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Objective: We aimed to investigate the value of contrast-enhanced ultrasound
(CEUS) in the preoperative prediction of the histological grades and molecular
subtypes of breast cancer.

Methods: A total of 183 patients with pathologically confirmed breast cancer were
included. Contrast enhancement patterns and quantitative parameters were
compared in different groups. The receiver operating characteristic (ROC) curve
was used to analyze the efficacy of CEUS in the preoperative prediction of
pathological characteristics, including histologic grade and molecular subtypes.

Results: Heterogeneous enhancement, perfusion defects, and peripheral radial
vessels were mostly observed in higher histologic grade (grade lll) breast cancer.
Heterogeneous enhancement and perfusion defect were the most effective
indicators for grade Il breast cancer, with the areas under the ROC curve of 0.768
and 0.756, respectively. There were significant differences in the enhancement
intensity, post-enhanced margin, perfusion defects, and peripheral radial vessel
among the different molecular subtypes of breast cancer (all P < 0.01). Perfusion
defects and clear edge after enhancement were the best qualitative criteria for the
diagnosis of HER-2 overexpressed and triple-negative breast cancers, and the
corresponding areas under the ROC curves were 0.804 and 0.905, respectively.
There were significant differences in PE, WiR, WiPI, and WiWoAUC between grade llI
vs grade | and Il breast cancer (P < 0.05). PE, WiR, WiPI, and WiWoAUC had good
efficiency in the diagnosis of high-histologic-grade breast cancer. PE had the highest
diagnostic efficiency in Luminal A, while WiPI had the highest diagnostic efficiency in
Luminal B subtype breast cancer, and the areas under the ROC curve were 0.825 and
0.838, respectively. WiWoAUC and WIiR were the most accurate parameters for
assessing triple-negative subtype breast cancers, and the areas under the curve were
0.932 and 0.922, respectively.

Conclusion: Qualitative and quantitative perfusion analysis of contrast-
enhanced ultrasound may be useful in the non-invasive prediction of the
histological grade and molecular subtypes of breast cancers.
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Introduction

According to the latest analysis from the International Agency for
Research on Cancer, new cases of breast cancer surpassed those of
lung cancer in 2020, becoming the world’s most commonly
diagnosed cancer (1). Breast cancer is a highly heterogeneous
tumor, and the pathological grading of breast cancer reflects the
degree of malignancy and invasiveness of the tumor to a certain
extent (2). The higher the pathological grading, the more malignant
the tumor, and the worse the prognosis. The expression levels of
estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2) in breast cancer cells
are considered important factors in determining the biological
behavior of breast cancer and the efficacy of endocrine therapy and
are the main prognosis predictors (2, 3). For the preoperative
assessment of the histopathological grading and molecular
subtyping of breast cancer, the clinical standard is the pathological
immunohistochemistry of needle biopsies. However, pathological
biopsy is an invasive procedure and has the defect of insufficient
samples to make a diagnosis. Therefore, it is necessary to develop
non-invasive imaging modalities to predict the pathological
characteristics of breast cancer before surgery.

VueBox is a color-coded external perfusion software program
that can be used for dynamic contrast-enhanced ultrasound (CEUS)
with motion/respiration compensation and is suitable for DICOM
format video images acquired by various ultrasound equipment (4).
The software calculates the perfusion parameters automatically,
generating color-coded maps of the perfusion parameters and thus
providing a more direct and objective quantitative analysis of the
subtle difference in enhancement degree, reducing the subjective
dependence of image interpretations by operators. In recent years,
there have been literature reports on the application of VueBox to
quantitatively analyze the characteristics of breast, thyroid, liver,
and other organ tumors by CEUS (5-7). Jung EM (7) et al. used the
TIC curve of VueBox external perfusion software to compare and
analyze the perfusion performance of benign and malignant non-
cystic breast masses. The results showed that the quantitative CEUS
perfusion parameters PE and areas under the curve (AUC) can well
evaluate the malignant risk of non-cystic breast masses. This may
reduce the risk rating for certain BI-RADS category 4 lesions.
However, there are few reports on the application of CEUS
perfusion imaging with VueBox for the evaluation of breast
cancer pathological characteristics. In this study, VueBox external
perfusion analysis software was used to explore the value of
contrast-enhanced ultrasound (CEUS) in the preoperative
prediction of the pathological grading and molecular subtyping of
breast cancer.

Materials and methods
Patients
This study was performed with the approval of the Ethics

Committee of the People’s Hospital of Guangxi Zhuang
Autonomous Region, China (IRB No. KY-LW-2020-24).
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Informed consent was obtained from all participants. A total of
183 patients with breast cancer were enrolled from December 2020
to April 2023 (women, age range 28-85 y, and mean age 52 y).
Inclusion criteria: @ patients who underwent CEUS and for whom
contrast dynamic images were stored; @ no preoperative treatment;
® pathologically confirmed invasive breast cancer; and @ complete
postoperative pathological and immunohistochemical results. The
exclusion criteria were as follows: © poor quality of CEUS dynamic
images; and @ incomplete clinical data.

Imaging acquisition

Conventional ultrasound and CEUS imaging were performed
using a GE LOGIQ E9 ultrasound system (GE Healthcare, Chicago,
IL, USA) with a high-resolution linear transducer; the probe
frequency was 6-15 MHz for conventional ultrasound and 6-9
MHz for CEUS. The patients were placed in a supine position
with arms placed above the head. First, the whole breast was
continuously multi-section scanned by conventional ultrasound.
Color and power Doppler were performed in different planes to
evaluate the intralesional vascularity. Then, the plane with the most
abundant vessels including the lesion and its surrounding normal
breast tissue was selected and switched to CEUS imaging mode with
a mechanical index (MI) < 0.10. The ultrasound contrast agent used
in the present study was SonoVue (Bracco SpA, Milan, Italy). A
bolus of 4.8 mL of contrast agent was administrated via a peripheral
vein and was immediately followed by a flush of 5 mL saline. CEUS
continuous dynamic imaging was observed immediately after
injection of the contrast agent for at least 6 minutes. The images
and video clips (the last 2 minutes after contrast agent injection)
were stored and transferred to a mobile hard disk in Dicom format
for subsequent offline analysis.

CEUS image analysis

CEUS image analysis was performed by two radiologists (LL.L and
Q.H with 3 and 12 years of experience in breast CEUS, respectively).
They were blinded to the clinical data and pathological results of the
patients. In cases of discrepancies, the two reviewers reanalyzed and
discussed together to reach a consensus.

The following CEUS qualitative indicators were analyzed: (1)
compared with that of surrounding normal breast tissue, the
enhancement intensity was classified as hyper-, iso-, or hypo-
enhancement; (2) based on the internal homogeneity of
the tumor, enhancement was divided into homogeneous or
heterogeneous enhancement; (3) the enhancement edge of the
lesion was classified as a clear or blurred margin; (4) whether the
lesion scope enlarged after enhancement; (5) the presence or
absence of perfusion defect; (6) the presence or absence of radial
or penetrating vessels.

Quantitative analysis for dynamic CEUS imaging was
performed using the color-coded off-line software (VueBox,
Bracco, Geneve, Suisse). Regions of interest were manually
delineated with the strongest enhanced area in the lesion and the
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surrounding normal breast tissue at the same depth. Time-intensity
curves were generated to obtain quantitative parameters, including
peak enhancement (PE), mean transit time (mTT), time to peak
(TTP), wash-in rate (WiR), wash-in perfusion index (WiPI), and
wash-in and wash-out areas under the curve (WiWoAUC). For
each quantitative data, the measurements were repeated three times,
and their mean was used in the analysis.

Histopathologic analysis

Histopathological specimens were fixed with 10% formalin,
embedded in paraffin, and sliced into 3-pm sections, and
hematoxylin-eosin staining was performed. Invasive breast cancer
was graded using the Nottingham histological grading system (8).
Immunohistochemical staining was used to determine the
expressions of estrogen receptor (ER), progesterone receptor (PR),
human epidermal growth factor receptor 2 (Her-2), and Ki-67. The
molecular classification of breast cancer was divided into four
subtypes (9): ® luminal A subtype: ER(+) and/or PR(+), Her-2(-),
and Ki-67 low expression (< 14%); @ luminal B subtype: ER(+) and/
or PR(+), Her-2(+), or ER(+) and/or PR(+), Her-2(-), and Ki-67
high expression (> 14%); ® Her-2 overexpressed subtype: ER(-), PR
(-), and Her-2(+); and @triple-negative subtype: ER(-), PR(-), and
HER-2(-). All histopathologic slides were observed by a pathologist
(WW.G) who had more than 6 years of experience in breast
pathologic analysis.

Statistical analysis

SPSS 26.0 statistical software (IBM Corp, Armonk, NY, USA)
was used for the statistical analysis. Count data are expressed as
frequency (n), and intergroup comparisons were conducted using
the ” test. Quantitative parameters with a non-normal distribution
were presented as M (Q1, Q3); the Kruskal-Wallis H test was used
for intergroup comparisons of quantitative data, and the Dunn-
Bonferroni test was used for pairwise comparisons. MedCalc
software was also used to draw ROC curves for the parameters
with significant differences to verify their diagnostic efficacy. P <
0.05 was considered statistically significant.

Results

There were 183 invasive breast cancers among 183 patients
enrolled in this present study, including invasive ductal carcinoma
(n = 152, 83.06%), invasive lobular carcinoma (n = 20, 10.93%),
intraductal papillary carcinoma (n = 3, 1.64%), mucinous
carcinoma (n = 3, 1.64%), and medullary carcinoma (n = 5,
2.73%). Of all the breast lesions (size, 28.8 £ 19.2 mm, range, 8.0-
118mm), 126 (68.85%) were moderately (grade II) and highly
differentiated (grade I), 57 (31.15%) were poorly differentiated
(grade III), 50 (27.32%) were luminal A, 80 (43.72%) were
luminal B, 31 (16.94%) were HER-2 overexpressed, and 22
(12.02%) were triple-negative subtypes. There were no significant
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differences in age and tumor size among patients with different
grades and subtypes (Table 1).

Qualitative CEUS features of breast cancer
with different pathological grades and
molecular subtypes

The qualitative CEUS analysis revealed that higher histological
grade (grade III) breast cancer mostly showed heterogeneous
enhancement (50/57, 87.72%), perfusion defect (41/57, 71.93%),
and presence of radial or penetrating vessels (47/57, 82.46%). Lower
histological grade (grade I and II) breast cancer showed more iso- or
hypo-enhancement (79/126, 62.70%), homogeneous enhancement
(83/126, 65.87%), and no obvious perfusion defect (100/126,
79.37%) (Figure 1). The enhancement degree, internal
homogeneity, perfusion defect, and presence or absence of radial
or penetrating vessels showed significant differences between lower
histological grade and higher histological breast cancer (all P <0.01).
However, with regard to the enhancement edge and whether lesion
scope enlarged after enhancement, no statistical difference was
found between the two groups (P > 0.05) (Table 2).

Iso- or hypo-enhancement was found in 43 (43/50, 86.00%)
luminal A and 41 (41/80, 51.25%) luminal B subtype breast cancers.
There were 44 (44/50, 88.00%) luminal A and 42 (42/80, 52.25%)
luminal B lesions present in the radial or penetrating vessels. The

TABLE 1 Clinicopathological Characteristics of patients.

Characteristics Case number (percentage)

Age (years)* 52.21 + 11.54

Tumor diameter (mm)* 28.82 +19.24

Histologic grade
Grades I and II 126 (68.85%)
Grade 11T 57 (31.15%)
Molecular subtypes
Luminal A 50 (27.32%)
Luminal B 80 (43.72%)
Her-2 overexpressed 31 (16.94%)
Triple-negative 22 (12.02%)
Histologic type

Invasive ductal carcinoma 152 (83.06%)

Invasive lobular carcinoma 20 (10.93%)

Intraductal papillary carcinoma 3 (1.64%),
Mucinous carcinoma 3 (1.64%)
Medullary carcinoma 5(2.73%)

Lymph node status

Positive 60 (32.79%)

Negative 123 (67.21%)

* Mean + standard deviation.
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FIGURE 1

A 35-year-old female patient with invasive ductal carcinoma. (A) CEUS perfusion imaging using VueBox software. The ROls were set in the breast
lesion (green circle) and the surrounding breast tissue (yellow circle). The breast lesion showed iso-hyper, homogeneous enhancement, and no

perfusion defect, and the radial vessel was observed. (B) TIC analysis showed a fast wash-in, a medium-high peak, and a rapid wash-out with the
tumor. (C) Histopathological examination indicated a moderately differentiated (grade 1), Luminal B subtyping breast cancer (HE, x100). TIC, Time

intensity curve.

enhancement features of HER-2 breast cancer were predominantly
hyper-enhancement (26/31, 83.87%) and perfusion defects (27/31,
87.10%). The enhancement features of triple-negative breast cancer
were predominantly clear edge (20/22, 90.91%) (Figures 2, 3).
There were significant differences in the enhancement degree,
enhancement edge, perfusion defects, and radial or penetrating
vessels among the different molecular subtypes of breast cancer (P <
0.05). Radial or penetrating vessels were more common in luminal
A breast cancer than in other subtypes. In addition, clear edge after
enhancement was more common in the triple-negative subtype, and
perfusion defect was more often found in HER-2 overexpressed
breast cancer than in other subtypes (P < 0.05). With regard to
internal homogeneity, there was no significant difference among the
different molecular subtypes (P > 0.05) (Table 3).

Quantitative CEUS parameters of breast
cancer with different pathological grades
and molecular subtypes

There were significant differences in PE, mTT, TTP, WiR, WiP]I,
and WiWoAUC between breast cancer groups and the surrounding
normal breast tissue (all P < 0.001). After Bonferroni correction, the
PE, WiR, WiPI, and WiWoAUC for breast cancer lesions were
greater, while mTT and TTP were shorter than the surrounding
normal breast tissue. PE, WiR, WiPI, and WiWoAUC for the higher
histological grade group were greater than the lower histological
grade group (Table 4).

There were significant differences in the quantitative parameters
PE, WiR, WiPI, and WiWoAUC among the different molecular
subtypes of breast cancer (all P < 0.05). PE, WiR, WiPI, and
WiWoAUC for the luminal A and luminal B subtypes were lower
than triple-negative breast cancer. HER-2 overexpressed subtype
had higher PE than luminal A and greater WiR than luminal A and
luminal B subtypes. However, the mTT and TTP showed no
statistical difference among the different molecular subtypes of
breast cancer (both P > 0.05) (Table 5).

Frontiers in Oncology

Diagnostic performances of different
qualitative and quantitative
CEUS parameters

Using the pathological results as the gold standard, ROC
curves were drawn to analyze the diagnostic performance of
CEUS perfusion imaging with VueBox for the pathological
grades and molecular subtypes of breast cancer. The results
showed that among the qualitative parameters, perfusion defect
and heterogeneous enhancement were the most accurate features
for higher histologic-grade breast cancer, and the areas under
the ROC curve were 0.756 and 0.768, respectively. Among the
quantitative parameters, PE, WiR, and WiWoAUC had the
highest diagnostic performance, with 667.02, 108.55, and
6517.99 identified as the optimal cutoff values for the diagnosis
of higher histologic grade breast cancer; the corresponding
sensitivities were 0.895, 0.895, and 0.860; specificities were
0.673, 0.651, and 0.689; and the accuracies were 0.708, 0.689,
and 0.716, respectively (Figure 4).

With a PE value of 253.96 as the threshold, hypo-enhancement,
and the presence of radial or penetrating vessels used to diagnose
luminal A breast cancer, the areas under the ROC curve were 0.825,
0.746, and 0.760, respectively. Using the cutoff value of 147.56 for
WiPI to diagnose luminal B subtype breast cancer, the area under
the ROC curve was 0.838, and the sensitivity, specificity, and
accuracy were 0.925, 0.709, and 0.803. Perfusion defect and clear
edge after enhancement were the best qualitative criteria for
diagnosis of HER-2 overexpress and triple-negative breast cancer;
the corresponding areas under the ROC curves were 0.804 and
0.905, the corresponding sensitivities were 0.871 and 0.909,
specificities were 0.737 and 0.901, and the accuracies were 0.760
and 0.902, respectively. Using a WiR value of 107.81 and
WiWoAUC value of 7646.07 as the cutoff values to diagnose
triple-negative breast cancer, the areas under the curve were 0.932
and 0.922, the sensitivities were 0.955 and 0.955, the specificities
were 0.820 and 0.857, and the accuracies were 0.836 and 0.869,
respectively (Figure 5).
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TABLE 2 CEUS Qualitative Features with Different Histologic grades of Breast Cancer.
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Discussion

Previous studies have reported that CEUS enhancement
patterns and hemodynamic changes in breast cancer can be
analyzed to predict the pathological characteristics associated with
breast cancer prognosis (10). However, previous studies on the
preoperative assessment of breast cancer pathological grades and
ER, PR, or other biomarkers’ expression by CEUS mostly focused
on qualitative indicators, which have certain limitations of
subjectivity. In the present study, VueBox, an external perfusion
analysis software, was used to comprehensively analyze and explore
the value of CEUS qualitative and quantitative parameters in the
preoperative assessment of the pathological grading and molecular
classification of breast cancer.

The results indicated that higher histological-grade breast
cancer commonly showed heterogeneous enhancement, perfusion
defects, and the presence of radial or penetrating vessels.
Additionally, iso- or hypo-enhancement, homogeneous
enhancement, and no obvious perfusion defect were found more
often in lower histological-grade breast cancer. These findings are
consistent with the results of a previous report (11). Breast cancer is
a vascular-dependent disease, and the differences in CEUS
enhancement patterns between breast cancer lesions and the
surrounding normal breast tissue are closely related to their blood
perfusion and pathological characteristics. The higher the
histological grade of breast cancer, the poorer the differentiation,
the higher the degree of malignancy, and the more angiogenesis
(12). The distribution of blood vessels in malignant tumors is
uneven; there are abundant tortuous and dilated blood vessels at
the edges of lesions, and immature, stenotic, and occluded new
blood vessels are common, resulting in heterogeneous enhancement
within the tumors (13). Perfusion defects in malignant lesions are
related to rapid tumor growth and the relatively insufficient supply
of oxygen and nutrients, resulting in tumor liquefaction and
necrosis. On CEUS, radial or penetrating vessels may manifest as
the “crab claw” sign. As we know, cells of tumors with higher
histological grades could continuously secrete a large amount of
vascular endothelial growth factor, which promotes the formation
of new blood vessels and infiltration into surrounding normal
tissue. These tumors are likely to appear as “crab claw”-like
enhancement on CEUS (14).

To minimize the influence of subjective factors and individual
differences on the interpretation of CEUS imaging, VueBox
quantitative analysis was also used to analyze the differences in
breast cancer and surrounding normal breast tissue. The results
showed that the TIC curve for breast cancer lesions was
characterized by rapid and hyper-perfusion. Quantitative CEUS
parameters for breast cancer lesions were significantly different
from those for surrounding normal breast tissue. It is probably due
to the differences between the microvessel density (MVD) of the
lesions and the surrounding normal glandular tissue. There is very
little neovascularization in normal breast tissue, and the MVD in
breast cancer lesions is significantly higher than that in normal
breast tissue (15). Additionally, higher histological-grade breast
cancer has more thick feeding vessels, and the neovascular wall in
the tumor is incomplete. A lack of smooth muscle innervation and
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FIGURE 2

A 55-year-old female patient with invasive ductal carcinoma. (A) VueBox perfusion imaging showed that hyper-, heterogeneous enhancement, and
perfusion defect (white arrows) were present in the breast lesion. (B) TIC analysis showed a fast wash-in, a higher peak, and a rapid wash-out with
the tumor. (C) Histopathological examination indicated a poorly differentiated (grade I1l), Her-2 subtyping breast cancer (HE, X100). TIC: Time

intensity curve.

FIGURE 3

A 47-year-old female patient with invasive lobular carcinoma. (A) CEUS perfusion imaging showed that hyper-enhancement, clear edge, and radial
vessels (white arrows) were present in the breast lesion. (B) TIC analysis showed a fast wash-in, a higher peak, and a rapid wash-out with a greater
WiWoAUC of the tumor. (C) Histopathological examination indicated a poorly differentiated (grade ll1), triple-negative subtyping breast cancer (HE,

%x100). WiWoAUC: wash-in and wash-out area under the curve

vasomotor components and the formation of thrombi in feeding
vessels in the tumor can cause a large number of microbubbles to
remain in the blood vessels and eventually lead to greater PE, WiR,
WiPI, and WiWoAUC and a shorter mTT and TTP values for the
breast cancer lesion than for the surrounding normal glandular
tissue (16). However, Li et al. (13) proposed that the longer the TTP,
the smaller the WiR, and the higher the pathological grade, which is
different from the present finding. The explanation for this
inconsistent result may be attributable to the individual
differences of patients, different ROI areas, or analysis software (17).

In this study, luminal A and luminal B subtypes of breast cancer
mostly showed iso- or hypo-enhancement on CEUS. The reason for
this may be the low density of microvessels, low invasiveness, and low
perfusion in luminal epithelial tumors. Radial or penetrating vessels
on CEUS are characteristic of luminal A breast cancer. It is speculated
that luminal A breast cancer has lower Ki-67 expression, slower cell
proliferation, and lower malignancy. In addition, tumor adhesion and
E-cadherin expression promote the proliferation of interstitial
connective tissue and inflammatory cell infiltration, leading to the
formation of dense fibrosis. On CEUS, these tumors appear
peripherally radial convergent, which is consistent with the burr-
like appearance around masses on mammography (18).

HER-2 expression is correlated with tumor size, lymph node
metastasis, and TNM stage. HER-2 overexpression often indicates
poor prognosis (19). In our present study, HER-2 breast cancer
mostly showed hyper-enhancement and perfusion defects. HER-2
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can upregulate the expression of vascular endothelial growth factor
(VEGF), increase angiogenesis, and stimulate the proliferation of
microvessels around a tumor (20). The blood supply to the tumor
increases, manifesting as hyper-enhancement on contrast-enhanced
ultrasonography. When a tumor grows rapidly, necrosis occurs due
to insufficient oxygen and nutrient supply, manifesting as perfusion
defects on CEUS, which is consistent with the results reported by
Liang et al. (21).

Triple-negative breast cancer has the worst prognosis and is not
sensitive to endocrine therapy and targeted therapy. Previous
studies have indicated that triple-negative breast cancer and
benign tumors have similar appearances on conventional
ultrasound (22). In this study, triple-negative breast cancer
commonly showed a clear edge on CEUS, potentially relating to
the compressive growth of triple-negative breast lesions, and the
stromal reaction around the gland is reduced, resulting in a clear
border between the tumor and the surrounding breast tissue (23).

There were different opinions of previous research regarding
the correlation between quantitative CEUS parameters and the
molecular expression in breast cancer. Vraka et al. (10) reported
that there was no significant difference in PE, TTP, and MTT
between ER-negative and ER-positive tumors. The results of
another study suggested that the PE of luminal epithelial breast
cancer was lower than that of HER-2 and triple-negative tumors,
while the TTP of HER-2 breast cancer was shorter than that of other
subtypes (21). Our results revealed that PE, WiR, WiPI, and
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TABLE 3 CEUS Qualitative Features with Different Molecular Subtypes of Breast Cancer.

10.3389/fonc.2024.1320714

Molecular Enhancement Intensity Internal Homogeneity Enhancement Perfusion defect Radial or pene- Enhancement
Subtype edge trating vessel scope enlarged
Hyper- Iso- or homogeneous Heterogeneous clear blurred Present Absent Present Absent Present Absent
enhancement hypo-
enhancement
Luminal A 7 43 23 27 6 44 15 35 44 6 32 18
Luminal B 39 41* 35 45 5 75 23 57 42 38" 54 26
Her- 26 5% 18 13 5 26 27 4 4 27 19 12
2
overexpressed
Triple- 19 3% 14 8 200 2 2 20° 2 20 14 8
negative
Total 91 92 90 93 36 147 67 116 92 91 119 64
P Value <0.01 0.262 <0.01 <0.01 < 0.01 0.930

“Compared with the Luminal A subtype, p < 0.05.
"Compared with the Luminal B subtype, p < 0.05.
“Compared with the Her-2 overexpressed subtype, p < 0.05.

TABLE 4 Comparison of CEUS Quantitative Parameters in different histological grades of breast cancer and normal breast tissue (Q1, Q3).

Group PE (au) mTT (s) TTP (s) VW E)] WiPI (au) WiWoAUC (au)
) 95.72 39.63 1229 17.67 69.69 1101.93
Normal breast tissue
(39.19, 295.39) (21.70, 73.87) (8.98,17.32) (7.57, 51.12) (27.06, 402.93) (341.01, 3869.24)
840.19° 26.56" 8.25° 151.26" 726.95° 7400.29*
Grades I and 1T
(414.84, 2351.48) (18.19, 52.72) (6.57, 9.84) (78.28, 269.91) (277.77, 4146.50) (2672.86, 19547.71)
Grade 111 2926.97° 22.58° 7.74° 604.97°" 2107.34% 26677.88%
(1015.94, 14848.96) (14.04, 44.52) (6.57, 9.84) (191.32, 3013.64) (727.08, 9465.63) (9280.65, 146525.00)
P Value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 <0.001

*Compared with normal breast tissue, p < 0.05; "Compared with Grades I and II breast cancer, p < 0.05.
PE, peak enhancement; mTT, mean Transit time; TTP, Time to Peak; WiR, wash-in rate; WiPI, wash-in perfusion index; WiWoAUC, wash-in and wash-out areas under the curve.

au, arbitrary unit; S, second.

TABLE 5 CEUS Quantitative Parameters with Different Molecular Subtypes of Breast Cancer (Q1, Q3).

Molecular Subtype 2 ET))

Luminal A 710.56
(333.10, 2584.27)

Luminal B 876.70

(442.76, 3357.51)

mTT (s)

2341
(18.04, 51.69)

2356
(16.87, 44.9175)

TTP (s) WiR (au)
8.70 115.97
(7.23,10.04) (62.10, 203.20)
7.975 175.97

(6.98, 10.3625) (83.92, 427.59) *

WiPI (au)

833.74
(241.40,4106.77)

817.85
(325.13,4424.32)

WiWoAUC (au)

7617.21
(2104.91,38584.92)

10368.69
(3927.83,45378.18)

2082.53 29.00 8.36 629.8 1762.22 12184.65
Her-2 overexpressed N b
(729.85, 6682.69) (15.11, 54.04) (7.28,10.72) (197.28,1361.85) (465.52,22005.59) (4372.72,36945.39)
Triple-negative 2946.19 29.495 7.74 879.26 2116.12 34138.295
iple- v
P 8 (1565.76, 16195.12)™ (14.43, 52.09) (6.40, 9.62) (230.51,5049.16)™ (1132.53,13369.86)*" (11401.22,168665.78)™"
P Value < 0.001 0.842 0.478 < 0.001 < 0.001 0.007

#Compared with Luminal A subtype, p < 0.05; "Compared with Luminal B subtype, p < 0.05.
PE, peak enhancement; mTT, mean Transit time; TTP, Time to Peak; WiR, wash-in rate; WiPI, wash-in perfusion index; WiWoAUC, wash-in and wash-out areas under the curve.

au, arbitrary unit; S, second.

WiWoAUC for the luminal A and luminal B subtypes were lower
than triple-negative breast cancer. HER-2 overexpressed subtype
had higher PE than luminal A and greater WiR than luminal A and
luminal B subtypes. Our results concur with those of Wen B et al.
(24) in that HER-2 overexpressed and triple-negative breast lesions
can secrete more vascular endothelial growth factor, leading to

Frontiers in Oncology

higher angiogenesis and vascular permeability and significant
hyper-perfusion situation in the tumors.

This study had certain limitations. First, this was a retrospective
study, and there may be some selection bias. Second, the selected
ROIs were lesion areas with the strongest enhanced area, thus not
fully representing blood perfusion in entire lesions. Third,
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univariate analysis was used in the present study and the sample size
was relatively small; the combined value of CEUS quantitative and
qualitative parameters in predicting the pathological characteristics
of breast cancer needs to be calculated in a multivariate regression
analysis and verified in future multicenter and large-scale studies.

Frontiers in Oncology

In conclusion, there were differences in the qualitative features
and quantitative parameters of CEUS for breast cancer with
different pathological grades and molecular subtypes. Contrast-
enhanced ultrasound may be used to non-invasively predict the
histological characteristics of breast cancer.

frontiersin.org


https://doi.org/10.3389/fonc.2024.1320714
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Li et al.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by The Ethics
Committee of the People’s Hospital of Guangxi Zhuang Autonomous
Region. The studies were conducted in accordance with the local
legislation and institutional requirements. The participants provided
their written informed consent to participate in this study.

Author contributions

L-LL: Data curation, Formal analysis, Writing - original draft,
Validation. Q-LS: Writing — original draft, Data curation, Formal
analysis, Validation. Y-XD: Data curation, Writing — original draft,
Validation. W-WG: Methodology, Validation, Writing — original
draft. H-ML: Validation, Formal analysis, Writing - review &
editing. QH: Funding acquisition, Methodology, Project
administration, Validation, Writing - original draft, Writing -
review & editing.

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA: Cancer ] Clin. (2021) 71:209-49. doi: 10.3322/
caac.21660

2. Tsang JYS, Tse GM. Molecular classification of breast cancer. Adv Anat Pathol.
(2020) 27:27-35. doi: 10.1097/PAP.0000000000000232

3. Rakha EA, Green AR. Molecular classification of breast cancer: what the
pathologist needs to know. Pathology. (2017) 49:111-9. doi: 10.1016/
j.pathol.2016.10.012

4. Wiesinger I, Wiggermann P, Zausig N, Beyer LP, Salzberger B, Stroszczynski C,
et al. Percutaneous treatment of Malignant liver lesions: evaluation of success using
contrast- enhanced ultrasound (CEUS) and perfusion software. Ultraschall der Med.
(2018) 39:440-7. doi: 10.1055/s-0043-119353

5. Wiesinger I, Jung F, Jung EM. Contrast-enhanced ultrasound (CEUS) and
perfusion imaging using VueBox®. Clin Hemorheol Microcirc. (2021) 78:29-40.
doi: 10.3233/CH-201040

6. Dong Y, Koch JBH, Léwe AL, Christen M, Wang WP, Jung EM, et al. VueBox®
for quantitative analysis of contrast-enhanced ultrasound in liver tumors. Clin
Hemorheol Microcirc. (2022) 80:473-86. doi: 10.3233/CH-211261

7. Jung EM, Jung F, Stroszczynski C, Wiesinger I. Quantification of
dynamic contrast-enhanced ultrasound (CEUS) in non-cystic breast lesions
using external perfusion software. Sci Rep. (2021) 11:17677. doi: 10.1038/s41598-021-
96137-6

8. Tavassoli FA, Devilee P. Pathology and Genetics Tumors of the Breast and Female
Genital Organs. In: World Health Organization classification of tumors. IARC Press,
Lyon (2003). p. 19-23.

9. Khaled H, Gamal H, Lotayef M, Knauer M, Thiirliman B. The st. Gallen
international expert consensus conference on the primary therapy of early breast
cancer 2017: Egyptian view. Breast Cancer Res Treat. (2018) 172:545-50. doi: 10.1007/
510549-018-4945-1

10. Vraka I, Panourgias E, Sifakis E, Koureas A, Galanis P, Dellaportas D, et al.
Correlation between contrast-enhanced ultrasound characteristics (Qualitative and
quantitative) and pathological prognostic factors in breast cancer. In Vivo. (2018)
32:945-54. doi: 10.21873/invivo.11333

Frontiers in Oncology

10.3389/fonc.2024.1320714

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the Guangxi Key Research and Development
project and the National Natural Science Foundation of China (No.
82160339, 81660292). The funders had no role in the study design,
data collection and analysis, decision to publish, or preparation of
the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

11. Cao XL, Bao W, Zhu SG, Wang LH, Sun MH, Wang L, et al. Contrast-enhanced
ultrasound characteristics of breast cancer: correlation with prognostic factors.
Ultrasound Med Biol. (2014) 40:11-7. doi: 10.1016/j.ultrasmedbio.2013.08.014

12. Karimzadeh P, Faghih Z, Rahmani N, Eghbali F, Razmkhah M. Quantification of
angiogenic factors and their clinicopathological associations in breast cancer. Eur
Cytokine Netw. (2020) 31:68-75. doi: 10.1684/ecn.2020.0447

13. LiX, Li Y, Zhu Y, Fu L, Liu P. Association between enhancement patterns and
parameters of contrast-enhanced ultrasound and microvessel distribution in breast
cancer. Oncol Lett. (2018) 15:5643-9. doi: 10.3892/01.2018.8078

14. Zhao YX, Liu S, Hu YB, Ge YY, Lv DM. Diagnostic and prognostic values of
contrast-enhanced ultrasound in breast cancer: a retrospective study. Onco Targets
Ther. (2017) 10:1123-9. doi: 10.2147/OTT.S124134

15. Ribatti D, Nico B, Ruggieri S, Tamma R, Simone G, Mangia A. Angiogenesis and
antiangiogenesis in triple-negative breast cancer. Transl Oncol. (2016) 9:453-7.
doi: 10.1016/j.tranon.2016.07.002

16. Li W, Zhou Q, Xia S, Wu Y, Fei X, Wang Y, et al. Application of contrast-
enhanced ultrasound in the diagnosis of ductal carcinoma in situ: analysis of 127 cases.
J Ultrasound Med. (2020) 39:39-50. doi: 10.1002/jum.15069

17. Li ], Yuan M, Yang L, Guo L. Correlation of contrast-enhanced ultrasound
features with prognostic factors in invasive ductal carcinomas of the breast. Jpn J
Radiol. (2020) 38:960-7. doi: 10.1007/s11604-020-00994-6

18. Erber R, Hartmann A. Histology of luminal breast cancer. Breast Care (Basel).
(2020) 15:327-36. doi: 10.1159/000509025

19. ShiP, Chen C, Yao Y. Correlation between HER-2 gene amplification or protein
expression and clinical pathological features of breast cancer. Cancer Biother
Radiopharm. (2019) 34:42-6. doi: 10.1089/cbr.2018.2576

20. Hasan R, Bhatt D, Khan S, Khan V, Verma AK, Anees A, et al. Association of her-2
expression and clinicopathological parameters in colorectal carcinoma in Indian
population. Open Access Maced ] Med Sci. (2018) 7:6-11. doi: 10.3889/0amjms.2019.008

21. Liang X, Li Z, Zhang L, Wang D, Tian J. Application of contrast-enhanced
ultrasound in the differential diagnosis of different molecular subtypes of breast cancer.
Ultrason Imaging. (2020) 42:261-70. doi: 10.1177/0161734620959780

22. Li JW, Cao YC, Zhao ZJ, Shi ZT, Duan XQ, Chang C, et al. Prediction for
pathological and immunohistochemical characteristics of triple-negative invasive

frontiersin.org


https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1097/PAP.0000000000000232
https://doi.org/10.1016/j.pathol.2016.10.012
https://doi.org/10.1016/j.pathol.2016.10.012
https://doi.org/10.1055/s-0043-119353
https://doi.org/10.3233/CH-201040
https://doi.org/10.3233/CH-211261
https://doi.org/10.1038/s41598-021-96137-6
https://doi.org/10.1038/s41598-021-96137-6
https://doi.org/10.1007/s10549-018-4945-1
https://doi.org/10.1007/s10549-018-4945-1
https://doi.org/10.21873/invivo.11333
https://doi.org/10.1016/j.ultrasmedbio.2013.08.014
https://doi.org/10.1684/ecn.2020.0447
https://doi.org/10.3892/ol.2018.8078
https://doi.org/10.2147/OTT.S124134
https://doi.org/10.1016/j.tranon.2016.07.002
https://doi.org/10.1002/jum.15069
https://doi.org/10.1007/s11604-020-00994-6
https://doi.org/10.1159/000509025
https://doi.org/10.1089/cbr.2018.2576
https://doi.org/10.3889/oamjms.2019.008
https://doi.org/10.1177/0161734620959780
https://doi.org/10.3389/fonc.2024.1320714
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Li et al.

breast carcinomas: the performance comparison between quantitative and qualitative
sonographic feature analysis. Eur Radiol. (2022) 32:1590-600. doi: 10.1007/s00330-
021-08224-x

23. Wang D, Zhu K, Tian J, Li Z, Du G, Guo Q, et al. Clinicopathological and
ultrasonic features of triple-negative breast cancers: A comparison with hormone

Frontiers in Oncology

10

10.3389/fonc.2024.1320714

receptor-positive/human epidermal growth factor receptor-2-negative breast cancers.
Ultrasound Med Biol. (2018) 44:1124-32. doi: 10.1016/j.ultrasmedbio.2018.01.013

24. Wen B, Kong W, Zhang Y, Xue H, Wu M, Wang F. Association between
contrast-enhanced ultrasound characteristics and molecular subtypes of breast cancer. ]
Ultrasound Med. (2022) 41:2019-31. doi: 10.1002/jum.15886

frontiersin.org


https://doi.org/10.1007/s00330-021-08224-x
https://doi.org/10.1007/s00330-021-08224-x
https://doi.org/10.1016/j.ultrasmedbio.2018.01.013
https://doi.org/10.1002/jum.15886
https://doi.org/10.3389/fonc.2024.1320714
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Contrast-enhanced ultrasound for the preoperative prediction of pathological characteristics in breast cancer
	Introduction
	Materials and methods
	Patients
	Imaging acquisition
	CEUS image analysis
	Histopathologic analysis
	Statistical analysis

	Results
	Qualitative CEUS features of breast cancer with different pathological grades and molecular subtypes
	Quantitative CEUS parameters of breast cancer with different pathological grades and molecular subtypes
	Diagnostic performances of different qualitative and quantitative CEUS parameters

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


