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Background: Overtreatment of axillary lymph node dissection (ALND) may occur in
patients with axillary positive sentinel lymph node (SLN) but negative non-SLN (NSLN).
Developing a magnetic resonance imaging (MRI)-based radiomics nhomogram to predict
axillary NSLN metastasis in patients with SLN-positive breast cancer could effectively
decrease the probability of overtreatment and optimize a personalized axillary surgical
strategy.

Methods: This retrospective study included 285 patients with positive SLN breast
cancer. Fifty five of them had metastatic NSLNs and 230 had non-metastatic NSLNSs.
MRI-based radiomic features of primary tumors were extracted and MRI morphologic
findings of the primary tumor and axillary lymph nodes were assessed. Four models,
namely, a radiomics signature, an MRI-clinical nomogram, and two MRI-clinical-radiomics
nomograms were established based on MRI morphologic findings, clinicopathologic
characteristics, and MRI-based radiomic features to predict the NSLN status. The
optimal predictors in each model were selected using the 5-fold cross-validation (CV)
method. Their predictive performances were determined by the receiver operating
characteristic (ROC) curves analysis. The area under the curves (AUCs) of different
models was compared by the Delong test. Their discrimination capability, calibration
curve, and clinical usefulness were also assessed.

Results: The 5-fold CV analysis showed that the AUCs ranged from 0.770 to 0.847 for
the radiomics signature, from 0.720 to 0.824 for the MRI-clinical nomogram, from 0.843
to 0.932 for the MRI-clinical-radiomics nomogram. The optimal predictive factors in the
radiomics signature, MRI-clinical nomogram, and MRI-clinical-radiomics nomogram were
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one texture feature of diffusion-weighted imaging (DWI), two clinicopathologic features
together with one MRI morphologic finding, and the DWI-based texture feature together
with the two clinicopathologic features plus the one MRI morphologic finding, respectively.
The MRI-clinical-radiomics nomogram with CA 15-3 included achieved the highest AUC
compared with the radiomics signature (0.868 vs. 0.806, P <0.001) and MRI-clinical
nomogram (0.868 vs. 0.761; P <0.001). In addition, the MRI-clinical-radiomics nomogram
without CA 15-3 showed a higher performance than that of the radiomics signature (AUC,
0.852 vs. 0.806, P = 0.016) and the MRI-clinical nomogram (AUC, 0.852 vs. 0.761, P =
0.007). The MRI-clinical-radiomics nomograms showed good discrimination and good
calibration. Decision curve analysis demonstrated that the MRI-clinical-radiomics
nomograms were clinically useful.

Conclusion: The MRI-clinical-radiomics nomograms developed in our study showed
high predictive performance, which can be used to predict the axillary NSLN status in
SLN-positive breast cancer patients before surgery.

Keywords: multiparametric magnetic resonance imaging, nomograms, sentinel lymph node, lymph node excision,

breast neoplasms

INTRODUCTION

Breast cancer is the first high incidence of malignant tumor and
the leading cause of death by cancer among female patients (1).
Axillary lymph node (ALN) status assessment is of great
significance to stage breast cancer and guides the treatment
decision-making (2). Nowadays, sentinel lymph node biopsy
(SLNB) has substituted for the ALN dissection (ALND) to
assess the ALN metastasis in early-stage breast cancer patients
(3). Despite a high risk that non-sentinel lymph nodes (NSLNs)
metastasis may occur in patients with metastatic sentinel lymph
nodes (SLNs) (4, 5), not all patients with a positive SLN would
necessarily have a positive NSLN. Indeed, the Z0011 randomized
clinical trial showed that only approximately 27.3% of patients
with 1 or 2 positive SLNs had NSLN metastasis (6). Other studies
showed that 32.1-63% of patients with positive SLNs had NSLNs
metastasis, as confirmed by ALND following SLNB (4, 5). These
results demonstrate that a considerable number of patients with
positive SLN might have negative NSLN; these patients may
suffer from overtreatment of ALND (7). Therefore, to avoid
unnecessary ALND in a patient with positive SLN but negative
NSLN, developing a method to predict the absence or presence of
NSLN metastasis is desperately needed.

Previously, several clinicopathologic nomograms (Memorial
Sloan Kettering Cancer Center, Mayo, Cambridge, Stanford, and
Ljubljana) and scoring systems (Tenon, MD Anderson Cancer
Center, and Saidi) have been established to predict the NSLN
status (7-14). However, all these models were developed based
on pathologic features of the SLN, which could only be obtained
from invasive axillary procedures. In addition, except for the
Ljubljana nomograms in which preoperative axillary US
examination was used as the predictors (7), none of these
models have used radiologic features from diagnostic imaging.
To date, noninvasive magnetic resonance imaging (MRI) has
been recommended as a sufficient tool to comprehensively

evaluate ALN status before treatment (15). However, MRI
mainly relies on the morphologic criteria to assess the status of
the ALN, which showed high specificity but low sensitivity in
identifying the ALN metastasis (16). Radiomics could quantify
heterogeneity of inter-tumor and intra-tumor by extracting high-
throughput data from MR images (17, 18). Previously, MRI-
based radiomics of the primary breast cancer has been used to
predict the ALN metastasis with an area under the curve (AUC)
ranging from 0.81 to 0.92 in training and 0.74 to 0.90 in the
validation datasets (19-22), and the SLN burden with a reported
AUC of 0.82, 0.81, and 0.81 in the training, validation, and test
dataset, respectively (23). However, whether MRI-based
radiomics could be applied to predict the NSLN metastasis in
breast cancer patients with positive SLNs remains to
be determined.

In this study, a large cohort of patients with SLN-positive
breast cancer was retrospectively included. Radiomic features of
the primary breast tumor on pretreatment multiparametric MRI
were extracted, and the MRI-based radiomics signature was
constructed to predict the NSLN metastasis. In addition,
predictive clinicopathologic features and MRI morphologic
findings of breast tumors before treatment were identified to
develop an integrative predictive MRI-clinical-radiomics
nomogram. The purpose of this study was to develop an MRI-
based radiomics model to predict the NSLN metastasis in breast
cancer patients with positive SLNs.

MATERIALS AND METHODS

Patients and Study Design

This study was approved by the Institutional Review Board of
Sun Yat-sen Memorial Hospital, Sun Yat-sen University, and the
informed consent was waived because of the nature of the
retrospective study. A total of 306 consecutive women with
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pathologically confirmed primary breast carcinoma were
collected from the hospital medical record system between
April 2016 and September 2018. The patient enrollment
workflow is shown in Figure 1. Patients were included if they
(i) underwent multiparametric breast MRI examination before
breast and axillary surgery; (ii) underwent SLNB and ALND with
at least one pathologically positive SLN. The exclusion criteria
were as follows: (i) chemotherapy, endocrine therapy, targeted
therapy, or radiotherapy before surgery; (ii) recurrent breast
malignant tumor; (iii) a history of ipsilateral breast lesion
excision; (iv) distant metastasis; and (v) bilateral, multicentric,
multifocal, or non-mass-type breast cancer. A total of 285
patients were included. According to the pathologic results of
ALND, 285 patients were divided into two groups: the metastatic
NSLN group in which at least one NSLN was metastasis
(micrometastasis or macrometastasis) pathologically (n = 55)
and the non-metastatic NSLN group (n = 230) in which none of
NSLN was metastasis pathologically.

Clinicopathologic Characteristics

All patients were treated by surgery, namely, breast tumor
resection, SLNB, and ALND. SLNB was performed by using
the methylene blue technique, as previously described (24). The
status of NSLN was identified by ALND and subsequent
pathologic examination. The clinicopathologic data, namely,

age, family history of breast cancer, palpable breast mass,
clinical tumor staging, carcinoembryonic antigen (CEA) level,
carbohydrate antigen 15-3 (CA 15-3) level, cytokeratin-19-
fragment level, pathologic type of breast cancer, lymphovascular
invasion, estrogen receptor (ER) status, progesterone receptor
(PR) status, human epidermal growth factor receptor-2 (HER-2)
status, Ki-67 status, the number of pathologically proved
metastatic SLNs, and the number of pathologically proved
metastatic ALNs were collected from the electronic medical
record system and pathologic system. Clinical tumor staging
was evaluated following the guidelines of the TNM staging
system proposed by the American Joint Committee on Cancer
(25). In addition, the ALN status determined by preoperative
axillary ultrasound (US) examination or US-guided fine-
needle aspiration biopsy (FNAB) was collected from the
electronic medical record system. The presence of ALN
metastasis on US was assessed according to the following
abnormal morphologic features: lobulated or eccentric cortex,
dislocated and/or absence of fatty hilum, eccentric or concentric
thickening >2 mm, a cortex-to-hilum ratio 1, or a longitudinal
axis-to-transverse axis ratio <2 (26). During US evaluation, the
typical location of the SLN (i.e., axillary tail area) was paid special
attention. A biopsy sample was obtained from the most
suspicious ALN that showed the above abnormal morphologic
characteristics (26).

Patients excluded (z = 15):

lymph node; NSLN, non-sentinel lymph node.

@ Bilateral breast cancer (7= 1)
® Multicentric/multifocal breast cancer (7= 1)
® Non-mass-type breast cancer (7 = 2)

Women who confirmed by pathologic examination with breast carcinoma
(7 =306)

® Chemotherapy before surgery (z = 5)
@ Endocrinetherapy before surgery (z = 3)

> @ Radiation therapy before surgery (7 = 2)
@ Ipsilateral breast surgery history (z = 5)
@ Targeted therapy before surgery (z = 0)

Preoperative multiparameteric breast MRI examination
(7=291)
Patients excluded (7 = 6):
@ Recurrent breast malignant tumor (7 = 0)
‘ s @ Distant metastasis (7= 2)

Patients underwent SLNB and ALND with pathologic results of SLN and NSLN
(n=285)

FIGURE 1 | Patient enrollment workflow. MRI, magnetic resonance imaging; SLNB, sentinel lymph node biopsy; ALND, axillary lymph node dissection; SLN, sentinel
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Multiparametric MRI Acquisition

MRI was performed on a 1.5 T MR scanner (Magnetom Avanto,
Siemens Medical Solutions) with an 8-channel phased-array
breast coil (Siemens Medical Solutions). The patients were
placed in the prone position with a body parallel to the
shoulders, and both breasts were naturally suspended in the
coil. The sequences included axial T2-weighted imaging (T2WI),
axial T1-weighted imaging (T1WI), axial diffusion-weighted
imaging (DWI) with readout segmented echo planar imaging,
followed by axial dynamic contrast-enhanced imaging (DCE),
axial and coronal delayed contrast-enhanced TIWI (T1 + C).
Two dynamic phases of DCE acquisition (40 phases with a
temporal resolution of 8 s) were initially performed. And then,
all patients underwent intravenous bolus injection of Gd-DTPA-
BMA (Omniscan, GE Healthcare; dose = 0.1 mmol/kg body
weight; flow rate = 3.5 ml/s) through a high-pressure contrast
agent injector (Spectris, Medrad). The T1 + C images were
obtained immediately after the DCE imaging was finished. The
detailed acquisition parameters are shown in Table 1.

MRI Morphologic Analysis

Morphologic findings of MRI were assessed by two radiologists
(ZY and YQ, with 12 and 7 years of clinical experience in breast
MRI diagnosis, respectively) who knew breast cancer diagnosis
but were blinded to other clinicopathologic information. All MRI
sequences of each patient were available during the morphologic
assessment. Any disagreement between the two radiologists was
resolved by consultation of another senior radiologist (JS with 20
years of clinical experience in breast MRI diagnosis), and a final
diagnosis was made by this senior radiologist. For morphologic
analysis, MRI findings, namely, the quadrant of breast cancer,
long diameter of breast cancer, presence of ALN metastasis,
number of metastatic ALN, and short diameter of the largest
ALN, were evaluated. The quadrant of breast cancer and the long
diameter of breast cancer were measured on axial or coronal T1
+ C image in which the primary tumor showed the largest
section. All lymph nodes in the axilla were evaluated on axial
and coronal T1 + C images. The ALN metastasis was assessed
according to previously morphologic criteria as follows: the
disappearance of hilum structure (27), lymphatic hilum
displacement, eccentric cortical thickening, short diameter
>1 cm, or the ratio of long to a short diameter less than 2 (28).
The number of metastatic ALN was recorded. The short

diameter of the largest ALN was measured on the axial T1 +
C image.

Radiomic Feature Extraction

The flowchart and radiomics analysis workflow are shown in
Figure 2. First, the primary breast cancer was segmented
manually by investigator 1 (XZ, with 10 years of clinical
experience in breast MRI diagnosis) to separately create a
volume of interest (VOI) on DWI images, apparent diffusion
coefficient (ADC) maps, T2WI images, and T1 + C images using
the ITK-SNAP (version 3.6.0). Investigator 1 repeated the tumor
segmentation in a randomized selecting dataset (n = 60) after 2
weeks, and investigator 2 (JH, with 3 years of clinical experience
in breast MRI diagnosis) independently performed the
segmentation in these 60 patients using the same method as
that of investigator 1. Second, radiomic feature extraction was
performed using the PyRadiomics toolkit (version 3.0.1) written
in Python (version 3.8.3). All the segmented images were
interpolated to normalize the spatial resolution in X, Y, and Z
directions. For each patient, 1,595 radiomic features were
extracted from the initial VOIs and the wavelet filtered, and
intensity transformed DWI, ADC, T2WI, and T1 + C images. A
total of 6,380 radiomic features were extracted from the primary
breast tumors of these four sequences. Details of radiomic
features are shown in Supplementary Table 1. Third, the
intraclass correlation coefficients (ICCs) for the extraction of
NSLN metastasis-related radiomic features were assessed by the
reproducibility of intra-investigator (first segmentation of
investigator 1 vs. second segmentation of investigator 1) and
inter-investigator (first segmentation of investigator 1 vs.
segmentation of investigator 2), respectively. A good agreement
was considered when an ICC was greater than 0.75.

Development of Predictive Models

MRI morphologic findings, clinicopathologic characteristics, and
MRI-based radiomic features were selected to develop three
kinds of predictive models, namely, a radiomics signature and
two integrative models. For the two integrative predictive
models, one was the MRI-clinical nomogram where the
independent predictors of MRI morphologic findings and
predictive clinicopathologic characteristics were included; the
other was the MRI-clinical-radiomics nomogram where the
independent predictors of MRI morphologic findings,

TABLE 1 | Multiparametric MRI and acquisition parameters.

Sequence TR/TE FOov Matrix Acquisition Slice gap Fat Flip Slice thickness b value
(ms) (mm) time (s) (mm) suppression angle (mm) (s/mm?)

T2WI 2,500/107 350 x 50 384 x 256 174 1 yes 111° 4 -

TiWI 6.86/2.39 350 x 350 384 x 256 17 1 yes 111° 4 -

DWI 5,400/119 350 x 350 128 x 128 165 1 yes 90° 4 0/800

DCE 4.95/2.28 360 x 360 384 x 224 332 0.8 yes 15° 1.6 -

T1 + C (Axial) 4.85/2.34 360 x 360 320 x 320 65 0.2 yes 5° 1.4 -

T1 + C (Coronal) 6.88/62.39 360 x 360 384 x 384 81 0.4 no 111° 2 -

TR, repetition time; TE, echo time; FOV, field of view; T2WI, T2-weighted imaging; T1WI, T1-weighted imaging; DWI, diffusion-weighted imaging;, DCE, dynamic contrast-enhanced
imaging; T1+C, contrast-enhanced T1-weighted imaging.
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Study Flowchart Radiomics Analysis Workflow
FIGURE 2 | Study flowchart and radiomics analysis workflow. The green rectangular boxes in the study flowchart represent three different non-sentinel lymph node
predictive models, namely, radiomics signature, MRI-clinical-radiomics nomogram, and MRI-clinical nomogram. MRI, magnetic resonance imaging; LASSO,
shrinkage and selection shrinkage and selection operator; T2WI, T2-weighted imaging; T1 + C, delayed contrast-enhanced T1-weighted imaging; DWI, diffusion-
weighted imaging; ADC, apparent diffusion coefficient; VOI, volume of interest.

predictive clinicopathologic characteristics, and radiomics
signature were included. To construct integrative predictive
models, the Mann-Whitney U test was used to compare the
MRI morphologic findings and clinicopathologic characteristics
between the metastatic NSLN group and the non-metastatic
NSLN group. Multivariable logistic regression was then applied
to select independent predictors of NSLN metastasis from the
MRI morphologic findings and clinicopathologic characteristics.
For radiomics analysis, the Mann-Whitney U test was
performed to select the statistically significant radiomic
features between metastatic NSLN group and non-metastatic
NSLN group, followed by the least absolute shrinkage and
selection operator (LASSO) regression to identify the NSLN
metastasis-related radiomic features. The radiomics signature
was presented as a radiomics score and constructed by
combining the NSLN metastasis-related radiomic features,
weighted by the corresponding coefficients of LASSO
regression. To determine the optimal independent predictors
in each model, a 5-fold cross-validation (CV) analysis was
performed by training and testing five separate models to
select the most robust predictors (29). For the 5-fold CV
analysis, the entire dataset was randomly divided into five
subsets, four subsets used for training and another one subset
used for testing. This process was repeated five times and five
training CV folds and five internal validation CV folds were
obtained. The receiver operating characteristic (ROC) curve
analysis was used to assess the predictive performance of each
model. The area under the curve (AUC) was calculated and
compared among different models by the DeLong test (30).

Performance and Usefulness of

Predictive Models

The most robust predictors in the radiomics signature, the MRI-
clinical nomogram, and the MRI-clinical-radiomics nomogram
selected by the 5-fold CV analysis were used to construct the final
predictive models. The performances of the final models of the
radiomics signature, MRI-clinical nomogram, and MRI-clinical-
radiomics nomogram were determined by the ROC curves
analysis in the entire dataset. Their AUCs were compared by
the Delong test. The calibration of the final radiomics signature,
MRI-clinical nomogram, and MRI-clinical-radiomics
nomograms was evaluated using the calibration curves with the
Hosmer-Lemeshow test. In addition, the decision curve analysis
(DCA) was conducted respectively to assess the clinical use of the
final predictive models presenting as the net benefit at different
threshold probabilities (31).

Statistical Analysis

Descriptive statistics were summarized as median (quartile
range) for continuous variables or as frequencies with
percentages for categorical variables. The continuous variables
were compared between different groups by using the t-test. The
categorical variables were compared between different groups
using Pearson’s ° or Fisher exact test. The comparison of
continuous and categorical variables and ICCs for the feature
extraction of intra- and inter-investigator was conducted on
SPSS 25. The Mann-Whitney U test, LASSO regression,
multivariable logistic regression, 5-fold CV, ROC analysis with
AUC values calculating, calibration curves, and DCA were
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performed using the R software (version 4.0.1). P <0.05 was
considered statistically significant.

RESULTS

Clinicopathologic Characteristics and MRI
Morphologic Findings

The clinicopathologic characteristics and MRI morphologic
findings of 55 patients with metastatic NSLN and 230 patients
without metastatic NSLN are summarized in Table 2. The time
between the breast MRI and surgery ranged from 1 to 12 days,
with a median of 5 days. There were significant differences in CA
15-3 status (P <0.001), pathologic types of breast cancer (P =
0.005), lymphovascular invasion (P = 0.001), MRI-determined
presence of ALN metastasis (P = 0.018), and MRI-determined
short diameter of the largest ALN (P <0.001) between metastatic
and non-metastatic NSLN groups. Most of the patients (272 of
285, 95.4%) had preoperative US results of ALN status. Among
these 272 patients, 246 patients had negative results on axillary
US examination, and 26 patients had positive results on axillary
US examination but negative results US-guided FNAB. Based on
the entire dataset of 285 patients, multivariable logistic
regression showed that one MR-determined finding (MRI-
determined short diameter of the largest ALN), and two
clinicopathologic characteristics (CA 15-3 and lymphovascular
invasion of breast cancer) were the independent predictors of the
NSLN metastasis (Table 3). Based on the dataset of 272 patients
having preoperative axillary US results, US-reported ALN status
was an independent predictor of the NSLN metastasis (Table 3).
Other MRI morphologic findings and clinicopathologic
characteristics were not selected as the independent predictors
of the NSLN metastasis (Supplementary Table 2).

Radiomic Feature Extraction

A total of 6,380 radiomic features were extracted from DWI,
ADC, T2WI, and T1 + C images of the primary breast tumors for
each patient. The ICCs of these radiomic features ranged from
0.797 t0 0.981 and 0.773 to 0.976 for intra- and inter-investigator
segmentation, respectively, indicating a good reproducibility for
radiomic feature extraction.

Development of Different

Predictive Models

For the radiomics signature, the MRI-clinical nomogram and the
MRI-clinical-radiomics nomogram, the selected independent
predictors and their AUCs in each training and internal
validation CV fold of the 5-fold CV analysis are shown in
Table 4. The AUCs ranged from 0.774 (95% CI, 0.675-0.873)
to 0.847 (95% ClI, 0.757-0.937) in the training CV fold and from
0.770 (95% CI, 0.654-0.886) to 0.820 (95% CI, 0.749-0.891) in
the internal validation CV fold for the radiomics signature, from
0.758 (95% CI, 0.662-0.854) to 0.824 (95% CI, 0.729-0.919) in
the training CV fold and from 0.720 (95% CI, 0.598-0.843) to
0.762 (95% CI, 0.685-0.840) in the internal validation CV fold

for the MRI-clinical nomogram, and from 0.850 (95% CI, 0.764-
0.936) t0 0.932 (95% CI, 0.871-0.993) in the training CV fold and
from 0.843 (95% CI, 0.745-0.943) to 0.904 (95% CI, 0.849-0.959)
in the validation CV fold for the MRI-clinical-radiomics
nomogram. The comparisons of the performances among
different predictive models in each training CV fold and
internal validation CV fold are shown in Table 5. The AUCs
of the MRI-clinical-radiomics nomogram were higher than those
of the radiomics signature (P <0.001-0.059) and the MRI-clinical
nomogram (P = 0.003-0.050). Although Fold 1 model of MRI-
clinical-radiomics nomogram appeared to perform the best in
training and also validation and in comparison with other
models, the most robust variables selected by each CV fold
were four features, namely, an MRI morphologic finding (short
diameter of the largest ALN), two clinicopathologic features (CA
15-3 and lymphovascular invasion of breast cancer), and a
texture feature of DWI (DWI_original_GLDM_Small_
Dependence_High_GrayLevel_Emphasis), which were
considered as the optimal independent predictors and used for
final model construction.

Performance and Clinical Usefulness of
Different Predictive Models

The final model of the MRI-clinical-radiomics nomogram is
shown in Figure 3A. ROC analysis showed that the final model
of the MRI-clinical-radiomics nomogram had an AUC of 0.868,
which was significantly higher than that of radiomics signature
(0.868 vs. 0.806, P <0.001) and MRI-clinical nomogram (0.868
vs. 0.761, P <0.001) (Figure 3B). As the CA 15-3 is not a
standard of care for prediction of NSLN metastasis, the MRI-
clinical-radiomics nomogram, namely, an MRI morphologic
finding (short diameter of the largest ALN), a clinicopathologic
features (lymphovascular invasion of breast cancer), and a
texture feature of DWI (DWI_original GLDM_Small_
Dependence_High_GrayLevel_Emphasis) but without CA 15-3
were also constructed. This MRI-clinical-radiomics nomogram
had an AUC of 0.852, which was significantly higher than those
of radiomics signature (0.852 vs. 0.806, P = 0.016) and MRI-
clinical nomogram (0.852 vs. 0.761, P = 0.007) in predicting
NSLN metastasis in the entire dataset (Figure 3C). The
calibration curves (Figure 3D) indicated an excellent
calibration capability of the MRI-clinical-radiomics nomogram
with or without CA 15-3, and the Hosmer-Lemeshow test
showed a P-value of 0.291 and 0.296, respectively, suggesting a
favorable calibration in terms of the agreement between the
predicted risk and actual probability for NSLN metastasis. The
decision curve analysis showed that if the threshold probability is
between 0.1 and 0.6, using the MRI-clinical-radiomics
nomograms with or without CA 15-3 to predict NSLN
metastasis adds more benefit than either treating-all or
treating-no patients (Figure 4). Additionally, the radiomics
score of each patient is shown in Figure 5A. The radiomics
scores in the non-metastatic NSLN group were higher than those
in the metastatic NSLN group (0.210 [-0.471, 0.822] vs. —0.980
[-1.270, -0.401], P <0.001). The comparison of radiomics scores
between the two groups is shown in Figure 5B.
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TABLE 2 | Clinicopathologic characteristics and MRI morphologic findings of patients with and without metastatic NSLN.

Characteristic Non-metastatic NSLN (n = 230) Metastatic NSLN (n = 55) P-value
Age (median, quartile range), years 49 (44, 58) 50 (45, 59) 0.337°
Family history of breast cancer 0.578*
No 227 (98.7) 54 (98.2)
Yes 3(1.3 1(1.8)
Palpable breast mass 0.028°
No 215 (93.5) 46 (83.6)
Yes 15 (6.5) 9(16.4)
Clinical tumor staging 0.100°
T 117 (50.9) 21(38.2
T2 113 (49.1) 34 (61.8
CEA* 0.738*
Negative 219 (95.2) 52 (94.5)
Positive 11 (4.8) 3 (5.5
CA 15-3* <0.001%
Negative 218 (94.9) 42 (76.4
Positive 12 (5.2) 13 (23.6
CYFR 21-1* 0.063°
Negative 171 (74.3) 34 (61.8)
Positive 59 (25.7) 21(38.2)
Pathologic type of breast cancer 0.005%*
IDC 189 (82.2) 44 (80.0)
ILC 3(1.3 5(9.1)
Others’ 38 (16.5) 6 (10.9)
Lymphovascular invasion 0.001%
No 181 (78.7) 31 (66.4
Yes 49 (21.3) 24 (43.6)
ER status 0.453
Negative 48 (20. 9) 9(16.4)
Positive 182 (79.1) 46 (83.6)
PR status 0.546°
Negative 81 (35.2) 17 (30.9)
Positive 149 (64.8) 38 (69.1)
HER-2 status 0.248*
Negative 3(1.3 2(3.6)
Positive 227 (98.7) 53(96.4)
Ki-67 status 0.354°
Negative (<14%) 46 (20) 8(14.5)
Positive (>14%) 184 (80.0) 47 (85.5)
MRI-determined quadrant of breast cancer 0.154%
Central quadrant 10 (4.3) 1(1.8)
Outer-upper quadrant 83 (36.1) 26 (47.8)
Outer-lower quadrant 42 (18.3) 14 (25.5)
Upper-inner quadrant 64 (27.8) 8 (14.5)
Lower-inner quadrant 31 (13.5) 6 (10.9)
MRI-determined long diameter of breast cancer (median, quartile range), mm 19.75 (151, 25.7) 22.2 (16.6, 29) 0.074°
MRI-determined presence of ALN metastasis 0.018°
No 218 (94.8) 46 (83.6)
Yes 12 (5.2) 9 (16.4)

(Continued)
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TABLE 2 | Continued

Characteristic Non-metastatic NSLN (n = 230) Metastatic NSLN (n = 55) P-value
MRI-determined number of metastatic ALN 0.0774
<1 218 (94.8) 46 (83.6)

<2 8 (3.5 6(10.9)

<3 4(1.7) 3 (5.5

MRI-determined short diameter of the largest ALN (median, quartile range), mm 3.60 (2.7,5.3) 5.7 (3.8,8.9) <0.001"*
US-reported ALN status* 0.041°
Negative 202 (92.2) 44 (83)

Positive 17 (7.8) 9(17)

Numbers in the parentheses were presented as percentages. NSLN, non-sentinel lymph node; CEA, carcinoembryonic antigen; CA 15-3, carbohydrate antigen 15-3, CYFR 21-1, cytokeratin-19-fragment; IDC, invasive ductal carcinoma, ILC,
invasive lobular carcinoma; ER, estrogen receptor, PR, progesterone receptor; HER-2, human epidermal growth factor receptor-2; MRI, magnetic resonance imaging; mm, millimeter; ALN, axillary lymph node; US, ultrasound.

"Others include intraductal papillary carcinoma, ductal carcinoma in situ, lobular carcinoma in situ, neuroendocrine carcinoma, mucinous carcinoma.
*Data was based on 272 patients who underwent US examination in Sun Yat-sen Memorial Hospital, Sun Yat-sen University.

#Laboratory analysis of CEA, CA 15-3, and CYFR 21-1 were performed through blood tests within 1 week before surgery. CEA level <5 ng/mi, CA 15-3 level <25 U/ml, and CYFR 21-1 level <3.3 ng/ml were set as the normal ranges.

*Continuous variables were compared by using the Nonparametric test.
ACategorical variables were compared by using the Fisher exact test.
“Categorical variables were compared by using Pearson’s X test.
*P-value <0.05.

TABLE 3 | Multivariate logistic regression analysis of predictors of NSLN metastasis prediction in patients with breast cancer based on entire dataset.

Variables B Odds ratio (95% CI)* P-value
MRI-determined short diameter of the largest ALN 0.342 1.408 (1.195-1.658) <0.001*
US-reported ALN status* 1.829 6.227 (1.871-20.727) 0.003*
CA15-3 2.006 7.436 (2.237-24.719) 0.001*
Lymphovascular invasion of breast cancer 1.612 5.012 (2.213-11.355) <0.001*

Cl, confidence interval; MRI, magnetic resonance imaging; ALN, axillary lymph node; CA 15-3, carbohydrate antigen 15-3; US, ultrasound.

AData in parentheses are 95% confidence intervals.
*# Data was based on 272 patients who had preoperative axillary US results.
*P-value < 0.05.
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TABLE 4 | Five-fold cross-validation analysis of different predictive models.

Predictive Model Fold
Sequence

Selected Variable

AUC (95% ClI)
in training CV fold

AUC (95% ClI)
in internal validation CV fold

Radiomics signature Fold 1

Fold 2
Fold 3

Fold 4

Fold 5

MRI-clinical nomogram Fold 1

Fold 2

Fold 3

Fold 4

Fold 5

MRI-clinical-radiomics Fold 1

nomogram

Fold 2

Fold 3

Fold 4

DWI_Original GLDM Small Dependence High Gray Level
Emphasis

ADC_Wavelet LLH First order 10 Percentile
ADC_Wavelet HHH NGTDM Contrast

ADC_Wavelet HHL GLDM Small Dependence Low Gray
Level Emphasis

DWI_Original GLDM Small Dependence High Gray Level
Emphasis

DWI_Original GLDM Small Dependence High Gray Level
Emphasis

DWI_Original GLDM Small Dependence High Gray Level
Emphasis

ADC_Wavelet LLH First order 10 Percentile
ADC_Wavelet HHH NGTDM Contrast

ADC_Wavelet HHL GLDM Small Dependence Low Gray
Level Emphasis

DWI_Original GLDM Small Dependence High Gray Level
Emphasis

CA15-3

Lymphovascular invasion

MRI-determined short diameter of the largest ALN

CA 15-3

Lymphovascular invasion

MRI-determined short diameter of the largest ALN

CA 15-3

Lymphovascular invasion

MRI-determined short diameter of the largest ALN
CA15-3

CYFR 21-1

Lymphovascular invasion

Pathologic type of breast cancer

MRI-determined short diameter of the largest ALN
CA15-3

CYFR 21-1

Lymphovascular invasion

Pathologic type of breast cancer

MRI-determined short diameter of the largest ALN

MRI BI-RADS

CA 15-3

Lymphovascular invasion

MRI-determined short diameter of the largest ALN
DWI_Original GLDM Small Dependence High Gray Level
Emphasis

ADC_Wavelet LLH First order 10 Percentile
ADC_Wavelet HHH NGTDM Contrast

ADC_Wavelet HHL GLDM Small Dependence Low Gray
Level Emphasis

CA15-3

Lymphovascular invasion

MRI-determined short diameter of the largest ALN
DWI_Original GLDM Small Dependence High Gray Level
Emphasis

CA 15-3

Lymphovascular invasion

MRI-determined short diameter of the largest ALN
DWI_Original GLDM Small Dependence High Gray Level
Emphasis

CA 15-3

CYFR 21-1

Lymphovascular invasion

Pathologic type of breast cancer

MRI-determined short diameter of the largest ALN

0.837 0.820
(0.755-0.922) (0.749-0.891)
0.774 0.794
(0.675-0.873) (0.673-0.915)
0.806 0.787
(0.707-0.906) (0.676-0.899)
0.847 0.770
(0.757-0.937) (0.654-0.886)
0.821 0.787
(0.729-0.912) (0.676-0.899)
0.758 0.762
(0.662-0.854) (0.685-0.840)
0.772 0.745
(0.673-0.872) (0.734-0.950)
0.779 0.745
(0.675-0.883) (0.628-0.863)
0.824 0.720
(0.729-0.919) (0.598-0.843)
0.787 0.745
(0.690-0.884) (0.628-0.863)
0.906 0.904
(0.839-0.973) (0.849-0.959)
0.850 0.898
(0.764-0.936) (0.808-0.987)
0.875 0.843
(0.790-0.959) (0.745-0.943)
0.929 0.886
(0.864-0.994) (0.778-0.974)

(Continued)
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TABLE 4 | Continued

Predictive Model Fold Selected Variable AUC (95% CI) AUC (95% CI)
Sequence in training CV fold in internal validation CV fold
DWI_Original GLDM Small Dependence High Gray Level
Emphasis
ADC_Wavelet LLH First order 10 Percentile
ADC_Wavelet HHH NGTDM Contrast
ADC_Wavelet HHL GLDM Small Dependence Low Gray
Level Emphasis
Fold 5 CA 15-3 0.932 0.843
CYFR 21-1 (0.871-0.993) (0.745-0.943)

Lymphovascular invasion
Pathologic type of breast cancer

MRI-determined short diameter of the largest ALN

MRI BI-RADS

DWI_Original GLDM Small Dependence High Gray Level

Emphasis

AUC, area under the curve; Cl, confidence interval; CV, cross-validation; DWI, diffusion-weighted imaging; GLDM, Gray Level Dependence Matrix; ADC, apparent diffusion coefficient;
NGTDM, Neighbouring Gray Tone Difference Matrix; MRI, magnetic resonance imaging, ALN, axillary lymph node; CA 15-3, carbohydrate antigen 15-3; CYFR 21-1, Cytokeratin-19-

fragment; BI-RADS, Breast imaging-reporting and data system.

TABLE 5 | Comparisons of predictive performances of different predictive models in 5-fold cross-validation analysis.

Fold P-Values for Comparison of AUCs in Training CV Fold P-Values for Comparison of AUCs in Internal Validation CV Fold
Sequence
MRI-Clinical-Radiomics MRI-Clinical-Radiomics MRI-Clinical-Radiomics MRI-Clinical-Radiomics
Nomogram vs. MRI-Clinical Nomogram vs. Radiomics Nomogram vs. MRI-Clinical Nomogram vs. Radiomics
Nomogram Signature Nomogram Signature

Fold 1 0.017* 0.001* 0.007* 0.001*

Fold 2 0.006* 0.059 0.050 0.006*

Fold 3 0.015* 0.044* 0.042* 0.037*

Fold 4 0.004* 0.007* 0.007* 0.007*

Fold 5 0.003* 0.001* 0.042* 0.037*

MRI, magnetic resonance imaging; AUC, area under the curve; MRI, magnetic resonance imaging.

*P-value < 0.05.

Additionally, since axillary US is the most robust axillary
assessment tool, the 5-fold cross-validation analysis, where the
US-reported ALN status was also included as a variable, was
performed in 272 patients with negative axillary US examination
(with or without FNAB). The results showed that the US-
reported ALN status was not a strong clinical predictor
(Supplementary Table 3). Based on these 272 patients, the
MRI-clinical-radiomics nomograms with CA 15-3 and without
CA 15-3 showed an AUC of 0.861 and 0.844 in predicting NSLN
metastasis, respectively (Figure 6). After the US-reported ALN
status was added, the MRI-clinical-radiomics nomograms with
CA 15-3 and without CA 15-3 had an AUC of 0.862 and 0.824 in
predicting NSLN metastasis in this subcohort (Figure 7).

DISCUSSION

In this study, we developed two MRI-clinical-radiomics
nomograms that incorporate one MR-determined finding
(short diameter of the largest ALN), one or two clinicopathologic
characteristics (i.e. lymphovascular invasion of breast cancer or CA
15-3 plus lymphovascular invasion of breast cancer), and the
radiomics signature consisting of one DWI radiomic feature

based on the entire dataset of 285 patients. These two MRI-
clinical-radiomics nomograms demonstrated robust and high
predictive performance (AUC = 0.868 and 0.852), which were
both better than the radiomics signature alone and MRI-clinical
nomogram. The developed MRI-clinical-radiomics nomograms
can serve as novel and easy-to-popularized tools to predict
axillary NSLN metastasis in breast cancer patients with
positive SLNs.

Invasive ALND is associated with potential postoperative
morbidities such as pain, numbness, lymphedema, restricted
arm movements, and high risk of infection (32, 33), which can
be omitted for those patients at extremely low risk of NSLN
metastasis (2). Previously, various clinicopathologic models,
such as Memorial Sloan Kettering Cancer Center, Mayo,
Cambridge, Stanford, and Ljubljana nomograms, were
constructed to predict the NSLN metastasis with reported
AUCs range from 0.74 to 0.84 (8-12). It is noted that these
predictive models required the pathologic results both from the
primary tumor and from the SLN, i.e,, the SLN size, the number
of positive SLN, and the proportion of positive SLN to all
dissected SLN. This information is available only after the
invasive SLNB (8-12). In our study, only the preoperative
imaging data, clinical details, and pathologic information of
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FIGURE 3 | MRI-clinical-radiomics nomograms, receiver operating characteristic (ROC) curves, and calibration curves of predictive models. MRI-clinical-radiomics
nomogram (A) developed in the entire dataset incorporates one MRI-determined morphologic finding, two clinicopathologic characteristics (lymphovascular invasion
of breast cancer plus CA 15-3), and radiomics signature. MRI-clinical-radiomics nomogram (B) developed in the entire dataset incorporates one MRI-determined
morphologic finding, one clinicopathologic characteristics (lymphovascular invasion of breast cancer alone), and radiomics signature. ROC curves of the radiomics
signature, MRI-clinical nomogram, and MRI-clinical-radiomics nomograms with CA 15-3 (MRI-Clinical-Radiomics Nomogram 1) and without CA 15-3 (MRI-Clinical-
Radiomics Nomogram 2) in the entire dataset (C). Calibration curves of the radiomics signature, MRI-clinical nomogram, and MRI-clinical-radiomics nomograms in
the entire dataset (D). ALN, axillary lymph node; AUC, area under the curve; Cl, confidence interval; HL, Hosmer—Lemeshow.

the primary breast tumor obtained from biopsy were applied to
develop a predictive model. Comparatively, our predictive model
may be preferable in clinical practice as it can predict NSLN
status without the trauma of the axilla resulting from the SLNB.

To date, a few MRI-based radiomics nomograms have been
established for predicting the presence of ALN metastasis, disease-
free survival, neoadjuvant chemotherapy efficacy, and tumor
microenvironment status in breast cancer patients (19, 34-36).
Previously, a Ljubljana nomogram was constructed using the

preoperative axillary US features and clinicopathologic
information to predict the likelihood of NSLN metastases, with
the reported AUCs ranging from 0.75 to 0.79 (7). MRI-based
radiomics nomogram to predict the axillary NSLNs metastasis in
breast cancer patients with positive SLNs remains a scarcity of data.
Dong et al. reported that breast cancer-specific radiomics features
extracted from T2WI and DWI images could improve the
performance in predicting SLN metastasis, with an AUC of 0.863
in the training set and 0.805 in the validation set (21). In addition, a
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FIGURE 4 | Decision curve analysis (DCA) of the radiomics signature, MRI-
clinical nomogram, and MRI-clinical-radiomics nomograms with CA 15-3
(MRI-Clinical-Radiomics Nomogram 1) and without CA 15-3 (MRI-Clinical-
Radiomics Nomogram 2). The x-axis and y-axis represent the threshold
probability and net benefit, respectively. The gray line and black line represent
the hypothesis that all patients and no patient had NSLN metastasis,
respectively. The threshold probability is where the expected benefit of
treatment is equal to the expected benefit of avoiding treatment. The decision
curves in the validation dataset showed that if the threshold probability is
between 0.1 and 0.6, using the MRI-clinical-radiomics nomograms to predict
non-sentinel lymph node metastasis add more benefit than treating all or
treating no patients.

T2WT and DWI images-based radiomics predictive model could be
utilized for preoperative stratification of the SLN low- and heavy-
burden in breast cancer patients, yielding an AUC of 0.82, 0.81, and
0.81 in the training, validation, and test dataset, respectively (23).
These studies indicated the potential of T2WI- and DWI-based
radiomics in predicting the NSLN metastasis. In our study,
radiomic features of multiparametric MRI, namely, T2ZWI, DWI,
ADC, and T1 + C were extracted. The 5-fold CV analysis showed that
one radiomic feature from DWI (DWI_original GLDM_Small_
Dependence_High_GrayLevel_Emphasis) ranged from 0.774 to
0.847 in the training CV fold and from 0.770 to 0.820 in the
internal validation CV cohort. Moreover, DWI_original_
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FIGURE 6 | Receiver operating characteristic curves of the MRI-clinical-
radiomics nomograms with CA 15-3 (MRI-Clinical-Radiomics Nomogram 1)
and without CA 15-3 (MRI-Clinical-Radiomics Nomogram 2) in predicting
non-sentinel lymph node metastasis based on 272 patients with negative
axillary US examination.

GLDM_Small_Dependence_High_GrayLevel Emphasis was a
consistently selected variable during the 5-fold CV analysis,
suggesting that this radiomic feature from DWI was a robust
variable. As such, it was selected as the optimal predictor
incorporated into the final predictive models. The final model of
the one DWI feature-based radiomics signature had a favorable AUC
of 0.806 in the entire cohort. This result suggested that the predictive
capacity of radiomics features from DWI may be better than the
radiomics features extracted from other sequences for predicting the
NSLN metastasis. Moreover, this one feature-based radiomics
signature might be more convenient for clinical use since fewer
reproducible radiomic features imply better reproducibility (37).
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(=]
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FIGURE 5 | Waterfall plots show the distribution of radiomic feature and non-sentinel lymph node metastasis status for each patient in the entire dataset (A).

Boxplots of the radiomic score in the entire dataset (B).
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FIGURE 7 | Nomograms, receiver operating characteristic (ROC) curves of the US-reported ALN status-incorporated MRI-clinical-radiomics predictive models
with CA 15-3 (MRI-Clinical-Radiomics Nomogram 3) and without CA 15-3 (MRI-Clinical-Radiomics Nomogram 4) in predicting non-sentinel lymph node
metastasis based on 272 patients with negative axillary US examination. MRI-clinical-radiomics nomogram 3 (A) incorporates one MRI-determined morphologic
finding, three clinicopathologic characteristics (lymphovascular invasion of breast cancer, CA 15-3 plus US-reported ALN status), and radiomics signature. MRI-
clinical-radiomics nomogram 4 (B) incorporates one MRI-determined morphologic finding, two clinicopathologic characteristics (lymphovascular invasion of
breast cancer plus US-reported ALN status), and radiomics signature. ROC curves (C) of the MRI-Clinical-Radiomics Nomogram 3 and MRI-Clinical-Radiomics
Nomogram 4 in predicting non-sentinel lymph node metastasis based on 272 patients with negative axillary US examination. ALN, axillary lymph node; AUC,

To further improve the predictive performance of radiomics
signature, clinicopathologic information and MRI-determined
morphologic findings were also assessed and incorporated to
build an integrative radiomics-based predictive model in our
study. Besides the radiomics signature, one MRI morphologic
finding (short diameter of the largest ALN), and two
clinicopathologic characteristics, including CA 15-3,
lymphovascular invasion of breast cancer, were identified as
the independent predictors by multivariable logistic regression
for NSLN metastasis. The final model of the MRI-clinical-
radiomics nomogram incorporating these predictors showed a
higher performance than that of the radiomics signature (AUC,
0.868 vs. 0.806, P <0.001) and the MRI-clinical nomogram (0.868
vs. 0.761, P <0.001) in the entire dataset. In addition, the MRI-
clinical-radiomics nomogram without CA 15-3 incorporated
also showed a higher performance than those of the radiomics
signature (AUC, 0.852 vs. 0.806, P = 0.016) and the MRI-clinical
nomogram (AUC, 0.852 vs. 0.761, P = 0.007) in the entire
dataset. It is seemingly that the MRI-clinical-radiomics
nomograms developed in our study may serve as a preferable
approach to predicting NSLN status in patients with SLN
metastasis but without NSLN metastasis. Notably, the MRI-
clinical-radiomics nomograms developed in our study also did
not need pathologic features that should be obtained from
invasive SLNB.

Our study had several limitations. First, the dataset used in our
study was retrospectively collected from one center, and no
independent external dataset was available for validation, which
may limit the generalizability of the radiomics-based nomogram.
Further multicenter studies with a larger sample size are needed to
acquire high-level evidence for the clinical application of our
predictive nomogram. Second, 272 patients (95.4%) underwent
preoperative US scan of ALN. Unfortunately, the results of axillary
US examination in the remaining 13 patients were not available in

our hospital database. This might result in slightly higher than
expected SLN involvement in the entire cohort. The accuracy of
NSLN prediction could be affected for the constructed predictive
models. Third, the proportion of the patients with metastatic
NSLN enrolled in our study was relatively small. In our study, the
5-fold CV analysis was used to select the optimal variables for the
development of predictive models, as previously reported (29).
Forth, manual segmentation of tumors in our study was time- and
labor-consuming, which could be improved by a more automatic
segmentation approach with the assistance of artificial intelligence
in the future. Fifth, the radiomics signature was built based on the
radiomic features extracted from primary tumors but not the
ALNs. However, it is ambiguous to identify the target ALN for
radiomics feature extraction because it has a great challenge to
match the ALNs on pathologic examination with the lymph nodes
shown on preoperative axillary MRI. Sixth, non-mass-like,
multicentric, and multifocal tumors were excluded, which may
limit the generalizability of our results. However, it was a great
challenge to delineate the boundary of non-mass-like lesions
precisely on MR images. In addition, a potential possibility that
a heavy burden of axillary NSLN metastasis in patients with
multicentric and multifocal tumors may lead to a bias for the
patient selection.

In conclusion, two MRI-clinical-radiomics nomograms were
developed in our study. The proposed integrative MRI-clinical-
radiomics nomograms was one feature-based radiomics
signature with one MRI-determined morphologic finding, and
one or two clinicopathologic characteristic incorporated, which
showed high performance in predicting the axillary NSLN
metastasis in patients with SLN positive breast cancer. These
MRI-clinical-radiomics nomograms can serve as novel tools to
predict axillary NSLN status, which may help avoid unnecessary
invasive procedures on the axilla, i.e., ALND, in breast cancer
patients with positive SLN but negative NSLN.
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