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Abstract
Purpose  To evaluate whether quantitative analysis of perfusion contrast-enhanced ultrasound (CE-US) could predict early 
lymph-node (LN) metastasis in clinically node-negative breast cancer.
Materials and methods  In this prospective study, 64 breast cancer patients were selected for perfusion CE-US imaging. 
Regions of interest were placed where the strongest and weakest signal increases were found to obtain peak intensities (PIs; 
PImax and PImin, respectively) for time–intensity curve analyzes. The PI difference and PI ratio were calculated as follows: 
PI difference = PImax−PImin; PI ratio = PImax/PImin.
Results  Forty-seven cases were histologically diagnosed as negative for LN metastasis and 17 were positive. There was 
a significant difference in PImin and the PI ratio between the LN-negative and -positive metastasis groups (p = 0.0053 and 
0.0082, respectively). Receiver-operating curve analysis revealed that the area under the curve of PImin and the PI ratio were 
0.73 and 0.72, respectively. The most effective threshold for the PI ratio was 1.52, and the sensitivity, specificity, positive 
predictive value, and negative predictive value were 59% (10/17), 87% (41/47), 63% (10/16), and 85% (41/48), respectively.
Conclusions  Parameters from the quantitative analysis of perfusion CE-US imaging showed significant differences between 
the LN-negative and -positive metastasis groups in clinically node-negative breast cancer.
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Abbreviations
CE-US	� Contrast-enhanced ultrasound
LN	� Lymph node
PIs	� Peak intensities

SLNB	� Sentinel LN biopsy
TIC	� Time–intensity curve
MVD	� Microvessel density
AUC​	� Area under the curve
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ROI	� Regions of interest
ICC	� Interclass correlation coefficient
ROC	� Receiver-operating characteristic

Introduction

Axillary lymph-node (LN) status is an important prognostic 
factor in newly diagnosed breast cancer patients, as strong 
correlations between LN metastasis and overall and disease-
free survival have been reported [1–3]. If LN status was 
preoperatively diagnosed, sentinel LN biopsy (SLNB) could 
be avoided for node-negative patients [4], and neoadjuvant 
chemotherapy could be suggested for node-positive patients 
[5]. Furthermore, the American College of Surgeons Oncol-
ogy Group Z0011 trial showed that survival rate with the use 
of SLND alone did not inferior to that with axillary LN dis-
section among patients with limited SLN metastases treated 
with breast conservation and systemic therapy [6].

Several attempts have been made to evaluate LN metasta-
sis using the conventional imaging techniques such as ultra-
sonography (US), computed tomography (CT), and magnetic 
resonance imaging (MRI). Using B-mode US, cortical thick-
ening, the absence of an echogenic hilum, a rounded shape, 
or a peripheral capsular vascularization in Doppler imaging 
are considered signs of metastatic LNs [7–10]. Using CT or 
MRI, irregular cortical thickening and size increase in thick-
ness have been reported to correlate with the presence of LN 
metastasis [11, 12]. Large LN metastases with extranodal 
invasion can be detected by morphologic changes or size 
increase through US, CT, or MRI; however, early or small 
metastases without morphologic changes or size increases 
might be misdiagnosed using the conventional imaging. A 
novel imaging technique to detect clinically negative LN 
metastases is needed.

Microbubble perfusion contrast-enhanced ultrasound 
(CE-US) imaging was developed to evaluate tumor vascu-
lature and perfusion. Microbubbles remain solely intravas-
cular in nature, because they have a diameter of 2–3 μm 
and cannot pass through the vascular endothelial interspace, 
thus enabling direct evaluation of the tumor vasculature and 
blood vessel volume [13, 14]. Li et al. reported that changes 
in blood vessel volume measured by perfusion CE-US were 
useful for diagnosing the early LN metastases in an animal 
model [15, 16]. In a human study, Rubaltelli et al. reported 
that LN metastases were characterized by hypo-perfused 
areas in perfusion CE-US imaging, and that the difference 
between maximum and minimum signal intensity values was 
greater in metastatic LNs than non-metastatic LNs [17, 18].

Several reports studying the methods of quantitatively 
analyzing perfusion CE-US data have shown that parameters 
taken from time–intensity curve (TIC) analyzes are corre-
lated with histological microvessel density (MVD) [19–22]. 

The peak intensity (PI) and area under the curve (AUC) were 
significantly correlated with MVD in animal models [20]. In 
human study, the PI obtained from TIC analyzes of in vivo 
perfusion CE-US imaging data significantly correlated with 
MVD [21, 22].

We hypothesized that TIC analysis of perfusion CE-US 
imaging data could indicate the presence of hypo-perfused 
LN areas, which could be used to predict the early breast 
cancer LN metastasis. The purpose of this study was to 
evaluate whether quantitative analysis of perfusion CE-US 
data could predict the early LN metastasis in clinically node-
negative breast cancer.

Materials and methods

Patients

Our Institutional Review Board approved this prospective 
study and written informed consent was obtained from all 
patients prior to enrollment. Between August 2014 and 
August 2017, 69 consecutive patients underwent preopera-
tive perfusion CE-US followed by mastectomy or lumpec-
tomy. The inclusion criteria were written informed consent, 
invasive breast cancer diagnosed by preoperative biopsy, and 
the absence of swollen LNs in the conventional CT, MRI, 
or US (clinically node-negative breast cancer). The swollen 
LNs were defined as LNs with morphologic changes such as 
cortical thickening, rounded shape, hypoechoic, and absence 
of fatty hilum [8, 23]. The exclusion criteria were ductal car-
cinoma in situ diagnosed by preoperative biopsy, for which 
the clinical significance of evaluating LNs is unknown [24], 
and prior neoadjuvant treatment, which could change LN 
biology. One patient whose CE-US data were not saved due 
to equipment error and four patients whose axillary LNs 
were not detected by B-mode imaging were excluded from 
the analysis. Thus, this prospective study examined 64 LNs 
from 64 female patients with unilateral breast carcinomas 
[median age 58 years (range 35–77); median body weight 
50 kg (range 45–75)].

US examination

US examinations were performed the day before surgery by a 
single radiologist with 7 years of experience in breast CE-US. 
Grayscale conventional US imaging was performed for the 
breast tumor and axillary LN with an Aplio 500 (Toshiba 
Medical Systems, Tochigi, Japan) with a 10 MHz linear trans-
ducer. For axillary evaluations, the LN with the largest cross-
sectional area was selected to obtain the CE-US data using 
B-mode imaging. CE-US was performed for the LN with a sin-
gle plane with the largest cross-sectional area using the same 
unit, with 5.5–7.5 MHz linear transducer in dual-screen mode 
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that simultaneously displayed both the conventional B-mode 
and CE-US mode images. The transducer was softly laid on 
the skin to not compress the tissue or collapse the vascular 
lumen. The machine parameters were adjusted, so that the 
mechanical index was 0.18–0.2, the frame rate was 17 frames 
per second (fps), and the gain was 80–100 dB. No parameters 
were changed during examinations.

The contrast agent used in this study was Sonazoid (Dai-
ichi Sankyo, Tokyo, Japan), a lipid-stabilized suspension of 
perflubutane microbubbles. The contents of each vial (16 μl 
of perflubutane microbubbles) were resuspended in 2 ml of 
water for injection. Each patient received a single injection of 
0.015 ml/kg of the reconstituted suspension into a forearm vein 
followed by a 10 ml saline flush at a slow injection speed, and 
then, continuous 75-s imaging from injection was obtained as 
a video of DICOM data. Patients were told to keep as still as 
possible during the examination.

Evaluating breast tumors and LNs

Breast tumors and LNs were initially evaluated using the con-
ventional US imaging by the consensus of two radiologists 
(7 and 2 years of experience in breast US) according to the 
American College of Radiology Breast Imaging Reporting 
and Data System US criteria (American College of Radiology, 
2013) [25]. The criteria included the size of the breast tumor, 
diameter of major axis, cortical thickness, shape, patterns of 
cortical thickening, margins, and hilar compression of LNs.

Quantitative analysis of LN perfusion CE‑US

Postprocessed DICOM data from US imaging were analyzed 
with Image J [1.51q 18, National Institutes of Health (NIH)]. 
Quantitative TIC parameters were obtained with previously 
published online NIH Image J tools [22, 26].

The same two radiologists visually identified the 64 LNs. 
To obtain quantitative parameters, three regions of interest 
(ROIs) were placed where the strongest enhancement was 
found inside the LNs at the peak phase of the CE-US, which 
was observed 20–40 s after injecting contrast agent (Fig. 1a). A 
TIC was generated from the ROIs (Fig. 1b), and the PI of each 
ROI was calculated from the curve. The maximum PI value 
of the three ROIs was then recorded as PImax. For PImin, three 
ROIs were placed where the weakest enhancement was found 
at the peak phase (Fig. 1a) to generate TIC. PI of each ROI was 
calculated from the curve and the minimum PI value of the 
three ROIs was recorded as PImin. Then, we obtained the fol-
lowing derivation for a diagnostic parameter that represented 
the heterogeneity of LN enhancement:

(1)PI difference = PI
max

− PI
min

(2)PI ratio = PI
max

∕PI
min

PImax, PImin, the PI difference, and PI ratio for each reader 
were then analyzed using interclass correlation coefficient 
(ICC). Finally, PImax, PImin, the PI difference, and PI ratio 
were compared between the LN-negative and -positive 
metastasis groups.

Visual analysis of LN CE‑US

The same two radiologists, blinded to clinical information, 
also independently visually evaluated the presence of perfu-
sion defects (negative or positive) within LNs on perfusion 
CE-US: negative was scored when the contrast-enhancement 
in LNs was homogeneous with high signal enhancement 
(Fig. 2a); positive was scored when the contrast-enhance-
ment in LNs was heterogeneous with obvious perfusion 
defects (Fig. 2b). Visual evaluations of perfusion defects by 
each reader were analyzed using kappa statistics. The visual 
evaluation results were compared between the LN-negative 
and -positive metastatic groups.

Pathological evaluation

All patients underwent sentinel LN biopsy followed by mas-
tectomies or lumpectomies; surgical specimens were then 
prepared for histological evaluation. Specimens were fixed 
in 10% formaldehyde, and 2-µm sections were taken every 
1.5 mm. An experienced pathologist evaluated the LN speci-
mens based on the World Health Organization histological 
classifications of breast tumors. Metastatic nests > 0.2 mm 
in diameter were scored as LN-positive metastases.

Statistical analysis

Mann–Whitney U tests were used to compare age, breast 
tumor diameter, diameter of major axis, and cortical thick-
ness of LNs, nuclear grade, Ki-67 labeling index, PImax, 
PImin, PI difference, and PI ratio between the LN-negative 
and -positive metastasis groups. Chi-square tests were used 
to compare shapes, cortical thickening patterns, and histo-
logical types. Fisher’s exact test was used to compare clini-
cal stage, margins, hilar compression, immunohistochemical 
findings of tumor including the status of estrogen receptor, 
progesterone receptor and human epidermal growth factor 
receptor 2 (HER2), and visual analyzes of perfusion defects 
(negative or positive). The inter-observer reliability of 
PImax, PImin, PI difference, and PI ratio results was assessed 
using ICCs. The inter-observer reliability of visual evalua-
tion results (positive or negative for the presence of perfu-
sion defects) was assessed using kappa statistics. An r of 
1.0 indicated perfect agreement; 0.81–0.99, almost perfect 
agreement; 0.61–0.80, substantial agreement; 0.41–0.60, 
moderate agreement; 0.21–0.40, fair agreement; ≤ 0.20, 
slight agreement [27]. The performance of PImin and PI ratio 
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in differentiating the LN-negative and -positive metastasis 
groups was evaluated using receiver-operating characteris-
tic (ROC) analysis and AUC. Statistical analyzes were per-
formed using commercial software (JMP Pro 13, SAS Insti-
tute, Cary, NC, USA). p < 0.05 was considered significant. 
After Bonferroni correction of 5 multiple comparisons, the 
critical value became < 0.01 (0.05/5).

Results

Fourteen breast lesions were treated by mastectomy and the 
other 50 lesions were treated by lumpectomy. SLNB was 
performed for all patients: histological diagnoses were nega-
tive for 47 cases (the LN-negative metastasis group) and 
positive for 17 cases (the LN-positive metastasis group). In 
LN-negative metastasis group, a median of one sentinel LNs 
(range 1–5) per patient was sampled at SLNB and no LN 

was diagnosed with metastasis. In LN-positive metastasis 
group, a median of one sentinel LNs (range 1–5) per patient 
was sampled at SLNB and a median of one LN (range 1–3) 
was diagnosed with metastasis. Axillary LN dissections 
were performed for all patients in the LN-positive metastasis 
group. There were no positive LN metastases by histology 
in the four patients whose axillary LNs were undetectable 
by B-mode imaging; these patients were still excluded from 
the analysis.

Patient characteristics, conventional US imaging find-
ings according to the Breast Imaging Reporting and Data 
System (American College of Radiology, 2013) [25], and 
histopathological results obtained from surgical specimen 
are shown in Table 1. No statistically significant differ-
ences were found between the LN-negative and -positive 
metastasis groups with respect to age, clinical stage, US 
findings (breast tumor diameter, diameter of major axis, 
cortical thickness, shape, cortical thickening patterns, 

Fig. 1   Methods for placing 
regions of interest (ROIs) 
in lymph nodes (LNs) and 
acquiring time–intensity curves 
(TICs) for contrast-enhanced 
ultrasound (CE-US) imaging in 
a 60-year-old woman preopera-
tively diagnosed with invasive 
breast carcinoma. The status of 
LN was diagnosed as positive 
with 4 mm metastatic nest by 
surgery. a The harmonic CE-US 
imaging at the peak phase. 
Inside the LN (dotted line), 
three ROIs (orange) were placed 
where the strongest enhance-
ment was found. The other three 
ROIs (white) were placed where 
the weakest enhancement was 
found. b TICs were generated 
from the ROIs with time on the 
x-axis and signal intensity on 
the y-axis. Peak intensity (PI) 
was measured from the TIC. 
The maximum PI value from 
the three ROIs with the strong-
est enhancement was recorded 
as PImax. The minimum PI 
value from the three ROIs with 
the weakest enhancement was 
recorded as PImin (colour figure 
online)
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margin, and hilar compression of LNs), and histology of 
breast tumor (histological type, nuclear grade, immuno-
histological findings of tumor, and Ki67 labeling index).

For the agreement between the readers with respect to 
their quantitative analysis of CE-US, ICCs of PImax, PI 
difference, and PI ratio were 0.72, 0.56, and 0.63, respec-
tively, indicating substantial agreement. The ICCs of PImin 
was 0.83, indicating almost perfect agreement.

There was a significant difference in PImin and the PI 
ratio between the LN-negative and -positive metastasis 
groups (p = 0.0053 and 0.0082, respectively, Table 2), 
while no significant difference was found in PImax or the 
PI difference (p = 0.29 and 0.019, respectively, Table 2). 
ROC curve analysis revealed that the AUC of PImin and the 
PI ratio were 0.73 and 0.72, respectively (Fig. 3a, b). The 
most effective threshold for PImin was the 112 signal inten-
sity, and the sensitivity, specificity, positive predictive 
value, and negative predictive value were 94% (15/17), 
45% (21/47), 38% (16/42), and 71% (21/22), respectively. 
The most effective threshold for the PI ratio was 1.52, and 
the sensitivity, specificity, positive predictive value, and 

negative predictive value were 59% (10/17), 87% (41/47), 
63% (10/16), and 85% (41/48), respectively.

In evaluating the agreement between readers, κ for the 
visual evaluation of the presence of perfusion defects was 
0.25, indicating fair agreement. Furthermore, no statistical 
significance was found in the visual analysis of perfusion 
defects (negative or positive) between the LN-negative and 
-positive metastasis groups (p = 0.11, Table 3).

Discussion

In our results, PImin showed almost perfect inter-observer 
reliability and PI ratio showed substantial agreement, and 
both showed significant differences between the LN-negative 
and -positive metastasis groups, while PImax, the PI differ-
ence, and visual assessments of perfusion defects did not.

The PI ratio was obtained by dividing PImax by PImin, 
while PImin is the original signal intensity. Original signal 
intensity measured from perfusion CE-US imaging includ-
ing PImin could be affected by differences between patients 

Fig. 2   Visual assessment of the presence of perfusion defects (nega-
tive or positive). a A 36-year-old woman preoperatively diagnosed 
with invasive breast carcinoma. The status of LN was diagnosed as 
negative metastasis by surgery. Perfusion contrast-enhanced ultra-
sound (CE-US) imaging of a lymph node (LN) (dotted line) show-
ing homogeneous enhancement, which was interpreted as negative 
for perfusion defects. b–d A 47-year-old woman preoperatively diag-
nosed with invasive breast carcinoma. The status of LN was diag-

nosed as positive with 7  mm metastatic nest by surgery. Perfusion 
CE-US of an LN (dotted line) showing heterogeneous enhancement 
with an obvious perfusion defect (arrow), which was interpreted as 
positive for perfusion defects (b). Mouse anti-human CD31 mono-
clonal antibody (Dako Cytomation, Glostrup, Denmark) was used to 
evaluate the vascularity of LN immunohistochemically (c, d). The 
area with metastatic deposits (c) was less vascularized than that with 
normal LN parenchyma (d) (× 200 field)
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Table 1   Comparing patient and lesion [breast tumors and lymph node (LN)] characteristics between LN-negative and -positive metastasis groups

HER2 human epidermal growth factor receptor 2

Variables LN-negative metastasis group (n = 47) LN-positive metastasis group (n = 17) p

Age (years): median (range) 59 (36–76) 49 (35–77) 0.21
Clinical stage (n/%) 0.08
 T1 40 (85) 11 (65)
 T2 7 (15) 6 (35)

Ultrasound findings breast tumor
 Diameter: median (range) 14.5 (5.1–34.1) 17.9 (5.5–30.8) 0.07

LN
 Diameter of major axis 11.4 ± 5.2 10.8 ± 4.1 0.91
 Cortical thickness (mm) 2.0 ± 0.7 2.5 ± 1.0 0.08
 Shape (n (%)) 0.31
  Oval 10 (21) 6 (35)
  Round 3 (6) 2 (12)
  Irregular 34 (72) 9 (53)

 Cortical thickening patterns 0.43
  None 37 (79) 12 (71)
  Uniform 2 (4) 0 (0)
  Focal 8 (17) 5 (29)

 Margin 1
  Circumscribed 47 (100) 17 (100)
  Uncircumscribed 0 (0) 0 (0)

 Hilar compression 1
  Positive 1 (2) 0 (0)
  Negative 46 (98) 17 (100)

Histology of breast tumor 0.31
 Invasive ductal carcinoma not otherwise specified 44 14
 Invasive lobular carcinoma 1 2
 Mucinous carcinoma 2 1

Nuclear grade (n (%)) 0.68
 Low 33 (70) 12 (71)
 Intermediate 3 (7) 4 (24)
 High 11 (23) 1 (5)

Immunohistochemical findings of tumor (n (%))
 Estrogen receptor Positive 41 (87) negative 6 (13) Positive 17 (100) negative 0 (0) 0.18
 Progesterone receptor Positive 38 (81) negative 9 (19) Positive 16 (94) negative 1 (6) 0.26
 HER2 Positive 3 (6) negative 44 (94) Positive 0 (0) negative 17 (100) 0.55

Ki-67 labeling index median (range) 12 (0.02–77.5) 15 (1–70) 0.47

Table 2   Comparing quantitative parameters from contrast-enhanced ultrasound between the lymph-node (LN)-negative and -positive metastasis 
groups and the interclass correlation coefficient (ICC) of each parameter

PI peak intensity
SI signal intensity

LN-negative metastasis 
group (n = 47)

LN-positive metastasis 
group (n = 17)

p AUC​ ICC

PImax (SI) 129 ± 39 114 ± 30 0.29 N/A 0.72 (0.52, 0.84)
PImin (SI) 110 ± 42 73 ± 38 0.0053 0.73 0.83 (0.69, 0.90)
PI difference (SI) 18 ± 16 41 ± 37 0.019 N/A 0.56 (0.23, 0.74)
PI ratio 1.2 ± 0.2 2.8 ± 4.2 0.0082 0.72 0.63 (0.36, 0.79)
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and CE-US conditions, including the various depths of target 
lesions and gain adjustments, which is almost impossible to 
maintain with identical setting between different patients 
[28]. Therefore, we conclude that the PI ratio would be a 
more robust parameter than PImin for differentiating LN-
negative from LN-positive breast cancer.

In our study, no significant difference was found in PI 
difference, although there was a significant difference in 
PI ratio between LN-positive and LN-negative metastasis 
groups. PI ratio might be more sensitive to detect the differ-
ence in number than PI difference, which might have led to 
the difference in diagnostic utility.

According to the electron microscopic study by Gadre 
et al., normal and reactive LNs have intense vasculariza-
tion with rich cortical capillary circulation [29]. In micro-
angiographic examinations of animal models, Herman et al. 
revealed that metastatic deposits within the early stage meta-
static LNs were hypo-vascularized [30]. In perfusion CE-US 
studies of human LNs [17, 18], Rubaltelli et al. showed that 
the hypo-perfused areas within metastatic LNs might be 
due to necrosis or the presence of metastatic tissue that was 
less vascularized than the normal LN parenchyma. Their 
study included swollen LNs in patients with neck squamous 
cell carcinomas, cutaneous melanomas, and breast carcino-
mas. Later, Ohta et al. reported that perfusion defects were 
observed in axillary LN metastases in breast cancer patients 
using perfusion CE-US [31]. While these studies examined 
swollen LNs, our study cohort was clinically node-negative 
breast cancer patients. Yet, we still found a significant dif-
ference between the LN-negative and -positive metastasis 
groups using quantitative parameters of perfusion CE-US 
imaging data: PImin was significantly lower and the PI ratio 
was significantly higher in LN-positive group compared with 
the LN-negative group, while PImax and the PI difference 
were not. These results indicate that metastatic deposits were 
also relatively hypo-vascularized in our study. We presume 
that hypo-perfused areas within clinically negative, but 
small metastatic LNs in our LN-positive group should have 
been histologically ascribed as relative hypo-vascularized 
metastatic deposits (Fig. 2c) compared with the normal LN 
parenchyma (Fig. 2d) rather than necrosis.

To our knowledge, there were no studies showing a 
significant difference in perfusion characteristics between 
metastatic LN and non-metastatic LN using CT or MRI in 
patients with breast cancer. The administered CT or MR 
contrast agent would not entirely remain within intravascu-
lar spaces, but a significant part of it would distribute into 
the surrounding extracellular spaces, while contrast agent 
of US (microbubble) remains solely intravascular in nature, 
because they have a diameter of 2–3 μm and would not pass 
through the vascular endothelial interspace, thus enabling 
direct evaluation of the vasculature [13, 14]. We speculate 
that perfusion CE-US might be more appropriate to detect 

Fig. 3   Graph of the receiver-operating curve (ROC) for t PImin (a) and 
PI ratio (b) for differentiating LN-negative metastasis group and LN-
positive metastasis group shows that the area under the ROC curve is 
0.73 and 0.72, respectively

Table 3   Comparing visual analyzes of perfusion defects (negative or 
positive) between the lymph-node (LN)-negative and positive groups

Visual assessment of 
Perfusion defects

LN-negative metastasis 
group (n = 47)

LN-positive 
metastasis group 
(n = 17)

Negative 36 9
Positive 11 8
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the hypo-vascularized metastatic deposit than CT or MRI. 
Regarding the method to use contrast agent of CE-US in 
breast cancer patients, a method to localize sentinel LNs 
by visualizing lymphatic channels was proposed in animal 
model by Goldberg et al. [32], and later, the same method 
with sub-areolar injection of contrast agent in human (lym-
phangiographic CE-US) has been proposed [33, 34]. Zhao 
et al. used this method and reported that the enhancement 
pattern of sentinel LNs facilitated the identification of 
metastases [35]. However, the diagnostic performance for 
sentinel LN metastases may not be satisfactory (sensitivity, 
specificity, positive predictive value, and negative predictive 
value were 100%, 52.0%, 43.4%, and 100%, respectively). 
Our method of CE-US was performed by intravenous injec-
tion (perfusion CE-US). Its sensitivity, specificity, positive 
predictive value, and negative predictive value were 59%, 
87%, 63%, and 85%, respectively. Comparing both CE-US 
methods, perfusion CE-US in this study had superiority in 
specificity and positive predictive value, whereas lymphang-
iographicCE-US in the Zhao et al.’s study had superiority in 
sensitivity and negative predictive value. One advantage of 
our CE-US method is that it is also applicable to the primary 
tumor, enabling the simultaneous evaluation of both primary 
tumors and LNs by CE-US. However, further studies con-
ducting both methods on the same patients are needed to 
compare the clinical utility of both methods.

Axillary LN status is an important prognostic factor for 
newly diagnosed breast cancer patients. Therefore, sentinel 
LN biopsy has been recommended during surgery, because 
the diagnostic capability of the conventional imaging for 
LN metastases is not satisfactory [7, 36]. Our method of 
perfusion CE-US might enable the preoperative detection 
of the early LN metastasis, even in clinically node-negative 
patients. If the early LN metastasis was preoperatively sus-
pected by perfusion CE-US, percutaneous LN biopsy could 
be performed to confirm the presence of LN metastasis. 
Then, for LN-positive cases, neoadjuvant chemotherapy or 
axillary dissection could be suggested, while the PI ratio 
showed a relatively high negative predictive value (85%) in 
our study. If the negative predictive value would be improved 
with technical development such as three-dimensional LN 
CE-US evaluations, perfusion CE-US might avoid sentinel 
LN biopsies in the future.

This study had several limitations. First, the sample size 
was small. Second, selecting the plane with the largest LN 
cross-sectional area was subjective, because we used a linear 
transducer with two-dimensional images. Selecting a single 
plane might miss small metastases, which would decrease 
the diagnostic strength. The false-negative results, that 
is cases with PI ratio under the threshold or no perfusion 
defect in visual analysis, even though there was LN metas-
tasis by histology, might be due to the manner with selecting 
a single plane. Three-dimensional LN CE-US evaluations 

would be preferable in the future. Third, PImin and the PI 
ratio showed almost perfect and substantial inter-observer 
reliability, respectively. The inter-observer reliability of 
these quantitative parameters was higher than that of visual 
analyzes of perfusion defects, but was still unsatisfactory. To 
detect clinically negative metastatic LNs, more reproducible 
CE-US imaging techniques are needed. Fourth, we excluded 
patients with prior neoadjuvant treatment. Evaluation of 
LN metastasis after neoadjuvant treatment might clinically 
important. Further study including patients with neoadju-
vant treatment would be necessary in the future. Finally, we 
could not perform point-to-point radiological–pathological 
analyzes for sentinel LNs; rather, we only did a patient-to-
patient analysis. This was because we targeted LNs with the 
largest cross-sectional area on B-mode imaging, for which 
point-to-point correspondence was not obtained with senti-
nel LNs detected during surgery.  Furthermore, there were 
cases who were evaluated as positive by perfusion CE-US, 
even though there was no LN metastasis by histology [false-
positive results: quantitative analysis (13% (6/47))] and vis-
ual analysis [23% (11/47)], respectively. We speculated that 
mechanical artifacts or old inflammation in LN could cause 
these false-positive results. Further studies using intraopera-
tive perfusion CE-US to correlate the findings with histology 
might be needed.

In conclusion, the parameters from the quantitative ana-
lyzes of LN CE-US imaging showed significant differences 
between the LN-negative and -positive metastasis groups in 
clinically node-negative breast cancer. We believe that our 
CE-US method will enable clinicians to detect small metas-
tases in non-swollen LNs in breast cancer patients.
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