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Abstract
Background Benign and malignant breast tumors differ in their microvasculature morphology and distribution. 
Histologic biomarkers of malignant breast tumors are also correlated with the microvasculature. There is a lack of 
imaging technology for evaluating the microvasculature. Ultrasound localization microscopy (ULM) can provide 
detailed microvascular architecture at super-resolution. The objective of this trial is to explore the role of ULM in 
distinguishing benign from malignant breast tumors and to explore the correlations between ULM qualitative and 
quantitative parameters and histologic biomarkers in malignant breast tumors.

Methods/design This prospective and multicenter study will include 83 patients with breast tumors that will 
undergo ULM. 55 patients will be assigned to the malignant group, and 28 patients will be assigned to the benign 
group. The primary outcome is the differences in the qualitative parameters (microvasculature morphology, 
distribution, and flow direction) between benign and malignant breast tumors on ULM. Secondary outcomes 
include (1) differences in the quantitative parameters (microvasculature density, tortuosity, diameter, and flow 
velocity) between benign and malignant breast tumors based on ULM; (2) diagnostic performance of the qualitative 
parameters in distinguishing benign and malignant breast tumors; (3) diagnostic performance of the quantitative 
parameters in distinguishing benign and malignant breast tumors; (4) relationships between the qualitative 
parameters and histologic biomarkers in malignant breast tumors; (5) relationships between the quantitative 
parameters and histologic biomarkers in malignant breast tumors; and (6) the evaluation of inter-reader and intra-
reader reproducibility.
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Background
Breast cancer is the most frequent malignant disease and 
one of the main causes of mortality in women worldwide. 
Pathological angiogenesis is a hallmark feature of solid 
tumors [1]. Microvasculature density and distribution are 
highly correlated with tumor invasion, metastasis, and 
prognosis [2, 3]. Histologic biomarkers of breast tumors, 
such as estrogen receptor (ER), progesterone receptor 
(PR), human epidermal growth factor 2 (HER2) and Ki67, 
are prognostic factors. ER-negative or Ki67-positive 
breast cancer have high microvasculature density [4]. In 
addition, microvascular morphologic features are helpful 
for the differentiation of breast tumors [5]. The vessels in 
benign tumors are natural and straight, whereas vessels 
in malignant tumors are irregular and tortuous [6]. Thus, 
it is important to evaluate the microvasculature of breast 
tumors to differentiate benign from malignant tumors 
and predict histologic biomarkers.

To detect tumor vessels, various noninvasive imaging 
modalities, such as magnetic resonance imaging (MRI) 
and ultrasound (US), are employed in clinical practice. 
Although MRI, with high sensitivity and deep penetra-
tion, can evaluate the perfusion and vascularization of 
tissues, its spatial resolution is limited to the submillime-
ter or millimeter scale [7]. Therefore, the microvascular 
architecture of tumors cannot be depicted on MRI. US 
has been a popular vasculature visualizing tool for many 
years. US can provide many approaches to detect tumor 
vessels, especially contrast-enhanced US (CEUS), which 
generates marked amplification of the flow signals by 
microbubble (MB) contrast agents [8] and has superior 
capabilities in the visualization of the microvasculature. 
Reportedly, the axial resolution of CEUS is approximately 
150  μm, and the lateral resolution is approximately 
200 μm at a depth of 5 mm [9]. However, its resolution is 
still confined by the diffraction limit [10], which hinders 
the application of CEUS to assess microvasculature. It 
turns out that comprehensive and detailed microvascular 
architecture is difficult to obtain.

Recently, ultrasound localization microscopy (ULM), 
also known as ultrasound super-resolution microcircula-
tion imaging (USRmi) and super-resolution ultrasound 
(SRUS) imaging, is an advanced tracking technique that 

reconstructs microvasculature images in tissues by pre-
cisely locating isolated MB contrast agents and tracking 
their displacements from a series of CEUS images [11]. 
As an emerging technology, ULM breaks the diffraction 
limit of imaging systems [12, 13] and has a resolution of 
blood vessels up to 10 μm [13]. Therefore, it can improve 
the ability to obtain highly detailed images of the micro-
vasculature. Furthermore, ULM can offer qualitative and 
quantitative parameters [14], especially some parameters 
(e.g., blood flow direction and velocity) that are inaccessi-
ble by CEUS. Therefore, ULM demonstrates great advan-
tages in visualizing the microvasculature.

To date, the microvasculature imaging of ULM has 
been tested successfully in various tissues of animal mod-
els, including tumor, skeletal muscle, lymph node, kid-
ney, brain, ear, and atherosclerotic plaque [10, 14–26]. 
For human studies, ULM has been preliminarily applied 
in imaging the microvasculature of breast tumor, lower 
limb, prostate cancer, healthy liver, healthy kidney, and 
pancreatic tumor [12, 14, 27–29]. For breast tumors, 
Dencks et al. [12] mapped the microvasculature in 1 
case of breast cancer and extracted relevant parameters, 
including relative blood volume, flow velocity, and flow 
direction. However, the vessel trees were imaged incom-
pletely, which may affect relevant parameters. Opacic et 
al. [14] imaged the microvasculature in 3 cases of breast 
cancers and acquired relevant parameters, including rela-
tive blood volume, flow distribution, flow velocity, and 
flow direction. Similar to the previous study, the prob-
lem is that vessel trees may also be imaged incompletely. 
Huang et al. imaged [27] the microvasculature in 1 case 
of breast cancer and obtained relevant parameters, such 
as flow velocity and flow direction. However, the patient 
had been treated with chemotherapy before ULM, so the 
results could not provide a reference for preoperative 
diagnosis and differential diagnosis.

The above breast tumor studies only demonstrate 
the proof of concept, but few studies have explored 
their application to benign breast tumors. Thus, it is 
still unclear whether ULM can differentiate benign and 
malignant breast tumors. In addition, the relationships 
between ULM parameters and histologic markers have 
not been evaluated.

Discussion Detecting vascularity in breast tumors is of great significance to differentiate benign from malignant 
tumors and to predict histologic biomarkers. These histologic biomarkers, such as ER, PR, HER2 and Ki67, are closely 
related to prognosis evaluation. This trial will provide maximum information about the microvasculature of breast 
tumors and thereby will help with the formulation of subsequent differential diagnosis and the prediction of 
histologic biomarkers.

Trial registration number/date Chinese Clinical Trial Registry ChiCTR2100048361/6th/July/2021. This study is a part 
of that clinical trial.

Keywords Breast tumors, Ultrasound localization microscopy, Microvasculature, Histologic biomarkers
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We hypothesize that ULM would be helpful to dif-
ferentiate breast tumors and predict relevant histologic 
biomarkers associated with prognosis. The objectives of 
this multicenter study are to explore the role of ULM in 
distinguishing benign from malignant breast tumors and 
to explore the correlations between ULM qualitative and 
quantitative parameters and histologic biomarkers in 
malignant breast tumors.

Methods/design
Study design
The protocol for analyzing breast tumors with ULM is 
a prospective, multicenter study conducted by Shanghai 
Sixth People’s Hospital Affiliated to Shanghai Jiao Tong 
University School of Medicine, and the study is led in 15 
municipal tertiary hospitals nationally. This trial follows 
the STARD-2015 [30], and Additional file 1 is the STARD 
checklist.

Patient and public involvement
Patients were not invited to participate in the design, 
recruitment, conduct of the protocol, or to write or 
edit the manuscript. The ultimate outcomes will be 

communicated to the public by mass media. At the end 
of the published papers and conference presentations, all 
of patients as a whole will be acknowledged.

Patient recruitment
Figure 1 presents the patient flow diagram of this study. 
Patients undergoing CEUS of breast tumors in each cen-
ter will be recruited. Pathological examination is con-
sidered the gold standard in distinguishing benign and 
malignant tumors.

Grayscale US will be performed initially to scan the 
breast tumors. Then, color Doppler flow imaging (CDFI) 
will be conducted in different planes to evaluate intra- 
and extra-tumoral vascularity. The section with the rich-
est vessels is selected for CEUS according to CDFI.

Medical evaluation and enrollment procedure
Inclusion criteria
► Age ≥ 18 years old and ≤ 75 years old, female;

► Isolated microbubbles in tumors;
► CEUS and histological results of breast tumors;
► Recently diagnosed (within 3 months) with breast 

tumors based on clinical or radiological findings.

Fig. 1 Patient flow diagram
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Exclusion criteria
► Poor quality of dynamic CEUS images;

► Large tissue motions;
► Low frame rate in contrast mode;
► The time interval between CEUS and histological 

results is more than 3 months.

Blind reviews
The investigators will be blinded to the results of the 
pathology, clinical histology, and other examinations 
before ULM. As such, the pathologist will be blinded to 
the results of clinical histology and other examinations.

ULM imaging and observations
MATLAB R2021a will be used to postprocess data from 
the CEUS video clips of breast tumors in a personal com-
puter. A series of ULM images, super-resolution micro-
bubble density map, density map with directions, flow 
velocity magnitude map, and flow angle map, will be gen-
erated, and the qualitative and quantitative parameters 
will be extracted based on the ULM images. Qualitative 
parameters such as microvasculature morphology, dis-
tribution, and flow direction will be assessed. The micro-
vasculature morphology will be divided into dot-like, 
line-like or branch-like patterns and chaotic patterns. The 
microvasculature distribution will be divided into central 
or peripheral or both. The microvasculature flow direc-
tion will be divided into toward the transducer or away 
from the transducer. Quantitative parameters, such as 

microvasculature density, tortuosity, diameter, and flow 
velocity, will be assessed. The microvasculature tortuosity 
will be divided into max tortuosity and mean tortuosity. 
The microvasculature diameter will be divided into max 
diameter and mean diameter. The microvasculature flow 
velocity will be divided into max flow velocity and mean 
flow velocity. Table 1 shows ULM qualitative and quanti-
tative parameters.

To evaluate inter-reader reproducibility, two readers 
will individually read the ULM images and record the 
results. As such, to evaluate intra-reader reproducibility, 
the principal reader will read the ULM images again 1 
month after the initial read.

Histologic analysis
Malignant breast tumors will be subjected to immuno-
histochemical tests. The biomarkers comprise ER, PR, 
HER2, and Ki67. The conditions of positivity are as fol-
lows: a score more than 2 points for ER and PR; mem-
brane 3 + immunohistochemistry, or membrane 2 + HER2 
gene amplification visualized on sliver in-situ hybridiza-
tion for HER2 staining; 14% for Ki67 expression [4, 31].

Data management
The associated data will be collected at the time of inclu-
sion, including baseline characteristics of the patients, 
machine parameters of CEUS, and ULM qualitative and 
quantitative parameters. Table 2 shows study evaluation 
procedures and timeline.

Table 1 ULM qualitative and quantitative parameters
Parameters Variables
Qualitative parameters microvasculature morphology

(dot-like, line-like or branch-like patterns)
microvasculature distribution
(central or peripheral)
microvasculature flow direction
(toward the transducer or away from the transducer)

Quantitative parameters microvasculature density
microvasculature tortuosity
(max tortuosity and mean tortuosity)
microvasculature diameter
(max diameter and mean diameter)
microvasculature flow velocity
(max flow velocity and mean flow velocity)

Table 2 Study evaluation procedures and timeline
Study procedure Medical evaluation Enrolment visit
Determine eligibility √
Obtain signed consent √
Baseline characteristic √
Machine parameters √
Outcome measures of ULM
 Qualitative parameters √
 Quantitative parameters √
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Outcome measurement
Primary outcome
Differences in the qualitative parameters between benign 
and malignant breast tumors based on ULM.

Secondary outcome
► Differences in the quantitative parameters between 
benign and malignant breast tumors based on ULM.

► Diagnostic performance of the qualitative param-
eters in distinguishing benign and malignant breast 
tumors, evaluated using the area under the curve (AUC), 
sensitivity, specificity, accuracy, positive predictive value 
(PPV), and negative predictive value (NPV).

► Diagnostic performance of the quantitative param-
eters in distinguishing benign and malignant breast 
tumors, evaluated using the AUC, sensitivity, specificity, 
accuracy, PPV, and NPV. The optimal cut-off values of 
the quantitative parameters will be analyzed by receiver 
operating characteristic (ROC) curves.

► Relationships between the qualitative parameters 
and histologic biomarkers in malignant breast tumors.

► Relationships between the quantitative parameters 
and histologic biomarkers in malignant breast tumors.

► The evaluation of inter-reader and intra-reader 
reproducibility.

Premature ending of patient participation
Patients will be excluded from the research if they have 
one of the following conditions:

► Withdrawal of informed consent before the end of 
the research;

► Discovery of any exclusion criteria after registration.
These patients will be promptly excluded from the 

research and replaced by new patients. Meanwhile, the 
reason why the patient is excluded and the corresponding 
date will be recorded. Withdrawal of informed consent 
will not influence the patient’s medical treatment.

Follow-up
No specific follow-up will be carried out for the patients 
during and after the research.

Sample size calculation
Because this is the first study to distinguish benign and 
malignant breast tumors by using ULM, there is no avail-
able literature for sample size consideration. Hence, the 
sensitivity (0.9) and specificity (0.83) to differentiate 
benign from malignant breast tumors using CEUS in a 
meta-analysis were used for sample size determination 
[32]. Sample size was calculated by PASS software. The 
estimated sample size assumes a two-sided α of 5% and 
a power of 90%. 75 patients will be included in this study. 
Considering a 10% drop-out rate, 83 patients will be 
finally enrolled in the study. Since the number of patients 

with malignant tumors is larger than that of patients with 
benign tumors, the patients will be divided into a malig-
nant group and a benign group at a ratio of 2:1. In the 
end, 55 patients and 28 patients will be included in the 
malignant group and the benign group, respectively.

Quality assurance/monitoring/management
To clarify the responsibilities of all parties, the principal 
investigator shall play the role of management and moni-
toring, and each center will strictly follow the research 
plan to ensure the quality control of the clinical research 
and the implementation of the quality assurance system. 
In this clinical research, quality control will be carried 
out at each stage of data processing to ensure data integ-
rity, accuracy, authenticity and reliability.

The collected data will be kept anonymous and stored 
in an electronic database. The information that can iden-
tify participants will not be disclosed to members outside 
the research team unless permission is obtained from the 
participants. All study members are required to keep the 
identities of the participants confidential. The identities 
of the research participants will be kept in locked- fill-
ing cabinets for researcher access only. To ensure that 
the research is carried out in accordance with the regula-
tions, if necessary, the members of the government man-
agement department or the ethics review committee can 
access the participant’s personal data according to regu-
lations. When our results are published, any information 
about the participants will not be disclosed.

Statistical analysis
Normal distributions of the data will be verified using 
the Kolmogorov-Smirnov analysis. Continuous variables 
will be reported as the means ± standard deviations or 
median (P25, P75) according to the type of data. Cat-
egorical variables will be reported as frequencies and 
percentages. Student’s t test or Mann-Whitney U test will 
be performed to compare the quantitative parameters 
according to the type of data and to evaluate the corre-
lations between quantitative parameters and histologic 
biomarkers. The Pearson χ2 test or Fisher’s exact test 
will be performed to compare the qualitative parameters 
and to compare the correlations between the qualitative 
parameters and histologic biomarkers. A ROC curve will 
be applied to assess the diagnostic performance of the 
qualitative and quantitative parameters. Sensitivity, spec-
ificity, accuracy, PPV, and NPV will be computed. We will 
determine the optimal cut-off values of the quantitative 
parameters by ROC curves. Inter-reader and intra-reader 
reproducibility will be assessed by the intraclass correla-
tion coefficient accompanied by 95% confidence intervals 
(CI). A P value lower than 0.05 will be considered statis-
tically significant. Statistical analysis will be processed 
using SPSS software and MedCalc software.
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Discussion
Detecting vascularity in breast tumors is of great signifi-
cance to differentiate benign from malignant tumors and 
to predict histologic biomarkers. However, the capacity 
of various imaging modalities in evaluating the micro-
vasculature is limited. That is why other techniques are 
needed. Recently, ULM has been proposed because of 
unprecedented resolution in imaging microvasculature.

In this prospective and multicenter study, ULM will 
be used to provide multiple qualitative and quantitative 
parameters, such as microvasculature morphology, dis-
tribution, flow direction, density, tortuosity (max tortu-
osity and mean tortuosity), diameter (max diameter and 
mean diameter), and flow velocity (max flow velocity 
and mean flow velocity). The primary aim of this study 
is to explore the differences in the qualitative parame-
ters between benign and malignant breast tumors based 
on ULM. Quantitative parameters will be recognized as 
auxiliary indicators. Compared to other imaging tech-
niques, ULM can image the microvasculature at super-
resolution [19, 33]. Moreover, ULM can directly generate 
quantitative parameters instead of measuring them indi-
rectly [11]. It is worth mentioning that microvasculature 
flow direction (toward the transducer or away from the 
transducer) is a new indicator for assessing breast tumors 
in our trial. Until now, its value in breast tumors has 
remained unclear. To the best of our knowledge, this is 
the first study to investigate the role of flow direction in 
differentiating benign from malignant tumors. In the field 
of US, CDFI is a routine method to evaluate flow direc-
tion. ULM has some advantages over CDFI. First, ULM 
not only has high sensitivity in the microvasculature but 
also intuitively observes the flow directions of all micro-
vasculatures on a velocity map. Second, this technology is 
angle-independent. Therefore, it will help to obtain more 
information about flow direction with ULM.

This trial will also assess the relationships between 
qualitative and quantitative parameters based on ULM 
and histologic biomarkers in malignant breast tumors. 
These histologic biomarkers, such as ER, PR, HER2 and 
Ki67, are closely related to prognosis evaluation. Previous 
studies have assessed the associations between histologic 
biomarkers and US characteristics. However, the results 
have some overlaps. For example, perfusion defects on 
CEUS are often correlated with ER-negative, HER2-posi-
tive and Ki67-positive breast tumors [34, 35]. The retrac-
tion pattern in the coronal plane of three-dimensional 
US is correlated with ER-positive and PR-positive breast 
tumors [36]. As a new technology, ULM is able to offer 
detailed information on microvasculature compared to 
conventional US imaging techniques [13, 37], thus, it has 
the potential to be helpful for predicting the prognosis of 
malignant breast tumors.

This trial will have one limitation: ULM has high 
requirements for CEUS video clips, which relies on the 
operators of CEUS. This may lead to bias. Nevertheless, 
unified training will be given to the operators to reduce 
bias. The principal investigator will standardize the types 
of contrast agents, dosages, injection speeds, and ultra-
sound parameters, and provide detailed video tutorials to 
ensure consistency and high quality of operations across 
all centers. They will establish image evaluation stan-
dards, regularly assess the image quality collected by each 
center, and provide detailed improvement suggestions 
based on the evaluation results.

For our primary and secondary outcomes, we antici-
pate that our study results will provide maximum infor-
mation about the microvasculature of breast tumors and 
thereby will help with the formulation of subsequent 
differential diagnosis and the prediction of histologic 
biomarkers.
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