or other immediate or perioperative adverse events related to
CEUS or methylene blue mapping were recorded. Delayed adverse events after discharge
were not systematically assessed.

4. Discussion

In this prospective two-center study, CEUS combined with methylene blue achieved
an SLN detection rate of 99.04% (95% CI, 96.56-99.74) in patients with initially ctN1 breast
cancer after NAC. The detection rates of both CEUS alone and the combined approach
were significantly higher than that of methylene blue alone, whereas the difference between
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CEUS alone and the combined approach was not statistically significant. In addition,
the combined approach yielded an overall FNR of 9.38% (95% CI, 4.37-18.98), showing
a promising but statistically imprecise false-negative profile due to the relatively wide
confidence interval and the underpowered final sample size. Preoperative CEUS localiza-
tion was highly concordant with intraoperative methylene blue mapping and provided
information on nodal metastatic status. The exploratory cN2-3 analyses showed greater
uncertainty and less consistent false-negative performance. Taken together, these findings
support CEUS combined with methylene blue as a feasible non-radioactive strategy for
axillary restaging after NAC, particularly in patients with initial ctN1 disease.

The improved detection performance of the combined approach is likely attributable
to the complementary roles of CEUS and methylene blue in both timing and informa-
tion acquisition. CEUS allows dynamic preoperative visualization of lymphatic drainage
pathways from the areolar region to the axilla and enables surface localization of the first
enhanced lymph node, thereby providing a more precise anatomical reference for intraop-
erative SLN exploration. In contrast, methylene blue directly delineates stained lymphatic
channels and blue-stained lymph nodes during surgery, facilitating visual identification
and excision under an open surgical field. Therefore, these complementary roles may
explain the higher observed detection rate of the combined approach. However, its repro-
ducibility and generalizability across centers with different levels of CEUS expertise remain
to be established.

Compared with the detection rate, the FNR is more directly relevant to determining
whether SLNB can reliably support omission of ALND after NAC, because it reflects the
probability that residual axillary disease is missed despite a negative SLN finding. Pivotal
studies prespecified an FNR of 10% as a benchmark, reflecting the expected performance
of SLNB in clinically node-negative patients [11,15]. In initially node-positive patients
treated with NAC, reported FNRs range from approximately 4% to 14%, depending on the
mapping technique, pathological assessment, clipped-node retrieval, and use of targeted
axillary dissection [11-20]. In our cN1 cohort, the FNR point estimate was 9.38%; however,
the two-sided 95% CI ranged from 4.37% to 18.98% and its upper bound clearly exceeded
the 10% benchmark. Moreover, the one-sided 95% upper confidence limit was 17.12%.
Together with the underpowered final sample size, this statistical uncertainty prevents us
from concluding that the true FNR is <10% or that CEUS combined with methylene blue
is equivalent to radioisotope-based dual-tracer mapping or targeted axillary dissection.
Thus, our findings support the feasibility and diagnostic promise of CEUS combined with
methylene blue, but larger comparative studies are required before this strategy can be
used to guide routine omission of ALND.

In this prospective study, the detection rate improved from 71.63% to 99.04%, which
means that the combined approach may increase the number of patients who may tech-
nically be considered for omission of ALND. Based on our data, the combined approach
would increase the number of patients entering the technical eligibility range by approxi-
mately 27 per 100 patients for potential ALND omission while still carrying a measurable
false-negative risk (9.38%). However, increasing evidence suggests that, in carefully se-
lected patients with initially ¢N1 disease who convert to ycNO after NAC, omission of
ALND after negative SLNB may still be associated with very low axillary failure under
contemporary multimodality treatment. In the Memorial Sloan Kettering Cancer Center
(MSKCC) cohort, the axillary recurrence rate was only 0.4% (1/234) at a median follow-up
of 40 months, and no nodal recurrences were observed among patients who received
adjuvant radiotherapy [5]. A subsequent multicenter cohort study further reported a 5-year
axillary recurrence rate of approximately 1.0% after omission of ALND in this setting [6].
Moreover, recent meta-analyses have shown favorable 5-year survival and low axillary
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recurrence rates among initially node-positive patients who achieve nodal pCR after NAC
and undergo SLNB without ALND [29,30]. Taken together, these findings suggest that
a certain probability of technical false-negative events may not necessarily translate into
clinically unacceptable axillary failure. However, because long-term axillary recurrence,
disease-free survival, and overall survival were not assessed in the present cohort, our
study should be regarded as evidence of technical feasibility and promising diagnostic
performance, rather than direct evidence supporting ALND omission.

In an exploratory subgroup analysis, age appeared to be associated with false-negative
performance. Patients younger than 50 years had a significantly higher FNR than those aged
50 years or older (22.22% vs. 0, p = 0.003), despite similarly high detection rates across age
groups. Although this observation should be interpreted cautiously because of the limited
number of false-negative events, it raises the possibility that patient age may influence
the reliability of post-NAC SLNB. One potential explanation is that younger patients are
more likely to harbor biologically aggressive disease, which may be associated with a
more heterogeneous pattern of residual nodal involvement after treatment. In addition,
tumor biology and treatment-induced alterations in lymphatic drainage or residual disease
distribution may differ across age groups and thereby affect the representativeness of the
retrieved sentinel nodes [31]. Further studies with larger sample sizes are warranted to
determine whether age is a true modifier of false-negative performance.

We further included patients with initial cN2-3 disease in an exploratory analysis to
examine the potential boundaries of this strategy in the setting of a higher initial axillary
tumor burden. In this subgroup, the combined CEUS plus methylene blue approach still
achieved a higher detection rate than methylene blue alone, suggesting that the comple-
mentary value of preoperative CEUS and intraoperative dye mapping may extend beyond
cN1 disease at the technical level. However, the small sample sizes and wide confidence in-
tervals preclude firm conclusions regarding performance in cN2-3 disease. These findings
suggest that as the initial nodal burden increases, post-NAC lymphatic drainage patterns
and the distribution of residual nodal disease may become more complex, thereby limiting
the representativeness of sentinel lymph nodes [32]. Rather than supporting direct extrap-
olation of this strategy to higher-burden nodal disease, these exploratory data reinforce
initial cN1 disease as the most appropriate target population for further evaluation.

Beyond its role in SLN mapping, CEUS also demonstrated adjunctive value in pre-
dicting nodal metastatic status. In the present study, CEUS achieved an overall accuracy of
80.39%, with a specificity of 86.30% and an NPV of 86.30%, indicating moderate supplemen-
tary value for identifying patients without residual nodal metastasis. In this sense, CEUS
may contribute not only anatomical guidance for SLN localization but also supplementary
functional information for preoperative nodal assessment. However, the sensitivity was
only 65.52%, indicating that a negative or nonsuspicious CEUS assessment cannot reliably
exclude residual nodal metastasis. This limitation may be particularly relevant after NAC,
as treatment-related fibrosis, necrosis, and changes in vascularity or perfusion can alter
enhancement behavior and contribute to discordance between imaging findings and true
pathological status. Therefore, CEUS should currently be regarded as an adjunct rather
than a substitute for pathological assessment.

This study has several limitations. First, although it was prospective and conducted
at two centers, both centers are affiliated with the same university system and used a
standardized CEUS workflow performed by experienced breast-imaging specialists. The
generalizability of the findings to community hospitals, lower-volume institutions, and
centers with less experience in CEUS-guided SLN mapping therefore remains uncertain.
Second, enrollment was terminated early following ethical review, leaving the final cohort
underpowered for precise estimation of the primary FNR endpoint. Third, the study did
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not include a radioisotope-based dual-tracer control group. Consequently, the findings
cannot establish equivalence or non-inferiority relative to standard radioisotope-guided
mapping. Fourth, long-term oncologic outcomes, including axillary recurrence, disease-free
survival, and overall survival, were not assessed; therefore, the study cannot determine
whether this strategy can safely guide the omission of ALND after NAC. Finally, CEUS
acquisition and interpretation remain operator-dependent, which may limit reproducibility
across centers.

Despite these limitations, the present study has practical clinical relevance. In settings
where radioisotope-guided mapping is unavailable, CEUS combined with methylene blue
may offer a more accessible non-radioactive approach to SLN mapping. This combined
approach achieved a high detection performance, a promising false-negative profile and
may provide additional information for preoperative axillary restaging. The method
does not require nuclear medicine facilities, a radioisotope supply, or radiation-related
regulatory procedures. Methylene blue is inexpensive and widely available, and CEUS
can be performed using ultrasound systems equipped with contrast-specific imaging
capabilities. Therefore, this approach may have potential cost and accessibility advantages
in resource-limited settings. These findings should be viewed as supportive evidence for
further investigation rather than validation for widespread clinical implementation or
direct guidance of axillary surgical de-escalation.

5. Conclusions

In patients with initially cN1 breast cancer after neoadjuvant chemotherapy, CEUS
combined with methylene blue achieved high SLN detection and showed a promising
false-negative profile without radioisotope guidance. CEUS also demonstrated high concor-
dance with intraoperative methylene blue mapping and provided supplementary value for
predicting SLN metastasis. These findings should be interpreted as preliminary evidence
of feasibility and diagnostic performance. Larger comparative studies are needed before
widespread clinical implementation or use in guiding axillary surgical de-escalation.
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Abbreviations

The following abbreviations are used in this manuscript:

NAC Neoadjuvant chemotherapy
SLNB  Sentinel lymph node biopsy
AIND  Axillary lymph node dissection
SLN Sentinel lymph node

CEUS  Contrast-enhanced ultrasound
pCR Pathological complete response
FNR False-negative rate

DR Detection rate

PPV Positive predictive value
NPV Negative predictive value
HE Hematoxylin-eosin

ER Estrogen receptor

PR Progesterone receptor

HER2  Human epidermal growth factor receptor 2
TNM Tumor-node-metastasis

IOR Interquartile range

UCL Upper confidence limit

BMI Body mass index

References

1.

Bray, F; Laversanne, M.; Sung, H.; Ferlay, J.; Siegel, R.L.; Soerjomataram, I.; Jemal, A. Global cancer statistics 2022: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2024, 74, 229-263. [CrossRef]
[PubMed]

Bear, H.D.; Anderson, S.; Brown, A.; Smith, R.; Mamounas, E.P,; Fisher, B.; Margolese, R.; Theoret, H.; Soran, A.; Wickerham,
D.L.; et al. The effect on tumor response of adding sequential preoperative docetaxel to preoperative doxorubicin and cyclophos-
phamide: Preliminary results from National Surgical Adjuvant Breast and Bowel Project Protocol B-27. J. Clin. Oncol. 2003, 21,
4165-4174. [CrossRef] [PubMed]

Golshan, M.; Cirrincione, C.T.; Sikov, W.M.; Berry, D.A ; Jasinski, S.; Weisberg, T.F.; Somlo, G.; Hudis, C.; Winer, E.; Ollila, D.W.
Impact of neoadjuvant chemotherapy in stage II-1II triple negative breast cancer on eligibility for breast-conserving surgery and
breast conservation rates. Ann. Surg. 2015, 262, 434-439. [CrossRef] [PubMed]

Mamounas, E.P,; Brown, A.; Anderson, S.; Smith, R.; Julian, T.; Miller, B.; Bear, H.D.; Caldwell, C.B.; Walker, A.P.; Mikkelson,
W.M,; et al. Sentinel node biopsy after neoadjuvant chemotherapy in breast cancer: Results from National Surgical Adjuvant
Breast and Bowel Project Protocol B-27. J. Clin. Oncol. 2005, 23, 2694-2702. [CrossRef] [PubMed]

Barrio, A.V.; Montagna, G.; Mamtani, A.; Sevilimedu, V.; Edelweiss, M.; Capko, D.; Cody, H.S.; El-Tamer, M.; Gemignani, M.L.;
Heerdt, A.; et al. Nodal recurrence in patients with node-positive breast cancer treated with sentinel node biopsy alone after
neoadjuvant chemotherapy: A rare event. JAMA Oncol. 2021, 7, 1851-1855. [CrossRef] [PubMed]

Montagna, G.; Mrdutt, M.M.; Sun, S.X.; Hlavin, C.; Diego, E.J.; Wong, S.M.; Barrio, A.V.; van den Bruele, A.B.; Cabioglu, N.;
Sevilimedu, V.; et al. Omission of axillary dissection following nodal downstaging with neoadjuvant chemotherapy. JAMA Oncol.
2024, 10, 793-800. [CrossRef] [PubMed]

Tinterri, C.; Barbieri, E.; Sagona, A.; Di Maria Grimaldi, S.; Gentile, D. De-escalation of axillary surgery in clinically node-positive
breast cancer patients treated with neoadjuvant therapy: Comparative long-term outcomes of sentinel lymph node biopsy versus
axillary lymph node dissection. Cancers 2024, 16, 3168. [CrossRef] [PubMed]

https://doi.org/10.3390/ cancers18152383


https://doi.org/10.3322/caac.21834
https://www.ncbi.nlm.nih.gov/pubmed/38572751
https://doi.org/10.1200/JCO.2003.12.005
https://www.ncbi.nlm.nih.gov/pubmed/14559892
https://doi.org/10.1097/SLA.0000000000001417
https://www.ncbi.nlm.nih.gov/pubmed/26222764
https://doi.org/10.1200/JCO.2005.05.188
https://www.ncbi.nlm.nih.gov/pubmed/15837984
https://doi.org/10.1001/jamaoncol.2021.4394
https://www.ncbi.nlm.nih.gov/pubmed/34617979
https://doi.org/10.1001/jamaoncol.2024.0578
https://www.ncbi.nlm.nih.gov/pubmed/38662396
https://doi.org/10.3390/cancers16183168
https://www.ncbi.nlm.nih.gov/pubmed/39335140
https://doi.org/10.3390/cancers18152383

Cancers 2026, 18, 2383 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Yoneto, T.; Ikiuo, F.; Koyanagi, N.; Yoshimoto, T.; Takeda, Y. Sentinel lymph node biopsy predicts non-sentinel lymph node
metastases and supports omission of axillary lymph node dissection in breast cancer patients. J. Clin. Med. 2025, 14, 3441.
[CrossRef] [PubMed]

Krag, D.N.; Anderson, S.J.; Julian, T.B.; Brown, A.M.; Harlow, S.P.; Costantino, ].P.; Ashikaga, T.; Weaver, D.L.; Mamounas, E.P;
Jalovec, L.M.; et al. Sentinel-lymph-node resection compared with conventional axillary-lymph-node dissection in clinically
node-negative patients with breast cancer: Overall survival findings from the NSABP B-32 randomised phase 3 trial. Lancet Oncol.
2010, 11, 927-933. [CrossRef] [PubMed]

Veronesi, U.; Paganelli, G.; Viale, G.; Luini, A.; Zurrida, S.; Galimberti, V.; Intra, M.; Veronesi, P.; Robertson, C.; Maisonneuve, P,;
et al. A randomized comparison of sentinel-node biopsy with routine axillary dissection in breast cancer. N. Engl. J. Med. 2003,
349, 546-553. [CrossRef] [PubMed]

Boughey, ].C. Sentinel lymph node surgery after neoadjuvant chemotherapy in patients with node-positive breast cancer: The
ACOSOG Z1071 trial. JAMA 2013, 310, 1455-1461. [CrossRef] [PubMed]

Kuehn, T.; Bauerfeind, I.; Fehm, T.; Fleige, B.; Hausschild, M.; Helms, G.; Lebeau, A.; Liedtke, C.; von Minckwitz, G.; Nekljudova,
V.; et al. Sentinel-lymph-node biopsy in patients with breast cancer before and after neoadjuvant chemotherapy (SENTINA): A
prospective, multicentre cohort study. Lancet Oncol. 2013, 14, 609-618. [CrossRef] [PubMed]

Cardoso, F,; Kyriakides, S.; Ohno, S.; Penault-Llorca, E,; Poortmans, P.; Rubio, I.T.; Zackrisson, S.; Senkus, E. Early breast cancer:
ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2019, 30, 1194-1220. [CrossRef] [PubMed]
Cao, S.; Liu, X,; Cui, J.; Liu, X.; Zhong, J.; Yang, Z.; Sun, D.; Wei, W. Feasibility and reliability of sentinel lymph node biopsy after
neoadjuvant chemotherapy in breast cancer patients with positive axillary nodes at initial diagnosis: An up-to-date meta-analysis
of 3,578 patients. Breast 2021, 59, 256-269. [CrossRef] [PubMed]

Boileau, J.E.; Poirier, B.; Basik, M.; Holloway, C.M.B.; Gaboury, L.; Sideris, L.; Meterissian, S.; Arnaout, A.; Brackstone, M.;
McCready, D.R,; et al. Sentinel node biopsy after neoadjuvant chemotherapy in biopsy-proven node-positive breast cancer: The
SN ENAC study. J. Clin. Oncol. 2015, 33, 258-264. [CrossRef] [PubMed]

Boughey, J.C.; Ballman, K.V.; Le-Petross, H.T.; McCall, L.M.; Mittendorf, E.A.; Ahrendt, G.M.; Wilke, L.G.; Taback, B.; Feliberti,
E.C.; Hunt, K.K. Identification and resection of clipped node decreases the false-negative rate of sentinel lymph node surgery in
patients presenting with node-positive breast cancer who receive neoadjuvant chemotherapy. Ann. Surg. 2016, 263, 802-807.
[CrossRef] [PubMed]

Caudle, A.S.; Yang, W.T.; Krishnamurthy, S.; Mittendorf, E.A.; Black, D.M.; Gilcrease, M.Z.; Bedrosian, I.; Hobbs, B.P.; DeSnyder,
S.M.; Hwang, R.F; et al. Improved axillary evaluation following neoadjuvant therapy for patients with node-positive breast
cancer using selective evaluation of clipped nodes. J. Clin. Oncol. 2016, 34, 1072-1078. [CrossRef] [PubMed]

Simons, ].M.; van Nijnatten, T.J.A.; van der Pol, C.C.; van Diest, PJ.; Jager, A.; van Klaveren, D.; Kam, B.L.R.; Lobbes, M.B.L; de
Boer, M.; Verhoef, C.; et al. Diagnostic accuracy of radioactive iodine seed placement in the axilla with sentinel lymph node
biopsy after neoadjuvant chemotherapy in node-positive breast cancer. JAMA Surg. 2022, 157, 991-999. [CrossRef] [PubMed]
Kuemmel, S.; Heil, J.; Bruzas, S.; Breit, E.; Schindowski, D.; Harrach, H.; Chiari, O.; Hellerhoff, K.; Bensmann, E.; Hanf, V.; et al.
Safety of targeted axillary dissection after neoadjuvant therapy in patients with node-positive breast cancer. JAMA Surg. 2023,
158, 807-815. [CrossRef] [PubMed]

Kuemmel, S.; Heil, ].; Rueland, A.; Seiberling, C.; Harrach, H.; Schindowski, D.; Lubitz, J.; Hellerhoff, K.; Ankel, C.; Grasshoff, S.T.;
et al. A prospective, multicenter registry study to evaluate the clinical feasibility of targeted axillary dissection in node-positive
breast cancer patients. Ann. Surg. 2022, 276, e553-e562. [CrossRef] [PubMed]

Heidinger, M.; Weber, W.P. Axillary surgery for breast cancer in 2024. Cancers 2024, 16, 1623. [CrossRef] [PubMed]

Ahmed, M.; Purushotham, A.D.; Douek, M. Novel techniques for sentinel lymph node biopsy in breast cancer: A systematic
review. Lancet Oncol. 2014, 15, e351-e362. [CrossRef] [PubMed]

Nielsen Moody, A.; Bull, J.; Culpan, A.M.; Munyombwe, T.; Sharma, N.; Whitaker, M.; Wolstenhulme, S. Preoperative sentinel
lymph node identification, biopsy and localisation using contrast-enhanced ultrasound in patients with breast cancer: A systematic
review and meta-analysis. Clin. Radiol. 2017, 72, 959-971. [CrossRef] [PubMed]

Zhu, Y Jia, Y.; Pang, W,; Duan, Y.; Chen, K,; Nie, F. Ultrasound contrast-enhanced patterns of sentinel lymph nodes: Predictive
value for nodal status and metastatic burden in early breast cancer. Quant. Imaging Med. Surg. 2023, 13, 160-170. [CrossRef]
[PubMed]

Zhu, Y.; Fan, X.; Yang, D.; Dong, T.; Jia, Y.; Nie, F. Contrast-enhanced ultrasound for precise sentinel lymph node biopsy in women
with early breast cancer: A preliminary study. Diagnostics 2021, 11, 2104. [CrossRef] [PubMed]

Machado, P; Liu, J.B.; Needleman, L.; Lazar, M.; Willis, A.L; Brill, K.; Nazarian, S.; Berger, A.; Forsberg, F. Sentinel lymph node
identification in post-neoadjuvant chemotherapy breast cancer patients undergoing surgical excision using lymphosonography. J.
Ultrasound Med. 2023, 42, 1509-1517. [CrossRef] [PubMed]

https://doi.org/10.3390/ cancers18152383


https://doi.org/10.3390/jcm14103441
https://www.ncbi.nlm.nih.gov/pubmed/40429434
https://doi.org/10.1016/S1470-2045(10)70207-2
https://www.ncbi.nlm.nih.gov/pubmed/20863759
https://doi.org/10.1056/NEJMoa012782
https://www.ncbi.nlm.nih.gov/pubmed/12904519
https://doi.org/10.1001/jama.2013.278932
https://www.ncbi.nlm.nih.gov/pubmed/24101169
https://doi.org/10.1016/S1470-2045(13)70166-9
https://www.ncbi.nlm.nih.gov/pubmed/23683750
https://doi.org/10.1093/annonc/mdz173
https://www.ncbi.nlm.nih.gov/pubmed/31161190
https://doi.org/10.1016/j.breast.2021.07.015
https://www.ncbi.nlm.nih.gov/pubmed/34325383
https://doi.org/10.1200/JCO.2014.55.7827
https://www.ncbi.nlm.nih.gov/pubmed/25452445
https://doi.org/10.1097/SLA.0000000000001375
https://www.ncbi.nlm.nih.gov/pubmed/26649589
https://doi.org/10.1200/JCO.2015.64.0094
https://www.ncbi.nlm.nih.gov/pubmed/26811528
https://doi.org/10.1001/jamasurg.2022.3907
https://www.ncbi.nlm.nih.gov/pubmed/36069889
https://doi.org/10.1001/jamasurg.2023.1772
https://www.ncbi.nlm.nih.gov/pubmed/37285140
https://doi.org/10.1097/SLA.0000000000004572
https://www.ncbi.nlm.nih.gov/pubmed/33156057
https://doi.org/10.3390/cancers16091623
https://www.ncbi.nlm.nih.gov/pubmed/38730576
https://doi.org/10.1016/S1470-2045(13)70590-4
https://www.ncbi.nlm.nih.gov/pubmed/24988938
https://doi.org/10.1016/j.crad.2017.06.121
https://www.ncbi.nlm.nih.gov/pubmed/28774472
https://doi.org/10.21037/qims-22-234
https://www.ncbi.nlm.nih.gov/pubmed/36620166
https://doi.org/10.3390/diagnostics11112104
https://www.ncbi.nlm.nih.gov/pubmed/34829452
https://doi.org/10.1002/jum.16164
https://www.ncbi.nlm.nih.gov/pubmed/36591785
https://doi.org/10.3390/cancers18152383

Cancers 2026, 18, 2383 18 of 18

27.

28.

29.

30.

31.

32.

Wu, X; Tang, L.; Huang, W.; Huang, S.; Peng, W.; Hu, D. Contrast-enhanced ultrasonography and blue dye methods in detection
of sentinel lymph nodes following neoadjuvant chemotherapy in initially node-positive breast cancer. Arch. Gynecol. Obstet. 2020,
302, 685-692. [CrossRef] [PubMed]

Zhong, J.; Luo, J.; Li, J.; Li, M,; Liu, Y,; Liang, J.; Pan, E; Xie, X.; Zheng, Y. The diagnostic value of multimodal contrast-enhanced
ultrasound in sentinel lymph nodes after neoadjuvant therapy for breast cancer. Diagnostics 2025, 15, 2432. [CrossRef] [PubMed]
Ding, Y.; Wu, W.; Ni, X,; Wang, Z. Long-term survival of node-positive breast cancer with complete nodal response to neoadjuvant
chemotherapy treated with sentinel lymph node biopsy alone: A meta-analysis. Oncology 2025, 103, 1044-1058. [CrossRef]
[PubMed]

Man, V.; Duan, J.; Luk, W.-P; Fung, L.-H.; Kwong, A. Different strategies in de-escalation of axillary surgery in node-positive
breast cancer following neoadjuvant treatment: A systematic review and meta-analysis of long-term outcomes. Breast Cancer
2025, 32, 638-653. [CrossRef] [PubMed]

Cetinkaya, G.; Bahcecioglu, I.B.; Horasan, S.; Bardakci, O.; Gulcelik, M.A. Ghost in the axilla: Luminal-type breast cancer and
occult sentinel node metastasis after neoadjuvant chemotherapy. J. Clin. Med. 2025, 14, 8658. [CrossRef] [PubMed]

Cebrecos, I; Torras, I.; Castillo, H.; Pumarola, C.; Ganau, S.; Sitges, C.; Vidal-Sicart, S.; Schettini, F.; Sanfeliu, E.; Loinaz, I.; et al.
Predicting additional metastases in axillary lymph node dissection after neoadjuvant chemotherapy: Ratio of positive/total
sentinel nodes. Cancers 2024, 16, 3638. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ cancers18152383


https://doi.org/10.1007/s00404-020-05646-8
https://www.ncbi.nlm.nih.gov/pubmed/32602000
https://doi.org/10.3390/diagnostics15192432
https://www.ncbi.nlm.nih.gov/pubmed/41095651
https://doi.org/10.1159/000543662
https://www.ncbi.nlm.nih.gov/pubmed/39899993
https://doi.org/10.1007/s12282-025-01692-9
https://www.ncbi.nlm.nih.gov/pubmed/40186790
https://doi.org/10.3390/jcm14248658
https://www.ncbi.nlm.nih.gov/pubmed/41464560
https://doi.org/10.3390/cancers16213638
https://www.ncbi.nlm.nih.gov/pubmed/39518078
https://doi.org/10.3390/cancers18152383

	Introduction 
	Materials and Methods 
	Study Design and Study Population 
	Study Endpoints 
	Sample Size Calculation 
	Neoadjuvant Chemotherapy Regimens 
	Study Procedures 
	Histopathological Evaluation 
	Statistical Analysis 

	Results 
	Patient Enrollment and Baseline Characteristics 
	SLN Detection by CEUS, Methylene Blue, and the Combined Approach 
	Diagnostic Performance of CEUS, Methylene Blue, and the Combined Approach 
	Subgroup Analysis of the Combined CEUS Plus Methylene Blue Approach 
	Concordance Between CEUS Localization and Methylene Blue Mapping 
	Diagnostic Value of CEUS for Predicting SLN Metastasis 
	Exploratory Diagnostic Analysis in Initial cN2 and cN3 Patients 
	Adverse Events 

	Discussion 
	Conclusions 
	References

