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Introduction

Axillary lymph node (ALN) status plays an important role 

in the staging, therapy, and prognosis of early-stage invasive 

breast cancer (ESIBC) patients who have the clinically 
negative axillary disease (1-3). Previously, ALN dissection 
(ALND) was the conventional method for determining 
ALN status, and it was accompanied by radical mastectomy 
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for local disease control. In the past few years, sentinel node 
biopsy (SNB) has developed as an alternative to ALND and 
has become the regular treatment for axillary evaluation in 
clinically negative patients (4-6). The SNB is a minimally 
invasive method and has a significantly lower incidence 
rate of complications such as lymphedema, numbness, 
pain, and shoulder impairment than ALND (7,8). However, 
clinical studies have indicated that SNB may also cause some 
complications like wound infection, hematoma, and abnormal 
sensation (9). Sometimes, a biopsy may be difficult and risky 
when lymph nodes are adjacent to blood vessels or positioned 
deeply in the axilla. Furthermore, the false-negative rate of 
SNB cannot be overlooked, ranging from 5% to 10% (10,11), 
and may lead to a second surgery and increase in cost. 
Therefore, ALN differentiation remains clinically significant, 
and a non-invasive and reliable approach is urgently required 
to evaluate ALN status without the use of SLNB in patients 
without ALN metastasis.

Ultrasound (US) examination is a convenient, non-
invasive, and inexpensive approach for assessing breast 
tumors. Axillary US examination is also a useful method 
for assessing ALN status by using the characteristics of the 
lymph node morphologic features, size, cortical thickness, 
lymphoid hilar structure, blood flow, and boundary (12-14).  
However, US-image-based breast tumors and ALN 
assessments rely on macroscopic appearances in grayscale 
visible to the naked eye. These image features are subjective 
and depend on the experience of the interpreters.

Radiomics is a method of transforming digital medical 
images into high-dimensional data then extracting numerous 
quantitative features to improve diagnosis, prognosis, and 
prediction accuracy. Previous studies have suggested that the 
US, magnetic resonance imaging (MRI), and mammography-
based radiomics analysis are reliable and non-invasive tools 
for assessing ALN status in patients with ESIBC (15-17).  
However, radiomics analysis of US images still lacks 
reproducibility. This means that we need a stable and 
unbiased feature from US images to predict ALN status. 

In this work, we developed and validated a US-image-
based nomogram to predict the probability of ALN 
metastasis in ESIBC patients.

Methods

Patients

The study was conducted in accordance with the Declaration 
of Helsinki (as revised in 2013). Our Institutional Review 

Board approved the study, and as retrospective research, 
informed consent was waived. A total of 239 women with 
ESIBC who underwent breast surgery with ALN evaluation 
between 1 January 2018 and 31 January 2020 at our hospital 
were included in this study. The clinical data and US images 
were obtained from our hospital’s PACS system.

The inclusion criteria were as follows: (I) patients 
with clinical T1or T2 primary invasive breast carcinoma 
confirmed by resection or biopsy, no palpable axillary 
mass; (II) patients present with only 1 solid tumor; (III) no 
neoadjuvant chemotherapy (NAC) before US examination; 
(IV) US examinations obtained within 2 weeks before 
surgery or biopsy; (V) acceptable high-quality US image of 
ALN examination. The exclusion criteria were as follows: (I) 
breast tumor on the US image was not completely visible; 
(II) incomplete clinical data; (III) pathological result of ALN 
status was missing. The research population recruitment 
pathway is presented in Figure 1. We selected 30 June 2019 
as the cutoff point to split the population into training and 
time-independent test cohort with a 4:1 ratio, as previously 
described (18). Finally, 190 patients who underwent surgery 
between 1 January 2018, and 30 June 2019, were included 
as the training group, and 49 patients who were treated 
between 1 July 2019, and 31 January 2020, were included as 
the validation group. 

Clinical data

The clinical features were retrieved from the PACS 
system, including age, lymph node status, and histologic 
tumor type.

B-Mode US examinations and tumor morphologic features 

Experienced examiners performed preoperative US 
examinations at our department. During the exam, the 
participant was placed in a supine position with both hands 
behind the head to expose the breasts and axilla fully. As a 
retrospective analysis, the US images were received from 
various US systems, including AixPlorer (SuperSonic 
Imagine, Aix-en-Province, France), Acuson S3000 (Siemens 
Medical Solutions, Mountain View, CA, USA), MyLab 
Twice (Esaote, Genoa, Italy), Resona 7 (Mindray, Shenzhen, 
China), and the probe frequency ranged from 5 to 13 MHz. 

For the target tumor, images of the best quality were 
selected from the PACS system for our study. The largest 
diameter, which measured in the most significant slice of 
the tumor, was defined as tumor size, the region of interest 
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(ROI) covering the tumor was manually delineated by an 
experienced radiologist using the commercial software 
MatLab (version 2019, MathWorks, Natick, MA, USA) on 
the grayscale US image. The circularity, eccentricity, and 
orientation parameters were directly calculated with the 
MatLab tool “regionprops.”

Circularity
The circularity parameter was calculated as (4*Area*pi)/

(Perimeter2). It specified the roundness of the tumor; for 
a perfect circle, the circularity value was 1. The circularity 
value was close to 0 if a tumor was very irregular in shape.

Eccentricity
This parameter was defined as the ratio of the distance 
between the foci of the ellipse and its primary axis length. 
The value of this feature was between 0 and 1. The 
eccentricity value was 0 if a tumor shape was a circle, and 
the value close to 1 if it’s like a line segment.

Orientation
Orientation was defined as the angle between the x-axis and 
the ellipse’s major axis that had the same second-moments 
as the region. The value of this parameter was in degrees 
and ranged from −90º to 90º. The axes and orientation 
of the ellipse are illustrated in Figure 2. We were able to 
quickly deduce that if the absolute value of orientation is 
greater than 45º, the tumor aspect ratio was >1.

ALN status

The ALN status was assessed with morphologic features, 
cortical thickness, and lymphoid hilar structure of the 
lymph node. A US-reported positive ALN status suspicious 
of metastasis was defined as the longest/shortest axes ratio 
<2, irregular cortical thickness greater than 3 mm, or 
absence of fatty hilum (12,16,19). The axillary node images 
in the database were independently evaluated by 2 authors 
involved in this study without them knowing the details of 
clinical and pathological data. If the results were different, 
the final outputs were decided via discussion with a senior 
doctor (Pintong Huang, with 20 years’ experience). 

Statistical analysis

The R software package (V3.6.3, https://www.R-project.
org/) was used for statistical analysis. Numeric data of all 
participants were expressed as mean ± standard deviation 
(SD). The descriptive statistics were divided into categorical 
and continuous variables. We used Pearson’s chi-square 
or Fisher’s exact test to compare differences in categorical 
variables. Continuous variables were analyzed by non-
parametric Mann-Whitney U test or Student t-tests. 
Multivariate logistic regression analysis was introduced to 
determine the optimum features that were related to ALN 
metastasis. A P value <0.05 was considered statistically 
significant.

Figure 1 Recruitment pathway for participant selection.

Patients with confirmed invasive breast cancer from 
January 2018 to January 2020

(n=285)

More than two weeks between US examination and 
surgery (n=5)

Incomplete clinical data or standard images (n=36)
Preoperative intervention or anticancer therapy (n=4)
US-reported tumor size was greater than 5 cm (n=1)

Patients enrolled in this study
(n=239)

Training Group
(n=190)

Validation Group
(n=49)

Divided
(4:1 ratio)

Figure 2 The relationship between orientation and tumor 
aspect ratio.
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To evaluate the intra-observer and inter-observer 
reproducibility of the parameters, we randomly chose 
additional 30 tumor images, 2 independent radiologists 
completed ROI segmentation, and 1 operator repeated the 
work 2 weeks later. The interclass correlation coefficients 
(ICCs) values were calculated. The parameters extraction had 
good repeatability if the ICCs values were greater than 0.80.

Results

After screening, there were 239 patients included in this 
study. Participant clinical characteristics in the training and 
validation groups are presented in Table 1. Participants with 
ALN metastases formed 33.16% (63/190) of the training 
group and 38.78% (19/49) of the validation group. The 
sensitivity and specificity of the US-reported ALN status in 
the training group and the validation group were 73.02% 
(46/63) and 89.76% (114/127), and 68.42% (13/19) and 
90.00% (27/30), respectively. Positive predictive values 
and negative predictive values were 77.97% (46/59) and 
87.02% (114/131), respectively, in the training group, and 

81.25 (13/16) and 81.82% (27/33) in the validation group, 
respectively.

The intra-observer ICCs value was 0.93, and the values 
ranged from 0.89 to 0.91 in inter-observer ICCs. These 
results indicated that the parameters in this work had good 
repeatability and stability.

There was a considerable difference in the tumor 
size parameter between participants with and those 
without ALN metastasis in the training group (P=0.049). 
Meanwhile, in the validation group, the difference was not 
statistically significant (P=0.910).

Both in the training and validation groups, there was 
a statistically significant difference in tumor circularity 
between participants diagnosed with and without ALN 
metastasis. The median value was 0.47 vs. 0.62 (P<0.001) in 
the training group and the value was 0.50 vs. 0.60 (P<0.001) 
in the validation group.

The tumor internal microcalcification parameter was 
statistically significant in the training group (P=0.024) but 
not in the validation group (P=0.163).

Using multivariable regression analysis, tumor circularity 

Table 1 Clinical characteristics of the training and the validation group

Characteristic

Training group (n=190) Validation group (n=49)

Negative for LN 
metastasis (n=127)

Positive for LN 
metastasis (n=63)

P value
Negative for LN 

metastasis (n=30)
Positive for LN 

metastasis (n=19)
P value

Age (y) 54.91 (9.54) 55.89 (9.91) 0.449 56.67 (9.73) 56.89 (9.65) 0.690

Size (cm) 1.98 (0.91) 2.23 (0.80) 0.049 2.10 (0.86) 2.23 (0.93) 0.910

Orientation (°) 22.50 (22.77) 23.80 (21.02) 0.345 22.83 (15.33) 15.77 (10.51) 0.149

Circularity 0.62 (0.15) 0.47 (0.15) <0.001 0.60 (0.11) 0.50 (0.12) <0.001

Eccentricity 0.72 (0.14) 0.73 (0.15) 0.255 0.71 (0.14) 0.68 (0.20) 0.943

Internal microcalcification 0.024 0.163

Yes 72 24 20 8

No 55 39 10 11

US-reported ALN status <0.001 <0.001

LN-positive 13 46 3 13

LN-negative 114 17 27 6

Histologic type 0.081 0.103

Ductal 67 30 13 10

Lobular or mixed 49 32 9 1

Other 11 1 8 8

Data are shown as mean ± SD. LN, lymph node; ALN, axillary lymph node; US, ultrasound. 
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and US-reported ALN status were selected from the 
following features: tumor size, tumor microcalcification, 
tumor circularity, and US-reported ALN status (P value: 
0.875, 0.395, <0.001, and <0.001, respectively). Table 2  
displays the multivariable regression analysis results 
with the chosen 2 parameters in the training group. The 
variance inflation factor (VIF) of the 2 parameters was 
1.07–1.79, suggesting there was no multicollinearity. Our 
clinical model was developed as a nomogram (Figure 3) 
incorporating tumor circularity and US-reported ALN 
status.

The ROC curves are displayed in Figure 4A,B. The 
clinical model had the most outstanding discrimination in 
the training group, and the area under the curve (AUC) 
reached 0.89. The model also presented a similar AUC 
value of 0.90 in the validation group. The calibration curves 
(Figure 4C,D) demonstrated that the predicted and observed 
ALN metastasis had durable consistency in the training 
and validation groups. Using the Hosmer-Lemeshow test, 
we got a non-statistically significant P value of 0.59 in the 
training group and 0.66 in the validation group, indicating 
that our model fits very well. Hence, our clinical model 
worked well in both the training group and the validation 

group.
To categorize the participants into high-risk and low-

risk ALN metastasis groups, based on the maximum Youden 
index, the nomogram scores’ best cutoff value was 89. In the 
training group, the sensitivity, specificity, and accuracy of 
the clinical model were 74.60% (47/63), 91.34% (116/127), 
and 85.79% (163/190), respectively. In the validation group, 
also showed excellent prediction efficacy with an AUC of 
0.90 (95% CI: 0.80 to 0.99), and the sensitivity, specificity, 
and accuracy were 68.42% (13/19), 90.00 (27/30), and 
81.63% (40/49), respectively. The decision curve analysis 
(DCA) based upon tumor circularity, US-reported ALN 
status, and clinical model is demonstrated in Figure 5. When 
the threshold probability for a patient ranged from 0.2 to 
0.9, the clinical model had the most clinical usefulness for 
predicting ALN metastasis. 

Discussion

This study was designed to assess the US use as a non-
invasive and cheap method for preoperative diagnosis of 
ALN status in patients with ESIBC. The results showed 
that the tumor circularity and US-reported ALN status 

Table 2 The results of the multivariable regression analysis

Characteristic
Nomogram

AUC Sensitivity Specificity Accuracy
Coefficient OR (95% CI) P value

Circularity −6.381 0.224 (0.112 to 0.447) <0.001

US-ALN status* 3.136 23.019 (9.373 to 56.531) <0.001

Training group 0.89 (0.84–0.94) 74.60% (47/63) 91.34% (116/127) 85.79% (163/190)

Validation group 0.90 (0.80–0.99) 68.432% (13/19) 90.00% (27/30) 81.63% (40/49)

*US-ALN status is US reported ALN status. OR, odds ratio; CI, confidence interval; US-ALN, ultrasound-axillary lymph node; AUC, area 
under the curve. 
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Figure 3 The clinical model nomogram developed with tumor circularity and US-reported ALN status for the prediction of ALN status. 
US, ultrasound; ALN, axillary lymph node. 
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Figure 4 ROC curves and calibration curves. (A,B) The ROC curves of  the training group and the validation group; (C,D) calibration 
curves of the nomogram in the training group and the validation group. ROC, receiver operating characteristic.
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were significantly associated with ALN metastasis. The 
clinical model nomogram based on circularity and US-
reported ALN status had high accuracy in predicting ALN 
status in our research population. The AUC was 0.89 in 
the training group and 0.90 in the validation group, and the 
accuracy was 85.79% and 81.63%, respectively.

The ALN status plays an essential role in ESIBC 
patients’ prognosis with clinically negative axillary disease 
(6,20). Examination with the US is a convenient, non-
invasive, and inexpensive method used extensively in 
diagnosing breast tumors and ALN evaluation. Recently, 
some researchers have explored the value of using the US 
features of primary breast tumors to predict ALN metastasis 
(19,20). In their studies, tumor shape, tumor size, tumor 
doppler flow, and the tumor’s distance from the nipple 
have been recognized as independent predictive factors for 
ALN metastasis. However, many of those factors are very 
subjective, especially tumor shape and doppler flow. The 
following non-invasive and preoperative parameters were 
analyzed in the current study to make our model more 
objective.

Tumor size

A commonly accepted theory is that as cancer expands, cells 
inside the tumor gain the capability to propagate, survive, 
and flourish within the regional lymph nodes. Consequently, 
in breast cancer patients, tumor size at diagnosis is linked to 
an increased likelihood of ALN metastasis. In our study, the 
result in the training group was similar to earlier research 
(21,22), but in the validation group, the P value was 
higher than 0.05, suggesting that there was no statistically 
significant difference in the tumor size between participants 
with and those without ALN metastasis in this group. 
There may be several reasons for this outcome: (I) the 
validation sample volume was tiny, and selection bias may 
have existed; (II) the connection between the tumor size and 
ALN metastasis may have been non-linearly correlated (21). 
Due to the P value of this parameter, it was not enrolled in 
the current study. The prognostic value of it is, however, 
still unclear, and further studies will be needed.

Tumor circularity

The tumor shape specifically reflects cancer growth 
characteristics. A benign tendency tumor usually has an 
expansive and slow-growing pattern, and as a result, the 

tumor will have a round shape. On the other hand, a tumor 
with an irregular shape typically represents an infiltrative 
growth model, which indicates fast-growth and a destructive 
tendency. Hence, the tumor shape characteristic indicates 
cancer cells’ ability to invade the surrounding tissues (20). 
Tumor circularity is a quantitative parameter presented 
with an actual number and is an objective feature of tumor 
shape. Our study indicated that the circularity value was 
significantly associated with ALN metastasis both in the 
training and validation groups.

There are many available imaging methods for ALN 
assessment in patients diagnosed with ESIBC, including 
mammography, computed tomography, MRI (23), and 
US (6,24). Compared with other imaging modalities, the 
axillary US exam is more convenient and effective (6,25). 
The earlier study showed that by using the parameters of 
the ALN morphologic features, cortical thickness, blood 
flow, lymphoid hilar structure, and boundary to depict 
nonpalpable metastatic lymph nodes with the US, the 
sensitivity and specificity ranged from 26% to 76% and 
88% to 98%, respectively (26). The present work result 
was similar to the previous study, but our work’s diagnostic 
criteria, such as L/S ratio, cortical thickness, and absence of 
fatty hilum, were quantitative characteristics.

Until now, there have been some nomograms established 
by clinical researches to predict ALN status (9,17,27); but 
in several studies (9,27), the variables included estrogen 
receptor (ER), progesterone receptor (PR), and tumor type, 
which can be obtained only via preoperative biopsy. Yu  
et al. (17) developed a US-based radiomics nomogram, and 
the AUC was 0.84, but the radiomics research of grayscale 
US imaging still lacked reproducibility because of non-
standardized acoustic intensity and different US equipment 
with various settings. In our study, the tumor circularity was 
an objective parameter, and the variation between different 
equipment was rather small. Additionally, the clinical 
nomogram we developed used only 2 parameters that can 
be easily acquired preoperatively, and meanwhile, the AUC 
was similar to that of previous studies. 

This retrospective study had some limitations. Firstly, 
our clinical model, which was established and validated for 
ALN status evaluation, was performed in a single hospital 
with limited sample size. Secondly, as retrospective research, 
it was difficult to identify which lymph nodes were biopsied 
or dissected and match the pathologic results to the images 
we analyzed. Thirdly, the images stored in our PACS system 
were acquired by different doctors of varied experience, 
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resulting in selection bias.

Conclusions

This clinical model based on tumor circularity and US- 
reported ALN status is a non-invasive approach for ALN 
metastasis prediction in ESIBC patients, and it can provide 
guidance and support for clinical activities.
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