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A b s t r a c t

Introduction: The aim of the study was to explore the diagnostic value of 
combining superb microvascular imaging (SMI), shear-wave elastography 
(SWE), and the Breast Imaging Reporting and Data System (BI-RADS) to dis-
tinguish different molecular subtypes of invasive ductal carcinoma (IDC).
Material and methods: A  total of 239 surgically confirmed IDC masses in 
201 patients underwent conventional ultrasound, SMI, and SWE examina-
tion; information such as echo pattern, posterior features, margins, SMI pix-
els, and hardness of the masses was recorded. According to the St. Gallen 
standard, breast masses were classified as Luminal A, Luminal B, HER2 over-
expression, and triple-negative subtype. We further explored the differences 
between different molecular subtypes of IDC.
Results: Luminal A  subtype had the following characteristics: low histologic 
grade, posterior acoustic shadowing (p = 0.019), spiculated margins (p < 0.001), 
and relatively soft. Luminal B subtype was characterized by low histological 
grade (p < 0.0001), posterior acoustic shadowing or indifference, and indis-
tinct margins. HER2 overexpression breast cancers were characterized by 
high histological grade, enhanced posterior acoustics or indifference, calcifi-
cations (p = 0.005), spiculated or indistinct margins, vascularity (p = 0.005), 
and relative stiffness. Triple-negative breast cancers had the characteristics 
of high histological grade, posterior echogenic enhancement, lack of calci-
fications, circumscribed or microlobulated margins, low blood flow signals, 
and stiff tissue (p = 0.013).
Conclusions: Our study demonstrated the significant differences and trends 
among the four IDC subtypes by the combined application of SMI, SWE, and 
BI-RADS lexicon, which are of great significance for early diagnosis, selec-
tion of treatment methods, and evaluation of prognosis of IDC.

Key words: superb microvascular imaging, shear-wave elastography, 
invasive ductal carcinoma, molecular subtype.

Introduction

Five years of epidemiological data show that approximately 11% of 
breast cancers around the world occurred in China, and the incidence 
has increased rapidly in recent decades [1]. Breast cancer is a  highly 
heterogeneous disease, and invasive ductal carcinoma (IDC) is the most 
common type and is classified into Luminal A (LA), Luminal B (LB), hu-
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man epidermal growth factor receptor 2-positive 
(HER2+) overexpression, and triple-negative (TN) 
subtypes [2]. Different molecular subtypes of 
breast cancer have distinct biological character-
istics, treatment methods, and clinical progno-
ses [2–4]. Therefore, effective differentiation of 
molecular subtypes of breast cancer is beneficial 
for clinical diagnosis, treatment, and prognosis 
evaluation. Immunohistochemistry is used for 
breast cancer molecular typing [3]. However, the 
immunohistochemistry approach relies on ob-
taining pathological specimens, which is invasive, 
resulting in a delay in establishing the diagnosis. 
Therefore, imaging methods play a significant role 
in the diagnosis of breast diseases.

With the characteristics of non-invasiveness, 
being real-time dynamic, and having high diagnos-
tic sensitivity and specificity, ultrasound has be-
come a simplified breast disease diagnostic meth-
od [5, 6]. Angiogenesis promotes tumour growth, 
invasion, and distant metastasis [7]. Based on 
the close relationship between microvascularity 
and malignancy, an emerging Doppler ultrasound 
method, called superb microvascular imaging 
(SMI), has been used to visualize microvessels. 
This technique relies on an intelligent algorithm 
that can effectively distinguish low-velocity blood 
flows from motion artefacts so that it can display 
low-velocity blood flow signals in microvessels [8, 
9]. Another potential feature used to distinguish 
breast masses is tissue stiffness. In this context, 
shear-wave elastography (SWE) provides quan-
titative and reproducible hardness information 
about breast masses, which is at least as diagnos-
tically effective as the greyscale ultrasound with 
the Breast Imaging Reporting and Data System 
(BI-RADS) classification [10, 11].

However, to the best of our knowledge, there 
are few reports about the use of SMI, SWE, and BI-
RADS lexicon to distinguish molecular subtypes of 
IDC. Therefore, this study investigated the efficacy 
of the combined application of SMI in exploring 
blood vessels and SWE in measuring tissue stiff-
ness to distinguish the molecular subtypes of IDC.

Material and methods

Patients

This retrospective study was approved by the 
Ethics Committee of Harbin Medical University 
Cancer Hospital, and informed consent for second-
ary use of medical history data was obtained from 
all participants. Data were collected from 300 pa-
tients with breast masses who underwent surgery 
in Harbin Medical University Cancer Hospital be-
tween December 2018 and May 2019. Sixty-one 
of the 300 patients with benign breast masses, 
without molecular classifications, distant metas-

tasis, or pregnancy, were excluded from the study. 
To obtain better SWE and SMI ultrasound images, 
38 of the 239 patients with tumours larger than 
50 mm in diameter and deeper than 40 mm were 
excluded. A  total of 201 IDC patients with stan-
dard ultrasound images and complete clinicopath-
ological data were included in the study. 

Ultrasound examinations

Age and reason for visiting the doctor of all pa-
tients were recorded. Ultrasonography was con-
ducted using a Canon Aplio i900 (Canon Medical 
System Corporation) equipped with a 5–18 MHz 
high-frequency line array probe. An experienced 
radiologist performed the conventional ultra-
sound, SMI, and SWE examinations on all patients 
with at least two orthogonal views. Traditional 
ultrasound examination was performed for all 
patients, and we recorded the following informa-
tion: position of the lesion (left or right), lesion 
size, maximum depth (vertical distance from the 
skin to the lesion bottom), shape (round/oval or 
irregular), orientation (parallel or not parallel), 
echogenicity (hypoechoic or complex cystic and 
solid), posterior features (no posterior features, 
shadowing, enhancement, combined pattern), 
presence of calcifications and margins (indistinct, 
circumscribed, angular, spiculated, microlobulat-
ed). All lesions were rated according to the latest 
ultrasound BI-RADS of the American College of 
Radiology [12]. 

Then we performed SMI for the breast lesions, 
and there was little pressure applied on the probe 
to avoid blood vessel collapse. The speed range of 
the SMI was adapted to 1–2 cm/s. Static and dy-
namic images of the patients were stored in the 
machine. The images were then evaluated by two 
doctors who are well experienced with breast ul-
trasound and had been trained in SMI; disagree-
ment was resolved by discussion until they reached 
a common decision. We characterized the entire le-
sion as the region of interest (ROI) and assessed 
the ROI with Adler’s classification, which is used 
to classify blood flow. Vascularity was graded from 
0 to 3 depending on the number of vessels. Grade 
0 means no blood flow. Minimal (Grade 1) means 
one or two pixels containing flow (usually less than  
0.1 cm in diameter). When a certain number of small 
vessels and/or the main vessel was visible, it was 
defined as moderate (Grade 2). Marked (Grade 3)  
was defined when four or more blood vessels were 
visible (Figure 1). Meanwhile, we measured SMI 
pixels, ROI pixels, SMI area, ROI area, and the ratio 
of SMI pixels to ROI pixels (Figure 2 A).

The same radiologist performed SWE on the 
breast lesions without compression. After locating 
the breast mass on the section with the largest 
diameter, the radiologist placed it at the centre of 
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Figure 1. Evaluation of blood build-up in breast masses was graded according to Adler’s classification: A–D – rep-
resented grade 0 to 3

Figure 2. A – We can measure SMI pixels, ROI pixels, SMI area, ROI area and the ratio of SMI pixels to ROI pixels 
with the SMI measurement software; B – We obtained the average of T1 (Ave.T1), the standard deviation of T1 
(SD.T1); the average of T2 (Ave.T2), the standard deviation of T2 (SD.T2); the average value (Ave.R) and standard 
deviation (SD.R) of region R; the ratio of Ave.T1 to Ave.R (Ratio1) and the ratio of Ave.T2 to Ave.R (Ratio2) using the 
elasticity measurement tool

A
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the elasticity box, and the SWE image was stored 
after a  few seconds of immobilization to allow 
the image to stabilize. For SWE, the colour image 
representing hardness was overlaid on the con-
ventional B-mode image, ranging from dark blue, 
representing the softest, to red, representing the 
hardest (0–180 kPa), with the B-mode image alone 
shown just next to it. The same two doctors who 
evaluated SMI images conducted elastic quanti-
tative measurements. The circular ROI 2 mm in 
diameter placed at the stiffest part of the mass 
was labelled as ROI-T1, manual tracking of the 
boundary of the tumour was labelled as ROI-T2, 
and the circular ROI 2 mm in diameter placed at 
the normal mammary gland was labelled ROI-R. 
Then, we obtained the average (Ave.T1) and stan-
dard deviation (SD.T1) of T1, the average (Ave.T2) 
and standard deviation (SD.T2) of T2, the average 
(Ave.R) and standard deviation (SD.R) of region R, 
the ratio of Ave.T1 to Ave.R (Ratio1) and the ratio 
of Ave.T2 to Ave.R (Ratio2) (Figure 2 B).

Histopathological characteristics and tissue 
specimens

We determined the pathological type, histo-
logical grade, and lymph node metastasis of the 
tumours according to postoperative pathological 
results. The histological grade of the tumour was 
classified as grade 1 (well-differentiated), grade 2  
(moderately differentiated), or grade 3 (poorly dif-
ferentiated) [13]. We considered grades 1 and 2 to 
be low and grade 3 to be high. The histopathologi-
cal characteristics included are oestrogen receptor 
(ER), progesterone receptor (PR), HER2, and Ki-67  
indicators. Immunohistochemistry staining of 
4 μm sections of formalin-fixed paraffin-embed-
ded tissue was performed with anti-ER (clone SP1, 
Ventana), anti-PR (clone 1E2, Ventana), anti-HER2 
(clone 4B5, Ventana), anti-Ki-67 (clone 30-9,  
Ventana) rabbit monoclonal primary antibodies. 
Universal secondary antibody was applied for  
15 min. Diaminobenzidine was used as chromo-
gens and slides were counterstained with hae-
matoxylin before mounting. Leica Microsystems 
equipment (CMS GmbH, Wetzlar, Germany) was 
used for evaluation. ER and PR expression was 
considered positive when nuclear staining was 
greater than 1% and 20%, respectively [2, 14, 15]. 
HER2 positive was defined as 3+, and fluorescence 
in situ hybridization was performed in patients 
with 2+ for positive diagnosis [16]. The proportion 
of Ki-67-stained cells among all tumour cells was 
considered as Ki-67 status.

Intrinsic molecular subtypes were classified 
according to the St. Gallen International Expert 
Consensus on the Primary Therapy of Early Breast 
Cancer 2013 [2] as follows: (1) the LA subtype 
was “ER and PR positive, HER2 negative, and Ki-

67 low (< 14%)”; (2) the LB subtype was divided 
into HER2 + subtype (ER-positive, HER2 overex-
pressed or amplified, any Ki-67, and any PR) and 
HER2- subtype (ER-positive, HER2 negative, and 
at least one of the following: Ki-67 ≥ 14%, PR 
negative or low, and high recurrence risk based 
on multi-gene-expression assay); (3) the HER2+ 
subtype was “HER2 overexpressed or amplified, 
and ER and PR absent”; and (4) the triple-negative 
breast cancer (TNBC) subtype was “ER and PR ab-
sent, and HER2 negative”. 

Statistical analysis

Normally distributed data are presented as 
mean ± standard deviation and abnormally dis-
tributed data as median (interquartile range). 
Differences were assessed using analysis of vari-
ance, Student’s t-test, Kruskal-Wallis H test, or 
Wilcoxon rank-sum test. Multiple comparisons 
were performed using the SNK test or Nemenyi 
test. Frequency (percentage) is used for the sta-
tistical description of qualitative data. Categorical 
data were compared by the c2 test or Fisher’s ex-
act test, and an ordinal categorical variable was 
compared using the Kruskal-Wallis H test or Wil-
coxon rank-sum test. All statistical analyses were 
performed using SAS 9.1.3 software, and statisti-
cal significance was set at p < 0.05.

Results

A  total of 239 breast masses were removed 
from the 201 patients with IDC (mean age: 51 
years, range: 27–78 years). LA subtype accounted 
for 33.89% (n = 81); LB, 46.03% (n = 110); HER2+, 
10.88% (n = 26); and TNBC, 9.20% (n = 22). From 
the 110 LB subtypes, LB (HER2+) and LB (HER2-) 
accounted for 25.45% (n = 28) and 74.55% (n = 82),  
respectively. The clinicopathological data and so-
nographic parameters of the four IDC molecular 
subtypes and two LB subtypes are shown in Ta-
bles I–IV.

Clinicopathological comparisons among the 
four molecular subtypes of IDC

Perimenopausal women were at higher risk 
for IDC, especially those aged 40–49 years. There 
was no statistically significant difference in clini-
cal symptoms among the four groups. Our results 
indicated that there was a  statistical difference 
in the histological grade among the four sub-
types, with a high grade more common in HER2+ 
(57.69%) and TNBC (72.73%) subtypes and less 
common in LA (14.82%) and LB (20.91%) sub-
types. The HER2+ group had lower frequency 
of grade 1 than that in LA (p = 0.00038) and LB  
(p = 0.02163), and the TNBC subtype had lower 
frequency of grade 1 than that in LA (p = 0.000021) 
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Table I. Comparisons of clinicopathological and sonographic characteristics among the four molecular subtypes of 
invasive ductal carcinoma

Variables LA (n = 81) LB (n = 110) HER2+ (n = 26) TN (n = 22) c2/F value P-value 

Age [years] 51.60 ±10.37 49.68 ±9.46 50.50 ±6.960 53.44 ±9.34 0.998 0.395

Symptoms: 0.510 

Yes 72 (88.89) 90 (81.82) 21 (80.77) 18 (81.82)

No 9 (11.11) 20 (18.18) 5 (19.23) 4 (18.18)

Histological grade: 40.166 < 0.0001

1 20 (24.69) 11 (10.00) 1 (3.85)*# 1 (4.54)*#

2 49 (60.49) 76 (69.09) 10 (38.46) 5 (22.73)

3 12 (14.82) 23 (20.91) 15 (57.69) 16 (72.73)

Lymph node metastasis: 2.265 0.519

Yes 30 (37.04) 39 (35.45) 6 (23.08) 6 (27.27)

No 51 (62.96) 71 (64.55) 20 (76.92) 16 (72.73)

Position 2.455 0.484 

Left 39 (48.15) 59 (53.64) 17 (65.38) 11 (50)

Right 42 (51.85) 51 (46.36) 9 (34.62) 11 (50)

Size [mm] 19.5 (15.8–
28.2)

19.9 (14.4–
28.7)

27.0 (13.5–
31.4)

21.4 (11.3–
33.2)

1.650 0.648

Maximum depth [mm] 19.5  
(16–24)

19.7  
(16.6–23.7)

19.8  
(16.5–24.7)

21.6  
(18.3–25.6)

1.549 0.671

Shape: 0.476 

Round/oval 6 (7.41) 12 (10.91) 2 (7.69) 4 (18.18)

Irregular 75 (92.59) 98 (89.09) 24 (92.31) 18 (81.82)

Orientation: 12.568 0.006 

Parallel 49 (60.49) 77 (70.00) 24 (92.31) 19 (86.36)

Not parallel 32 (39.51) 33 (30.00) 2 (7.69)* 3 (13.64)

Echo pattern: < 0.001 

Hypoechoic 57 (70.37) 101 (91.82)* 24 (92.31) 20 (90.91)

Complex cystic  
and solid

24 (29.63) 9 (8.18) 2 (7.69) 2 (9.09)

Posterior features: 19.787 0.019

No posterior features 19 (23.46) 34 (30.91) 10 (38.46) 6 (27.27)*

Shadowing 45 (55.55) 43 (39.09) 6 (23.08) 4 (18.18)

Enhancement 13 (16.05) 28 (25.45) 8 (30.77) 11 (50)

Combined pattern 4 (4.94) 5 (4.55) 2 (7.69) 1 (4.55)

Calcification: 13.034 0.005 

Present 43 (53.09) 34 (30.91)* 14 (53.85) 6 (27.27)

Absent 38 (46.91) 76 (69.09) 12 (46.15) 16 (72.73)

Margin: < 0.001

Indistinct 23 (28.40) 60 (54.55)* 10 (38.46) 3 (13.64)*#

Circumscribed 5 (6.17) 12 (10.91) 3 (11.54) 8 (36.36)

Angular 16 (19.75) 8 (7.27) 2 (7.69) 3 (13.64)

Spiculated 28 (34.57) 21 (19.09) 8 (30.77) 2 (9.09)

Microlobulated 9 (11.11) 9 (8.18) 3 (11.54) 6 (27.27)

BI-RADS category: 5.440 0.142

4a 6 (7.41) 4 (3.64) 2 (7.69) 2 (9.09)

4b 25 (30.86) 23 (20.91) 7 (26.92) 4 (18.19)

4c 29 (35.80) 40 (36.36) 8 (30.77) 8 (36.36)

5 21 (25.93) 43 (39.09) 9 (34.62) 8 (36.36)

Compared with LA * represents p < 0.05; Compared with LB # represents p < 0.05; Compared with HER2+ #represents p < 0.05. LA – Luminal 
A, LB – Luminal B, HER2+ – human epidermal growth factor receptor 2-positive, TN – triple-negative, BI-RADS – Breast Imaging Reporting 
and Data System.
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and LB (p = 0.00182), with statistically significant 
differences. The percentages of patients with 
lymph node metastasis were 23.08% in HER2+, 
27.27% in TNBC, 35.45% in LB, and 37.04% in LA 
with p = 0.519 (Table I).

Sonographic characteristics among the four 
molecular subtypes of IDC

There were no statistically significant differenc-
es in the incidence of breast cancer on the left or 
right, tumour size, and maximum depth among 
the four subtypes. The shapes of LA (92.59%), LB 
(89.09%), HER2+ (92.31%), and TNBC (81.82%) 
subtypes tended to be irregular, while round or 
oval shapes were less common. Regarding ori-
entation, tumour growth parallel to the skin was 
more common in the four subtypes of IDC and LA 
tended to be not parallel compared to HER2+ (p = 
0.0144). The echo pattern of tumours is the most 
basic ultrasonic characteristic, and there was an 
obvious difference among the four subtypes (p < 
0.001). Hypoechoic pattern was more common 
in all four subtypes compared to complex cystic 
and solid pattern and LA was less common than 
LB in hypoechoic (p = 0.0006). As for the posterior 

features, there were significant differences among 
the four subtypes (p = 0.019). 55.55% and 39.09% 
of the LA and LB cases, respectively, had poste-
rior acoustic shadowing compared with 23.08% 
of HER2+ cases and 18.18% of TNBC cases. No 
posterior features was more common in the TNBC 
subtype than in LA (p = 0.015). As for calcifica-
tion, there was a statistically significant difference 
in calcifications among the four subtypes (p = 
0.005). LA and HER2+ were more associated with 
the presence of calcifications, while the absence 
of calcifications was more common in the TNBC 
subtype. The presence of calcifications in the LA 
subtype was more common than in the LB subtype 
(p = 0.0120). Tumour margins in the LA, LB, and 
HER2+ subtypes tended to be indistinct (28.40%, 
54.55%, and 38.46%, respectively) and spiculat-
ed (34.57%, 19.09%, and 30.77%, respectively), 
while circumscribed, angular, and microlobulated 
margins were less common. Tumour margins in 
the TNBC subtype were more commonly circum-
scribed (36.36%) and microlobulated (27.27%). 
Meanwhile, indistinct in LB was more common 
than LA (p = 0.0048), while indistinct in TNBC sub-
type was less common than LA (p = 0.0024) and 

Table II. Microvascularity and tissue stiffness characteristics among the four molecular subtypes of invasive ductal 
carcinoma

Variables LA (n = 81) LB (n = 110) HER2+ (n = 26) TN (n = 22) c2/F 
value

P-value

Adler’s 
classification:

7.280 0.064

0 9 (11.11) 3 (2.75) 2 (7.69) 3 (13.63)

1 25 (30.87) 42 (38.54) 4 (15.38) 7 (31.82)

2 25 (30.86) 41 (37.61) 6 (23.08) 7 (31.82)

3 22 (27.16) 23 (21.10) 14 (53.85) 5 (22.73)

SMI pixels 1158 (437–2400) 981 (392–2168) 3077.5 (754–5668) 622.5 (224–3297) 8.081 0.044

ROI pixels 44632
(31227–69216)

41611
(24255–81060)

49235
(22191–74629)

43801
(20781–70490)

0.777 0.855

SMI area [cm2] 0.05 (0.02–0.11) 0.04 (0.02–0.08) 0.15 (0.03–0.29) 0.04 (0.01–0.14) 8.516 0.037

ROI area [cm2] 1.90 (1.22–3.57) 1.64 (1.00–3.75) 2.51 (0.83–5.32) 1.83 (0.84–3.91) 1.143 0.767

Ratio (%) 2.8 (1.3–5.2) 2.2 (1.0–4.3) 5.2 (2.5–10.6)# 2.2 (1.1–5.3) 12.668 0.005

Ave.T1 [kPa] 94.7 (57.2–121.2) 109.1 (72.0–147.1) 127.5 (66.8–154.8) 125.7 (65.5–149.4) 9.213 0.027

SD.T1 [kPa] 12.1 (7.7–21.1) 12.6 (8.4–18.1) 11.0 (5.0–16.2) 11.0 (6.9–19.8) 2.120 0.548

Ave.T2 [kPa] 45.7 (32.7–61.9) 44.2 (24.9–63.2) 44.9 (36.4–63.3) 56.3 (41.0–70.4) 3.174 0.366

SD.T2 [kPa] 24.4 (17.1–36.2) 26.8 (15.3–37.8) 29.3 (14.1–39.4) 33.8 (13.6–41.7) 2.175 0.537

Ave.R [kPa] 15.1 (9.2–23.9) 11.2 (7.2–18.0) 9.3 (7.0–22.1) 10.8 (9.8–24.1) 8.313 0.040

SD.R [kPa] 2.3 (1.1–3.9) 1.6 (0.6–2.7) 1.3 (0.6–2.3) 1.5 (0.8–3.6) 12.187 0.007

Ratio1 [kPa] 5.35 (2.94–9.70) 7.64 (4.30–14.64) 8.53 (4.97–19.98) 8.71 (2.91–14.18) 10.834 0.013

Ratio2 [kPa] 2.86 (1.68–4.32) 3.41 (2.07–5.78) 3.99 (2.20–7.84) 3.39 (2.04–6.90) 6.351 0.096

Compared with LA * represents p < 0.05; Compared with LB # represents p < 0.05; Compared with HER2+ #represents p < 0.05. LA – Luminal 
A; LB – Luminal B; HER2+ – human epidermal growth factor receptor 2-positive; TN – triple-negative; SMI – superb microvascular imaging, 
ROI – region of interest, Ratio – the ratio of SMI pixels to ROI pixels, Ave.T1 – the average of T1, SD.T1 – the standard deviation of T1, Ave.
T2 – the average of T2, SD.T2 – the standard deviation of T2, Ave.R – the average of region R, SD.R – the standard deviation of region R, 
Ratio1 – the ratio of Ave.T1 to Ave.R, Ratio2 – the ratio of Ave.T2 to Ave.R.
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Table III. Sonographic characteristics between two invasive ductal carcinoma LB subtypes 

Variables LB (HER2–) (n = 82) LB (HER2+) (n = 28) c2/Z/t value P-value

Position: 0.000 0.994

Left 44 (53.66) 15 (53.57)

Right 38 (46.34) 13 (46.43)

Size [mm] 19.4 (14.3–28.7) 21.0 (15.8–30.8) 0.662 0.508

Maximum depth [mm] 19.3 (16.5–22.9) 22.3 (18.0–25.6) 1.383 0.167

Shape: 0.000 1.000

Round/oval 9 (10.98) 3 (10.71)

Irregular 73 (89.02) 25 (89.29)

Orientation: 1.314 0.252

Parallel 55 (67.07) 22 (78.57)

Not parallel 27 (32.93) 6 (21.43)

Echo pattern: 0.028 0.867

Hypoechoic 76 (92.68) 25 (89.29)

Complex cystic and solid 6 (7.32) 3 (10.71)

Posterior features: 0.711

No posterior features 25 (30.49) 9 (32.14)

Shadowing 30 (36.58) 13 (46.43)

Enhancement 23 (28.05) 5 (17.86)

Combined pattern 4 (4.88) 1 (3.57)

Calcification: 1.234 0.267

Present 59 (71.95) 17 (60.71)

Absent 23 (28.05) 11 (39.29)

Margin:

Indistinct 49 (59.76) 11 (39.29) 0.004

Circumscribed 10 (12.19) 2 (7.14)

Angular 7 (8.54) 1 (3.57)

Spiculated 14 (17.07) 7 (25.00)

Microlobulated 2 (2.44) 7 (25.00)

BI-RADS category: 0.314 0.575

4a 2 (2.44) 1 (3.57)

4b 15 (18.29) 2 (7.14)

4c 32 (39.03) 18 (64.29)

5 33 (40.24) 7 (25)

LB – Luminal B, HER2- – human epidermal growth factor receptor 2-negative, HER2+ – human epidermal growth factor receptor 2-positive, 
BI-RADS – Breast Imaging Reporting and Data System.

LB (p = 0.000567924). The BI-RADS tumour clas-
sification had no significant variation among the 
four subtypes (p = 0.142) (Table I).

Microvascularity and tissue stiffness 
characteristics among the four molecular 
subtypes of IDC

SMI pixels, SMI area, and the ratio of SMI pixels 
to ROI pixels among the four subtypes had sta-
tistically significant differences (p = 0.044, 0.037, 
and 0.005, respectively). The ratio of SMI pixels to 
ROI pixels of the HER2+ subtype was higher than 
that of the LB subtype (p = 0.018). Adler’s classifi-

cation, ROI pixels, and ROI area were not different 
among the four subtypes, but there were differ-
ences in Ave.T1, Ave.R, SD.R, and Ratio1 (p = 0.027, 
0.040, 0.007, and 0.013, respectively). SD.T1, Ave.
T2, SD.T2, and Ratio2 were not significantly differ-
ent among the subtypes (Table II).

Sonographic, microvascularity, and tissue 
stiffness characteristics between two IDC 
LB subtypes 

We further analysed the differences in ultra-
sound, microvascularity, and tissue hardness be-
tween LB (HER2+) and LB (HER2–) subtypes. Nota-
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bly, there was a statistically significant difference 
in the type of margins between the two groups 
(p = 0.004). LB (HER2–) tended to be indistinct, 
spiculated, and circumscribed (59.76%, 17.07%, 
and 12.19%, respectively), while LB (HER2+) tend-
ed to be indistinct, spiculated, and microlobulated 
(39.29%, 25%, and 25%, respectively). There were 
no other statistically significant differences be-
tween the two groups (Tables III and IV).

Discussion

The biological characteristics, treatments, and 
prognoses of different molecular subtypes of 
breast cancer are different [2–4, 17]. Ultrasound 
is a preferred examination method for breast dis-
eases [18–20]. The traditional Doppler method 
has the limitation of angle dependence and low 
signal-to-noise ratios and often fails to evaluate 
the flow of small vessels. A  new Doppler ultra-

Table IV. Microvascularity and tissue stiffness characteristics between two invasive ductal carcinoma LB subtypes

Variables LB (HER2–) (n = 82) LB (HER2+) (n = 28) c2/Z/t value P-value 

Adler’s classification: -0.161 0.872 

0 2 (2.44) 1 (3.70)

1 32 (39.02) 10 (37.04)

2 30 (36.59) 11 (40.74)

3 18 (21.95) 5 (18.52)

SMI pixels 992 (340–2168) 933 (471–2278) 0.326 0.744

ROI pixels 39983.5 (23358–72062) 46478 (28165–94012) 1.257 0.209

SMI area [cm2] 0.04 (0.02–0.08) 0.04 (0.02–0.10) 0.271 0.786

ROI area [cm2] 1.59 (0.98–3.48) 2.24 (1.05–5.06) 1.253 0.210

Ratio (%) 2.2 (0.9–4.9) 2.4 (1.1–4.1) –0.211 0.833

Ave.T1 [kPa] 110.2 (72.0–147.8) 107 (70.6–144.8) –0.284 0.776

SD.T1 [kPa] 13.7 (8.4–20.2) 11.4 (8.4–14.7) –1.109 0.267

Ave.T2 [kPa] 44.5 (30–63.5) 44.2 (23.4–63.2) –0.312 0.755

SD.T2 [kPa] 27.5 (16.5–37.7) 24.2 (13.6–39) –0.147 0.883

Ave.R [kPa] 11.5 (7.2–18.3) 10.5 (6.7–14.7) –0.856 0.392

SD.R [kPa] 1.7 (0.6–2.7) 1.3 (0.6–2.9) –0.843 0.399

Ratio1 (%) 7.62 (3.97–14.64) 8.35 (4.70–16.74) 0.586 0.558

Ratio2 (%) 3.44 (2.00–5.78) 3.35 (2.40–5.87) 0.151 0.880

LB – luminal B, HER2- – human epidermal growth factor receptor 2-negative, HER2+ – human epidermal growth factor receptor 2-positive, 
SMI – superb microvascular imaging, ROI – region of interest, Ratio – the ratio of SMI pixels to ROI pixels, Ave.T1 – the average of T1, 
SD.T1 – the standard deviation of T1, Ave.T2 – the average of T2, SD.T2 – the standard deviation of T2, Ave.R – the average of region R, 
SD.R – the standard deviation of region R, Ratio1 – the ratio of Ave.T1 to Ave.R, Ratio2 – the ratio of Ave.T2 to Ave.R.

Figure 3. Ultrasonic manifestations of the Luminal A subtype. A – The shear-wave elastography image showed 
a relatively soft mass, the average of the stiffest part of the mass was 50.1 kPa, the average stiffness of the whole 
tumour was 27.3 kPa; B – B-mode image demonstrated a hypoechoic mass with spiculated margins and posterior 
acoustic shadowing

A B



Diagnostic performance of superb microvascular imaging combined with shear-wave elastography  
in distinguishing invasive ductal carcinoma molecular subtypes

Arch Med Sci 9

Figure 4. ER, PR, HER2+, and Ki-67 of Luminal A breast cancer are shown in A–D. Tumour cells stained dark brown 
are positive. In contrast, the unstained tumour cells are negative

A

C

B

D

Figure 5. The main ultrasonographic manifesta-
tions of invasive ductal carcinoma in Luminal B 
subtype were indistinct margins and posterior 
acoustic shadowing

sound technique, called SMI, can detect addition-
al microvessel details, such as tiny branches and 
the distal parts of microvessels [10, 21]. Tissue 
hardness is a characteristic of the breast evaluat-
ed by elasticity, an imaging method. This informa-
tion can help distinguish benign from malignant 
breast tumours and improve patient management 
practices [22, 23]. Recently, a quantitative elastic 
measurement method called SWE using induced 
mechanical vibration that can locally quantify tis-
sue hardness in kilopascals has been developed 
[11, 24–27]. To the best of our knowledge, there 
have been no reports of SMI, SWE, and BI-RADS 
lexicon in identifying the four subtypes of IDC.

The LA subtype of breast cancer has a relative-
ly good prognosis [18]. Our results indicated that 
the LA subtype had the following characteristics: 
low histologic grade, posterior acoustic shadow-
ing, spiculated margins, and relative softness (Fig-
ure 3). Immunohistochemical results of LA breast 

cancer are shown in Figure 4. Our study showed 
that most LA subtype cases had a low histologic 
grade, which was consistent with the results of 
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previous studies [18, 28]. It is generally believed 
that tumours have posterior echogenic shadowing 
due to excessive acoustic reflection or attenuation 
of tumour tissue compared to surrounding tissue 
and desmoplastic reactions, which are more likely 
to occur in low histologic grade tumours [28, 29]. 
Previous studies have shown that low histologi-
cal grade of ductal breast carcinoma is associated 
with ER+ or PR+ tumours and spiculated margins 
because of the presence of stromal responses rep-
resenting spicules in low-grade tumours [28, 30].  
Ultrasound elastography can effectively distin-
guish benign from malignant breast tumours 
when combined with B-mode ultrasound [31]. Our 
study further explored the differences in hardness 
among the four IDC subtypes using quantitative 
SWE, and we found that the LA subtype was softer 
and had a better prognosis compared to the rest.

Conversely, the LB subtype had a relatively low 
prognosis, and was characterized with low histo-

logical grade, posterior acoustic shadowing or no 
posterior features, and indistinct margins, which 
was consistent with previous studies [4, 17, 18] 
(Figure 5). Immunohistochemical results of LB 
(HER2−) and LB (HER2+) breast cancer are shown 
in Figures 6 and 7. In our study, the majority of 
the LB subtype cases had a low histological grade, 
which was different from a  previous study [19]. 
The reason for this difference may be that the 
proportions of LB (HER2+) and LB (HER2–) cases 
were not the same and our study was limited to 
IDC. The LB (HER2−) subtype requires endocrine 
therapy and chemotherapy, while the LB (HER2+) 
subtype requires additional anti-HER2 therapy 
during clinical treatment. Therefore, it is necessary 
to differentiate the ultrasonic manifestations of 
the two LB molecular subtypes. Notably, the mar-
gins were significantly different between the LB 
(HER2−) and LB (HER2+) groups (p = 0.004). How-
ever, there were no significant differences in other 

Figure 6. ER, PR, HER2+, and Ki-67 of LB (HER2−) breast cancer are shown in A–D. Tumour cells stained dark brown 
are positive. In contrast, the unstained tumour cells are negative
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aspects between the two groups, which could be 
attributed to our small sample size or the actual 
absence of differences between the two subtypes. 
Therefore, further investigation of the differences 
between the two LB subtypes is needed.

HER2+ breast cancers were characterized 
by high histological grade, enhanced posterior 
acoustics or indifference, calcifications, spiculat-
ed or indistinct margins, vascularity, and being 
relatively stiff (Figure 8). Immunohistochemical 
results of HER2+ breast cancer are shown in Fig-
ure 9. The HER-2/neu gene plays an essential role 
in tumourigenicity, and its overexpression has 
been associated with poor prognostic indicators, 
such as high tumour grade, large tumour size, and 
negative hormone receptor status [32, 33]. Highly 
cellular and high-grade tumours tend to increase 
the spread of ultrasound and reduce ultrason-
ic attenuation compared to surrounding tissue; 
therefore, HER2+ tumours with a high grade may 

exhibit enhanced posterior acoustics [29, 30]. The 
expression of the HER2 oncogene was strongly as-
sociated with the occurrence of calcifications and 
spiculated margins [7, 34]. Indistinct margins and 
marked blood flow signals were associated with 
high histological grade [35]. Meanwhile, HER2 sta-
tus is closely related to angiogenesis, which may 
be due to increased expression of vascular endo-
thelial growth factor [36]. The increased stiffness 
and vascularity found in this subtype may be relat-
ed to the poor prognosis of HER2+ breast cancer.

TNBCs are associated with invasive histological 
features, poor prognosis, no response to conven-
tional endocrine therapy, and short survival time 
[37]. However, because TNBCs may appear benign, 
distinguishing them is important. Our study found 
that TNBCs are characterized by high histological 
grade, posterior echogenic enhancement, lack of 
calcifications, circumscribed or microlobulated 
margins, low blood flow signals, and stiff tissue 

Figure 7. ER, PR, HER2+, and Ki-67 of LB (HER2+) breast cancer are shown in A–D. Tumour cells stained dark brown 
are positive. In contrast, the unstained tumour cells are negative
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(Figure 10). Immunohistochemical results of TNBC 
are shown in Figure 11. TNBC patients had more 
high-grade breast cancers than the other three 
subtypes [29]. Our study found that the majority 
of TNBCs presented with posterior echogenic en-
hancement, which may be due to the rapid growth 
of tumour patterns causing internal tissue necro-
sis, thus reducing the attenuation of ultrasound 
waves compared with the surrounding tissues 
[38]. Our study found that TNBCs are mainly as-
sociated with absence of calcifications, which is 
consistent with a previous study [15]. The circum-
scribed and microlobulated margins are associat-
ed not only with high histological grade and nega-
tive hormone receptor status but also with rapidly 
aggressive proliferating patterns in TNBCs, which 
have been described as pushing margins without 
an infiltrating stromal response [15, 35]. Our study 
showed that TNBCs were characterized by hypo-
vascularity on SMI images, which was consistent 

with previous studies [18, 19]. We speculate that 
tumour necrosis leads to the destruction of tu-
mour vascular components, resulting in a lack of 
vascularity. We also found that the tumour tissues 
of TNBCs were hard, which means that TNBC is 
more aggressive and tends to infiltrate surround-
ing tissues.

Our study had some limitations. First, its ret-
rospective design meant that only patients with 
clinicopathological and ultrasonic data could be 
included. Second, the number of cases we studied 
was insufficient for the study of ultrasound and 
clinicopathological characteristics among the four 
subtypes. Third, we were not able to detect subtle 
differences between the two LB subtypes.

In conclusion, we used SMI, which can detect 
subtle blood flow, and SWE, which can quantify 
tissue hardness, to demonstrate differences in the 
sonographic and clinicopathological character-
istics of the four IDC molecular subtypes. These 

Figure 8. Ultrasonic manifestations of HER2+ subtype breast cancers. A, B – Two-dimensional ultrasound showed 
a mass with indistinct margins, calcifications, enhanced posterior acoustics and superb microvascular imaging 
showed the mass with marked blood flow signals (Adler grade 3). C, D – A mass with spiculated margins, calcifi-
cations and enhanced posterior acoustics, the shear-wave elastography image showed a relatively hard mass, the 
average of the stiffest part of the mass was 153.9 kPa, the average stiffness of the whole tumour was 79.8 kPa
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findings, when applied in the appropriate clinical 
contexts, can help in the early diagnosis, selection 
of appropriate treatment methods, and prognosis 
prediction.
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Figure 9. ER, PR, HER2+, and Ki-67 of HER2+ breast cancer are shown in A, B, C and D. Tumour cells stained dark 
brown are positive. In contrast, the unstained tumour cells are negative
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Figure 10. Triple negative breast cancers on ultrasound. A, B –Posterior echogenic enhancement, absence of calci-
fications, circumscribed margins and hard tissue. The average of the stiffest part of the mass was 165.1 kPa, the 
average stiffness of the whole tumour was 131.8 kPa. C, D – A hypoechoic mass of microlobulated margins with no 
calcifications and few blood flow signals on the superb microvascular imaging (Adler grade 1)
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