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Background: The Oncotype DX (ODX) recurrence score (RS), a 21-gene assay, has been proven to
recognize patients at high risk of recurrence (RS >26) who would benefit from chemotherapy. However, it
has limited availability and high costs. Our study thus aimed to identify ultrasound (US) imaging biomarkers
and develop a prediction model for identifying patients with a high ODX RS.

Methods: In this retrospective study, consecutive patients with T1-3N0-1MO breast cancer who were
hormone receptor positive and human epidermal growth factor receptor 2 (HER2) negative who had
an available ODX RS were reviewed. Patients treated from May 2012 and December 2015 were placed
into a training cohort, and those treated from January 2016 to January 2017 were placed in a validation
cohort. Clinicopathologic data were collected, and preoperative US scans were analyzed. Univariable and
multivariable regression analyses were performed to evaluate the independent predictors for a high-risk of
breast cancer in the training cohort, and a nomogram was developed and evaluated with the area under the
receiver operating characteristic curve (AUC), calibration curve, and decision curve analysis (DCA).
Results: A total of 363 patients were in the training cohort and 160 in the validation cohort, with the
proportion with a high RS (RS 26-100) being 14% and 13.1%, respectively. Echogenic halo, enhanced
posterior echo, low level of progesterone receptor (PR), and high Ki-67 index were identified as independent
risk factors for high RS (all P values <0.05). The nomogram was constructed based on the combined model,
which showed a better discrimination ability than did the clinicopathological model [combined model: AUC
=0.95, 95% confidence interval (CI): 0.93-0.97; clinicopathological model: AUC =0.89, 95% CI: 0.86-0.92;
P=0.001] and greater clinical benefit according to DCA. Furthermore, the nomogram was found to be
effective in the validation cohort (AUC =0.90, 95% CI: 0.84-0.94), especially in patients with stage T1NOMO
disease (AUC =0.91, 95% CI: 0.84-0.95).

Conclusions: US features may serve as valuable imaging biomarkers for the prediction of high recurrence
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risk in patients with T1-3N0-1MO breast cancer and hormone receptor (HR)-positive and HER2-negative

status. A nomogram incorporating PR status, Ki-67 index, and US imaging biomarkers showed a good

discrimination ability in the early selection of patients at high risk of recurrence, especially in those with

stage TINOMO disease.
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Introduction

Breast cancer is the most prevalent cancer and the leading
cause of mortality among women globally (1,2). Selection of
patients at high-risk of recurrence who would benefit from
the adjuvant chemotherapy is essential to improving overall
survival. With the advancements made in precision medicine
and the deepening understanding of breast cancer’s biological
underpinnings, multigene assays have emerged to provide
greater insights into the risk of breast cancer beyond those of
conventional histological characteristics.

Oncotype DX (ODX) recurrence score (RS) assay
(Genomic Health, Redwood City, CA, USA) is a 21-gene
real-time polymerase chain reaction (PCR)-based assay
which was created to determine the risk of a recurrence
in women with hormone receptor (HR)-positive, human
epidermal growth factor receptor 2 (HER2)-negative,
T1-3N0-1MO breast cancer (3). The National Surgical
Adjuvant Breast and Bowel Project (NSABP) B-20 trial
was the first study to retrospectively confirm that ODX
can be used as both a prognostic tool and a predictive tool
for the magnitude of chemotherapy benefit. It was found
that patients with high-RS tumors could receive substantial
benefit from chemotherapy, with an absolute decrease in
10-year distant recurrence rate of 27.6% (freedom from
distant recurrence was improved from 60% to 88%).
Whereas, for patients with low-RS tumor (<10), the benefit
of chemotherapy was minimal benefit (4). TAILORx
clinical trial showed that all patients in the low-RS group
received endocrine therapy alone without chemotherapy,
and the recurrence-free survival of breast cancer at the local/
regional or distant site was 96.8% (5). Thus, it is crucial to
select the individuals with a high-RS (RS >26) who would
benefit from the chemotherapy for improving outcomes.
Currently, the ODX RS assay is the most prominent genomic
assessment for HR-positive cancers and is favored by the
National Comprehensive Cancer Network (NCCN) (6)
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and the American Society of Clinical Oncology (ASCO) (7).
However, the high cost and time-consuming nature of
the ODX have prompted the search for a more widely
applicable and easy-to-use tool.

Several attempts have been made to determine
the correlation between RS and various predictive
clinicopathological indicators, including the expression of
estrogen receptor (ER) and progesterone receptor (PR),
high histologic grade, and Ki-67 proliferation index,
which have yielded a variety of models (8-12). However,
the predictive performance has varied widely across
studies, with the accuracy ranging from 52.5-86.8%. The
predictive accuracy has been further improved via the use of
clinicopathologic and magnetic resonance imaging (MRI)
parameters, with the resulting area under the receiver
operating characteristic curve (AUC) for predicting the
probability of RS >26 ranging from 0.75 to 0.90 (9-11).
Ultrasound (US), given its high soft-tissue contrast and
sensitivity, is one of the most common modalities used in
the diagnosis of breast cancer (12). In recent years, studies
have shown a correlation between US features and RS
(13,14). One recent study built a model based on shear-
wave elastography (SWE), yielding a high AUC of 0.86
and demonstrating the feasibility using US imaging factors
for risk prediction (15). However, its predictive ability still
needs to be improved for MRI results, and the value of
conventional US imaging features for the assessment of RS
remains unclear. Furthermore, stage I, HR-positive, HER2-
negative cancers are considered “favorable-risk” cancers
and are treated with tamoxifen or aromatase inhibitors only,
expect for in a few high risk of recurrence groups. The
ability to distinguish populations at high risk from those
with a better prognosis would be highly valuable.

Therefore, the aim of this study was to investigate the
US features associated with the ODX RS and to construct
a nomogram combining US imaging biomarkers with
clinicopathological factors to predict a high RS. The
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proposed nomogram can potentially be used in clinical
practice to predict patients at high risk. We present
this article in accordance with the TRIPOD reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-23-1620/rc).

Methods

This study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013) and was
approved by the Ethics Committee of the Peking Union
Medical College Hospital (No. K3032). The requirement of
individual consent for this retrospective analysis was waived.

Patients

All patients had ER-positive, HER2-negative, T1-3N0-
IMO breast cancer and an available ODX test result
admitted to Peking Union Medical College Hospital from
May 2012 to January 2017 were consecutively enrolled
in our study. The exclusion criteria were as follows: (I)
incomplete US images, (II) incomplete clinicopathologic
information, and (III) administration of biopsy or
neoadjuvant treatment (NAT) before preoperative US.

Ultimately, 523 patients were included in the study,
488 of whom were reported in a previous study (16). This
prior study focused on clinicopathologic correlations with
ODX RS, whereas the current study expanded on the past
study by having a larger patient sampled, focusing on the
identification of US imaging biomarkers for ODX RS, and
developing and validating of a nomogram based on the US
and clinicopathologic characteristics.

Patients who received treatment between May 2012 and
December 2015 formed the training cohort, while those
treated from January 2016 to January 2017 formed the
independent validation cohort.

Clinicopatbologic information collection

Clinicopathologic data were reviewed, including patients’
age, pathologic information (histologic type, histologic
grade), and immunohistochemical information (ER, PR,
HER2, and Ki-67 index).

US scanning and image analysis

All patients underwent US scanning applied by multiple
experienced radiologists (with more than 5 years of
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experience and more than 500 breast US per year) following
a standardized protocol before surgery in our department.
The US machines used for the examinations were the
RS85A (Samsung, Korea), [U22 (Philips, USA), EPIQ 7
(Philips, USA), and Logiq 9 (GE Healthcare, USA) with
linear probes (3—-12 MHz, centered at 10 MHz). High-
resolution images of both the longitudinal and cross-
sections were obtained in both grayscale and color Doppler
US for feature analysis.

Eight US features taken from the Breast Imaging
Reporting and Data System (BI-RADS) lexicon were
evaluated. Including lesion type at US, shape, margin,
orientation, lesion boundary, posterior echo pattern,
vascularity, and calcification (Table S1). Independent image
analysis was retrospectively performed by two board-
certified radiologists (Y.L. and Y.G.) who were unaware
of the clinicopathological information and the ODX RS.
In the case of disagreements between the two doctors, a
third experienced radiologist’s (Q.Z.) opinion was sought as
the final outcome. Prior to taking part in the research, the
radiologists underwent a comprehensive tutorial on the BI-

RADS lexicon.

ODX 21-gene RS and study endpoints

Patients were subjected to the domestic Surexam 21-
gene RS assay (SurExam Biotech; patent number:
CN201010261745). The ODX assay uses a reverse
transcriptase PCR on RNA isolated from paraffin-
embedded breast cancer tissue to measure the activity of 21
genes (16 cancer-related, 5 references) and to determine the
RS ranging from 0 to 100 (3). ODX RSs were obtained from
ODX test reports. According to ODX RSs, the cases were
classified as non-high risk (RS 0-25) or high risk (RS 26-100)
in accordance with the TAILORKx clinical trial results (5).
High risk (RS >26) was regarded as the endpoint.

Statistical analysis

Baseline characteristics were compared between training
and validation cohorts with the Student’s t-test (continuous
data) and the Pearson chi-square test (categorical data).
Univariate and multivariate logistic regression analyses were
performed for all variables in the training cohort, P value
was calculated using the likelihood ratio test, and variables
with P<0.05 were recognized as independent risk factors.
The stepwise multivariable regression with backward
elimination based on the Akaike information criterion (AIC)
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from May 2012 to December 2015

397 consecutive patients with breast
cancer with HR-positive, HER2-negative,
T1-8N0-1MO breast cancer for whom ODX
RS data were available

Patients excluded:
e 21 without breast
ultrasound
e 7 without clinical data
® 6 with previous
neoadjuvant therapy

A\
363 breast cancer patients

Y

Luo et al. Prediction of high-risk breast cancer

from January 2016 to January 2017

178 consecutive patients with breast
cancer with HR-positive, HER2-negative,
T1-3N0-1MO breast cancer for whom
ODX RS data were available

Patients excluded:
e 11 without breast
ultrasound
e 2 without clinical data
e 5 with previous
neoadjuvant therapy

Y

160 breast cancer patients

Y

51 breast cancer patients 312 breast cancer
at high risk patients not at high risk

at high risk patients not at high risk

21 breast cancer patients] [ 139 breast cancer ]

Figure 1 Flowchart of the study. HR, hormone receptor; HER2, human epidermal growth factor receptor 2; ODX, Oncotype DX; RS,

recurrence score.

minimum was used to select variables for inclusion in the
nomogram. Meanwhile, the variance inflation factor (VIF)
was assessed among the covariates in the nomogram, and
VIF >4.0 was interpreted as indicating multicollinearity.
Variables with VIF >4.0 were not included in the final
model analysis. A nomogram was built for predicting breast
cancer with a high RS. The performance of the nomogram
was assessed in terms of discrimination ability (AUC) and
calibration (calibration plot). Decision curve analysis (DCA)
is a method for evaluating the clinical benefit of alternative
models and was applied to the nomogram by quantifying
the net benefits at different threshold probabilities. The
discrimination and calibration of the nomogram were then
confirmed in the validation cohort. Interobserver agreement
was assessed using the k value, which was interpreted as
follows: k<0, poor agreement; 0<k<0.20, slight agreement;
0.20<k<0.40, fair agreement; 0.40<x<0.60, moderate
agreement; 0.60<x<0.80, substantial agreement; and
0.80<k<1, perfect agreement. All analyses were performed
with R version 4.2.2 (The R Foundation for Statistical
Computing) and SPSS version 20.0 (IBM Corp., USA)
software packages.

Results
Baseline information of patients

A total of 523 patients with breast cancer were enrolled for
inclusion and divided into a training cohort and a validation
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cohort according to the time point of treatment (Figure I).
Accordingly, 363 patients (mean age 49 years; range,
17-78 years) treated between May 2012 and December 2015
formed the training cohort, and 160 patients (mean age
50 years; range, 28-69 years) treated between January 2016
and January 2017 formed the validation cohort. The rate
of high RS for the training and validation cohort were 14%
and 13.1%, respectively. The demographic and clinical
characteristics of patients are summarized in Tizble 1.

Interobserver agreement for US imaging variables

The reproducibility of US image analysis demonstrated
good interobserver agreement, with the specific «k values
being the following: lesion type at US, 0.95; shape, 0.87;
orientation, 0.92; margin, 0.91; lesion boundary, 0.80;
posterior acoustic features, 0.90; calcification, 0.85; and
vascularity:0.89.

Univariate analysis for the prediction of bigh RS

In the univariate regression analysis (7zble 2), median
histology grade [odds ratio (OR) =4.73; 95% confidence
interval (95% CI): 1.42-15.82; P=0.01), high histology
grade (OR =20.07; 95% CI: 5.26-76.52; P<0.001), lower
level of ER (OR =0.98; 95% CI: 0.96-0.99; P<0.001), lower
level of PR (OR =0.97; 95% CI: 0.97-0.98; P<0.001), and
high Ki-67 index (OR =1.09; 95% CI: 1.07-1.12; P<0.001)
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Table 1 Baseline information of patients in the training and validation cohorts
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Characteristic Training cohort (n=363) Validation cohort (n=160) P value
Age (years)* 48.91+9.45 49.52+8.79 0.48
Histologic type 0.17
IDC 315 (86.78) 148 (92.50)
ILC 25 (6.89) 8 (5.00)
Mixed (IDC + ILC) 6 (1.65) 0 (0.00)
Others 17 (4.68) 4 (2.50)
Grade 0.22
| 89 (24.52) 30 (18.75)
Il 240 (66.12) 118 (73.75)
1] 34 (9.37) 12 (7.50)
Estrogen receptor” 90.0 (0.0-100.0) 90.0 (0.0-100.0) <0.001
Progesterone receptor” 80.0 (0.0-100.0) 82.5 (0.0-99.0) 0.10
Ki-67 index” 15.0 (1.0-80.0) 20.0 (1.0-90.0) 0.02
US size (cm) * 1.92+0.90 1.83+0.88 0.32
Lesion type at US 0.91
Solid 336 (92.56) 149 (93.12)
Cystic-solid 9(2.48) 3(1.88)
Heterogeneous area 18 (4.96) 8 (5.00)
Shape 0.91
Irregular 339 (93.39) 149 (93.12)
Regular 24 (6.61) 11 (6.88)
Margin 0.45
Vague 306 (84.30) 139 (86.88)
Circumscribed 57 (15.70) 21 (13.12)
Orientation 0.32
Parallel 297 (81.82) 125 (78.12)
Not parallel 66 (18.18) 35 (21.88)
Lesion boundary 0.048
Abrupt interface 250 (68.87) 96 (60.00)
Echogenic halo 113 (31.13) 64 (40.00)
Posterior echo pattern 0.95
No change 261 (71.90) 117 (73.13)
Shadowing 49 (13.50) 20 (12.50)
Enhanced 53 (14.60) 23 (14.37)

Table 1 (continued)
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Table 1 (continued)

Characteristic Training cohort (n=363) Validation cohort (n=160) P value
Vascularity 0.002
No 18 (4.96) 10 (6.25)
Abundant 217 (59.78) 69 (43.12)
Few 128 (35.26) 81 (50.63)
Calcification 0.99
No 188 (51.79) 83 (51.88)
Microcalcification 175 (48.21) 77 (48.12)
Number of the lesions at US 0.04
Single 307 (84.57) 146 (91.25)
Multiple 56 (15.43) 14 (8.75)

*, data are expressed as the mean =+ standard deviation; *, data are expressed as medians, with ranges in parentheses. Unless otherwise
specified, data are numbers of patients, with percentages in parentheses. IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma;
US, ultrasound.

Table 2 Univariable analysis of patients with high-risk breast cancer in the training cohort

Characteristic Nonbhigh risk (n=312) High risk (n=51) OR (95% Cl) P value
Age (years)* 49.03+9.33 48.20+10.19 0.99 (0.96-1.02) 0.56
US size (cm)* 1.87+0.91 2.21+0.81 1.41 (1.06-1.87) 0.02
Lesion type on US

Solid 289 (92.63) 47 (92.16) 1

Cystic-solid 7 (2.24) 2 (3.92) 1.76 (0.35-8.71) 0.49

Heterogeneous area 16 (5.13) 2(3.92) 0.77 (0.17-3.45) 0.73
Shape

Irregular 294 (94.23) 45 (88.24) 1

Regular 18 (5.77) 6 (11.76) 2.18 0.82-5.78) 0.12
Margin

Vague 268 (85.90) 38 (74.51) 1

Circumscribed 44 (14.10) 13 (25.49) 2.08 (1.03-4.22) 0.042
Orientation

Parallel 250 (80.13) 47 (92.16) 1

Not parallel 62 (19.87) 4 (7.84) 0.34 (0.12-0.99) 0.048
Lesion boundary

Abrupt interface 226 (72.44) 24 (47.06) 1

Echogenic halo 86 (27.56) 27 (52.94) 2.96 (1.62-5.40) 0.0004

Table 2 (continued)

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Table 2 (continued)
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Characteristic Nonhigh risk (n=312) High risk (n=51) OR (95% ClI) P value
Posterior echo pattern

No change 247 (79.17) 14 (27.45) 1

Shadowing 43 (13.78) 6 (11.76) 2.46 (0.90-6.76) 0.08

Enhanced 22 (7.05) 31 (60.78) 24.86 (11.54-53.54) <0.0001
Vascularity

No 14 (4.49) 4 (7.84) 1

Abundant 183 (58.65) 34 (66.67) 0.65 (0.20-2.10) 0.47

Few 115 (36.86) 13 (25.49) 0.40 (0.11-1.38) 0.15
Calcification

No 166 (53.21) 22 (43.14) 1

Yes 146 (46.79) 29 (56.86) 1.50 (0.82-2.72) 0.18
Number of lesions on US

Single 266 (85.26) 41 (80.39) 1

Multiple 46 (14.74) 10 (19.61) 1.41 (0.66-3.01) 0.37
Histologic type

IDC 267 (85.58) 48 (94.12) 1

ILC 24 (7.69) 1(1.96) 0.23 (0.03-1.75) 0.16

Mixed (IDC + ILC) 5 (1.60) 1 (1.96) 1.11 (0.13-9.73) 0.92

Other 16 (5.13) 1(1.96) 0.35 (0.05-2.68) 0.31
Grade

| 86 (27.56) 3 (5.88) 1

Il 206 (66.03) 34 (66.67) 4.73 (1.42-15.82) 0.01

11l 20 (6.41) 14 (27.45) 20.07 (5.26-76.52) <0.001
Estrogen receptor” 90 (5-100) 80 (0-100) 0.98 (0.96-0.99) <0.001
Progesterone receptor’ 80 (0-100) 25 (0-95) 0.97 (0.97-0.98) <0.001
Ki-67 index" 15 (1-80) 40 (5-80) 1.09 (1.07-1.12) <0.001

*, data are expressed as the mean + standard deviation; *, data are expressed medians, with ranges in parentheses. Unless otherwise
specified, data are expressed as numbers of patients, with percentages in parentheses. OR, odds ratio; Cl, confidence interval; US,
ultrasound; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma.

were significantly associated with high RS. For US, US
size (OR =1.41; 95% CI: 1.06-1.87; P=0.02), circumscribed
margin (OR =2.08; 95% CI: 1.03-4.22; P=0.042), echogenic
halo (OR =2.96; 95% CI: 1.62-5.40; P=0.0004), shadowing
posterior echo (OR =2.46; 95% CI: 0.90-6.76; P=0.08), and
enhanced posterior echo (OR =24.86; 95% CI: 11.54-53.54;
P<0.0001) were associated with a high RS.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Comparison of multivariate models and nomogram
development

In the multivariate analysis based on US imaging and
clinicopathological factors, echogenic halo (OR =5.37; 95%
CI: 1.88-15.30; P=0.002), enhanced posterior echo (OR
=21.46; 95% CI: 7.03-65.48; P<0.001), low level of PR (OR

Quant Imaging Med Surg 2024;14(5):3519-3533 | https://dx.doi.org/10.21037/qims-23-1620



3526

Luo et al. Prediction of high-risk breast cancer

Table 3 Comparison of the multivariable models for high-risk breast cancer in the training cohort

Characteristic Beta coefficient OR (95% ClI) P value
Combined model
US size 0.4514 1.57 (1.00-2.47) 0.051
Lesion boundary
Abrupt interface - 1 -
Echogenic halo 1.6804 5.37 (1.88-15.30) 0.002
Posterior echo pattern
No change - 1 -
Shadowing 1.3259 3.77 (0.97-14.60) 0.055
Enhanced 3.0663 21.46 (7.03-65.48) <0.001
Histologic type
IDC - 1 -
ILC -0.2617 0.77 (0.07-7.98) 0.83
Mixed (IDC + ILC) 1.5920 4.91 (0.40-60.03) 0.21
Other -3.1085 0.04 (0.00-0.56) 0.02
Progesterone receptor —-0.0241 0.98 (0.96-0.99) <0.001
Ki-67 index 0.1010 1.11 (1.07-1.15) <0.001
Clinicopathological model
Progesterone receptor -0.0279 0.97 (0.96-0.98) <0.001
Ki-67 index 0.0929 1.09 (1.07-1.12) <0.001

OR, odds ratio; Cl, confidence interval; US, ultrasound; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma.

=0.98; 95% CI: 0.96-0.99; P <0.001), and high Ki-67 index
(OR =1.11; 95% CI: 1.07-1.15; P<0.001) were identified as
independent risk factors for a high RS. In the multivariate
analysis based on clinicopathological variables, a low level
of PR (OR =0.97; 95% CI: 0.96-0.98; P<0.001) and a high
Ki-67 index (OR =1.09; 95% CI: 1.07-1.12; P<0.001) were
independently associated with a high RS.

According to the stepwise multivariate regression
(backward) results, US size, lesion boundary, posterior
echo pattern, histologic type, PR, and Ki-67 index were
selected for the combined model (7uzble 3), which a had
minimal AIC value in the training cohort. The VIF values
were all <4, indicating that no collinearity was present
between screened variables. Similarly, PR status and
Ki-67 index were included in the clinicopathological model
(Table 3).

The combined model showed a better discrimination
ability for predicting a high RS with a higher AUC of 0.95
(95% CI: 0.93-0.97) compared with the clinicopathological

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

model (AUC =0.89; 95% CI: 0.86-0.92) (Figure 2A).
Consistently, the DCA curves revealed more clinical benefit
for predicting a high RS of the combined model (Figure 2B).
Both of the models were calibrated well (Figure 2C,2D).

According to the above results, we constructed a
nomogram based on the combined model due its better
predictive ability (Figure 3). The 128 points was defined
as the threshold, with a specificity of 93.6% (95% CI:
90.27-96.04%) and a sensitivity of 86.27% (95% CI: 73.74—
94.30%).

Validation of the nomogram and performance in patients
with TINOMO breast cancer

The good discrimination ability of the nomogram was
observed in the validation cohort, with an AUC of 0.90
(95% CI: 0.84-0.94), and it was well calibrated (Figure 4).
The clinical applicability of the nomogram for a low RS
and high RS was observed in the representative examples, as
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Figure 2 Performance of the combined model and clinicopathological model. (A) Receiver operating characteristic curves of the two models.

(B) DCA for the two models. (C,D) Calibration curves of the combined model and clinicopathological model. *, there is a statistically

significant difference between the AUCs of two models. AUC, area under the receiver operating characteristic curve; DCA, decision curve

analysis.
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Figure 3 Nomogram for prediction of a high RS. US, ultrasound; ILC, invasive lobular carcinoma; IDC, invasive ductal carcinoma; RS,

recurrence score.

shown in Figures 5,6.

We further explored the predictive ability of the
nomogram in the patients with stage TINOMO breast
cancer selected from the validation cohort (with a criterion
of tumor size <2 cm being applied). Of the 107 patients, 15
(14.0%) were at high risk (mean RS 33). The nomogram

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

demonstrated good predictive power in patients with stage
TINOMO disease, with an AUC of 0.91 (95% CI: 0.84-
0.95) (Figure 4). This suggests that our model is helpful
in identifying high-risk (RS >26) patients in a lower-risk
population who would benefit from adjuvant chemotherapy
after surgery.
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Discussion

The identification of patients with HR-positive, HER2-
negative, T1-3N0-1MO stage breast cancer at high risk
of recurrence (RS >26) is pivotal for devising adjuvant
chemotherapy plans and improving outcomes for
individuals. By incorporating clinicopathologic and US
characteristics, we established and validated a reliable
predictive nomogram for a high RS. The combined model,
including US size, lesion boundary, posterior echo pattern,
histologic type, PR, and Ki-67 index, achieved a better
performance than did the clinicopathological model,
yielding an AUC of 0.95 (95% CI: 0.93-0.97) in the training
cohort and 0.90 (95% CI: 0.84-0.94) in the validation
cohort. Additionally, calibration and DCA curves indicated
that our nomogram predicted RS with good agreement and
high potential clinical benefit. With 128 points as the risk
stratification criterion, the evaluation effect could reach
a sensitivity of 0.86, a specificity of 0.94, and an accuracy
of 0.93. Previous studies have revealed the correlation

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

between ODX RS and clinical prognostic factors and have
further developed several recurrence risk prediction models,
with varying ranges in AUC (ranging from 0.81-0.92) and
limited sensitivity (ranging from 14-62%) (16-20). Our
study examined the added value of US imaging biomarkers
and constructed a combined nomogram that possessed
superior predictive effectiveness for identifying a high-risk
population.

Furthermore, we validated our nomogram in patients
with stage TINOMO breast cancer, achieving a good
performance and an AUC of 0.91, indicating that the
nomogram can be used to help identify a high-risk
subgroup from a group of patients with very early-stage
breast cancers—a subgroup that had not been previously
evaluated separately. Adjuvant chemotherapy for stage I
breast cancer has been discussed since the beginning of
1980s (21). In achieving a good prognosis for this group of
patients, it is crucial to strike a balance between the benefits
and side effects of chemotherapy. Investigators have aimed
to fine-tune the treatment criteria and attempted to divided
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Figure 5 An example of the clinical use the nomogram for a high RS. Invasive ductal carcinoma (median grade, ER of 90%, PR of 90%,

Ki-67 index of 40%) with a high ODX RS (35) in a 42-year-old woman. (A) Gray-scale ultrasound on longitudinal section showed a 1.6-cm

(calipers) irregular nonparallel solid mass in the right lower outer breast, with an enhanced posterior echo (white arrow). (B) Gray-scale

ultrasound on a cross-section of the 1.6-cm (calipers) mass with an echogenic halo (white triangle). (C) The nomogram indicated that
after all points were summed (8+21+38+39+3+38=147), this case had a 62% probability of a high RS. According to our defined thresholds

(128 points), the nomogram result was high risk. US, ultrasound; ILC, invasive lobular carcinoma; IDC, invasive ductal carcinoma; RS,

recurrence score; ER, estrogen receptor; PR, progesterone receptor; ODX, Oncotype DX.

patients into high- and low-risk groups for accurately
identifying target populations who would truly benefit
from chemotherapy (22,23). It is widely acknowledged that
adjuvant chemotherapy should not be administered for HR-
positive, HER2-negative tumors except for those in very
young women (aged <40 years). Molecular analysis in this
patient category has been recommended for influencing
the treatment recommendation (24). As ODX is the most
widespread tool for genetic analysis, our study established
a model for assessing ODX RS and achieved good results
in this population. The model can help identify those
patients at high risk and requiring adjuvant chemotherapy
in a timely manner and facilitate precision treatment for
patients.

Interestingly, our study provides the US imaging
biomarkers for the prediction of high risk. Among the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

various imaging features, enhanced posterior echo (OR
=21.46; 95% CI: 7.03-65.48; P<0.001) and echogenic
halo (OR =5.37; 95% CI: 1.88-15.30; P=0.002) showed
the strongest association with a high RS. Previous studies
have demonstrated that enhanced posterior echo is often
observed in high-grade tumors, which is thought to be
related to the increased mitotic rate and cell density,
suggesting a more uniform internal structure and/
or necrotic changes inside the tumor (25,26). Another
study proposed posterior acoustic enhancements were
associated with high-risk indicators of breast cancer, such as
histological grade and negative ER (27). The findings of our
study are in line with those of previous research, indicating
a strong correlation between enhanced posterior echo and
a high risk of recurrence and poor prognosis. With regard
to echogenic halo, it is an US sign of infiltration, which
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Figure 6 An example of the clinical use the nomogram for a low RS. Invasive ductal carcinoma (median grade, ER of 95%, PR of 95%,

Ki-67 index of 10%) with a low ODX RS (18) in a 47-year-old woman. (A) Gray-scale ultrasound on longitudinal section showed a 1.6-cm

irregular parallel solid mass in the right lower inner breast, without an echogenic halo and no change in posterior echo. (B) Gray-scale

ultrasound on the cross-section of the mass. (C) The nomogram indicated that after all points were summed (8+0+0+39+2+13=62), the case

had a less than 10% probability of a high RS. According to our defined thresholds (128 points), the result of nomogram was low risk. US,

ultrasound; ILC, invasive lobular carcinoma; IDC, invasive ductal carcinoma; RS, recurrence score; ER, estrogen receptor; PR, progesterone

receptor; ODX, Oncotype DX.

is considered to constitute histopathological evidence of
tumor cell infiltration of fatty tissue, adipocytes, and elastic
fibers (28). With the stretching by tumor cells extending
out from a mass, early change manifest as increased collagen
content and stiffness caused by tumor-cell infiltration into
the stroma, which is known as desmoplasia (29,30). Our
results suggest that echogenic halos maybe an indicator
of a high RS. However, the value of the US biomarker
for assessment of the survival status remains unclear, and
the biological basis for the prognostic ability of imaging
features warrant further research, to which our results can
contribute.

There are some limitations to our study that should
be mentioned. First, it was conducted at a single-center
institution. Although we performed validation of the cases
included at different times, further multicenter validation

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

needs to be carried out to establish generalizability and
reproducibility. Second, the sample size of high-risk
patients was limited, especially those with stage T1NOMO
disease, and thus our findings should be corroborated with
a larger sample size. Finally, we employed a retrospective
design, and the US images acquired from different US
devices might have introduced variability in the image
presentation. Although we could not compare the results
among different devices due to the limited number of
images, we used high-end US devices to acquire the high-
quality images for the evaluation. Furthermore, imaging
acquisition was performed by experienced radiologists
following standardized protocol. As for the image analysis,
two radiologists independently evaluated images and
achieved a good consistency of assessment. The above
measures helped to minimize the difference between the
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various machines.

Conclusions

We demonstrated that certain US imaging biomarkers
are associated with a high RS and can be combined with
clinicopathological characteristics to develop a predictive
tool for patients with breast cancer and a high RS. The
combined nomogram can help to identify patients with
at high risk of recurrence and those who would benefit
most from chemotherapy, especially among patients with
TINOMO disease.
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Supplementary

Table S1 Definition of ultrasound characteristics

US characteristic

Description

Lesion type as US
Solid
Cystic-solid

Heterogeneous area

Shape
Regular
Irregular
Margin
Vague
Circumscribed
Orientation
Parallel

Not parallel

Lesion boundary

Abrupt interface

Echogenic halo

Posterior echo pattern

No

Shadowing

Enhanced

Vascularity
No
Abundant
Few

Calcification
No

Microcalcification

The mass has lower echogenicity in comparison to fat
A complex mass containing both cystic (anechoic) and solid (echogenic) components

A discrete area of abnormal echo texture is distinguishable from the surrounding breast tissue but does not
exhibit a mass-like shape

The mass appears oval (egg-shaped or elliptical) or round (spherical, ball-shaped)

The mass is neither oval nor round

The boundary is poorly defined and can be characterized as indistinct, angular, microlobulated, or spiculated

The demarcation is well defined or sharp, with abrupt transition between the lesion and the surrounding tissue

The long axis of the lesion is parallel to the skin line (“wider-than-tall”)

The anterior—posterior or vertical dimension is greater than the transverse or horizontal dimension (“taller-than-
wide”)

The sharp demarcation between the lesion and the surrounding tissue is imperceptible or is an echogenic rim
without any thickness

There is no sharp demarcation between the mass and the surrounding tissue which is bridged by an echogenic
transition zone (any presence is positive, regardless of the percentage of halo)

No shadowing or enhancement is present deep in the mass; the echogenicity of the area immediately behind the
mass is not different from that of the adjacent tissue at the same depth

Shadowing, i.e., posterior attenuation of acoustic transmission
Sonographically, the area posterior to the mass appears darker

Sound transmission is unimpeded in its passage through the mass Enhancement appears as a more echogenic
(whiter) column deep into the mass Enhancement is a criterion for diagnosis of cyst (positive if present in either
mode or section)

No vascularity
Diffusely increased vascularity surrounding or inside the lesion

Little vascularity

No microcalcification

Microcalcifications embedded in the mass are well depicted. The punctate, hyperechoic foci appear
conspicuous in a hypoechoic mass

US, ultrasound.
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