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ABSTRACT
Objective: In this prospective study, the diagnostic performance of the new version of superb microvascular imaging (SMI) in differentiating malignant
from benign lesions was evaluated.
Material and Methods: Ninety breast lesions were included. During color SMI examination, both free-hand region of interest (ROI) and box ROI were used.
Vascular index (VI) values were obtained from the lesion using both types of ROI and from normal breast tissue via box ROI. VI values, monochrome SMI
grading and histopathological results were compared. The efficacy of color SMI and monochrome SMI was investigated in differentiating between benign
and malignant breast lesions.
Results: The cut-off value, in the differentiation of benign and malignant lesions with color SMI was 0.50 for box ROI, while it was 0.30 for free-hand
ROI. The specificity of VI values obtained with box ROI was higher than that of free-hand ROI when differentiating malignant lesions from benign.
Comparison of VI values from a lesion and from normal breast tissue showed that VI values in malignant lesions were significantly higher (p<0.05). The
VI values of benign lesions and VI values of normal breast tissue were similar. There was a statistically significant relationship between monochrome SMI
grading and the malignancy or benign status of the lesion (p<0.001).
Conclusion: Drawing the lesion circumference free-hand using a free-shape ROI did not enhance the sensitivity and specificity. Contrary to popular belief,
a more easy and practical measurement method may be more suitable for SMI examination. It is hoped that this will be one of the earliest studies to assess
the clinical performance of the latest version of SMI.
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Key Points
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•

SMI is a promising development to improve the differentiation of malignant and benign breast lesions because of its superiority in imaging microvascular
structures in breast lesions.

•

The qualitative and quantitative values obtained from the detailed display of the blood supply in the tumoral tissue can be used as an indirect indicator
of abnormal vascularity.

•

The vascular index has only been used in a few recent current SMI studies and only a few of these.

•

Lesions with a high risk for breast cancer can be easily detected with the contribution of SMI and can also serve as a guide for indeterminant lesions.
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Introduction
Breast cancer is the most common type of cancer in women and among
the most common causes of death (1, 2). Advances in tools for early
diagnosis contributed significantly to a decrease in the death rate due
to breast cancer. It is sometimes challenging to distinguish malignant
lesions from benign lesions using radiological imaging methods because
of the wide spectrum of imaging and pathological features of breast
lesions (3). Malignant breast lesions express high metabolic activity
and require newly developed microvascular structures to invade the
basement membrane (4). Thus malignant breast lesions exhibit greater
vascularity compared to benign lesions and develop irregular vascular
structures within the tumor, termed neovascularization (5). To be
able to identify this irregular vascularity may increase the diagnostic
effectiveness of conventional methods.
Superb microvascular imaging (SMI), an alternative Doppler
ultrasonography (US) method developed in recent years using a new
adaptive algorithm, separates tissue movements from the slow flow of
small vessels and provides novel additional information compared to
conventional imaging methods (3, 6). In the latest version of SMI,
used in the present study, quantitative values for vascularity, known
as the vascular index (VI) can be obtained. Thus, it is possible to
objectively evaluate the presence of microvascular structures in a
selected area of the diagnostic images (7). Given the neovascularity
of malignant lesions, we hypothezised that SMI would aid in breast
cancer diagnosis.
The aim of this study was to evaluate the vascularity of breast
lesions using SMI, and to compare and correlate the findings with
histopathological results. In contrast to previous studies, with this
newly developed version of SMI, an additional aim was to investigate
whether there is an objective quantitative value of VI that can
distinguish malignant breast lesions from benign lesions. Thus, it was
hoped that this study would be one of the first to provide numerical
values obtained with SMI for distinguishing malignant from benign
lesions.

Materials and Methods
Female patients who attended Outpatient Clinic between 01.01.2019–
01.09.2019 and had suspicious breast lesions on US were examined
prospectively. Oral and written consent were obtained from all
patients who participated in our study. Ethics committee approval was
obtained from the Scientific Research Ethics Committee of Selçuk
University Faculty of Medicine.
Solid lesions classified as Breast Imaging Reporting and Data Systems
(BI-RADS) categories 4a, 4b, 4c and 5 in breast US were eligible for
inclusion in the study. Exclusion criteria were: patients with a history
of mastectomy; patients with severe organ failure; patients who
underwent chemo-radiotherapy; and those without histopathological
results reported by our own histopathologists.
US and SMI were performed in the supine position in all patients,
with 7–14 MHz high-frequency probes using a US device, the Aplio
300 (Toshiba, Tokyo, Japan). On grayscale US examination, the
size of the lesions, contour features, location in relation to the skin,
echo pattern and posterior acoustic properties were evaluated. The
sonographically detected morphological features of the lesion were
categorized according to the BI-RADS categorization, proposed by the
American College of Radiology (8).

After sonographic examination, SMI was performed. During the SMI
examination, the scale was 1.5–2.5 cm/s, mechanical index, wall filter,
and frame rate were 1.5, 1.5, 50–100 Hz, and >50 Hz, respectively.
SMI has two different modes, color SMI (cSMI) and monochrome
SMI (mSMI). Initial examination was performed with cSMI, during
which the “box” region of interest (ROI), a built-in feature of the
program, and free-hand ROI, marked by manually drawing around
the lesion, were used. VI values were measured using both ROI types.
The number of vascular codes was divided by the area of the ROI,
and thus VI was calculated automatically by the device. VI values
were measured in the range from 0 to 100. Box ROI and VI values
were obtained for normal tissue from the same quadrant of the
contralateral breast without lesions. After completing cSMI, mSMI
was performed. The skeletal structure of the microvascular vessels was
visually evaluated using mSMI. We created a grading system to visually
score the vascularity of the lesions for mSMI. Accordingly, Grade 1
was defined as a normal background with punctate blood supply and
minimal vascularity. In Grade 2, vascularity was observed in lesions in
the absence of anarchic vascular structures and no more than two linear
microvascular signals were detected. Lesions with an anarchic blood
supply or more than two vascular structures were classified as Grade 3.
Observation of distorted, irregularly shaped and curved microvascular
structures in the center and periphery of the lesion on mSMI was
accepted as an anarchic blood supply. In three cases recommended by
the clinician or requested by the patient, and patients with BI-RADS
category 4a, 4b, 4c and 5 lesions, tru-cut biopsy was performed after
SMI and histopathological results were obtained. In patients whose
tru-cut biopsy results were benign, no further surgery was performed
and final results were those reported for the tru-cut biopsy. All lesions
that were found to be malignant or indeterminate on biopsy were
surgically removed (lumpectomy or mastectomy). These lesions were
thus definitive surgical results.
Statistical Analysis
All statistical analysis was performed using R version 3.6.0 (The R
Foundation for Statistical Computing, Vienna, Austria; https://
www.r-project.org). was used for statistical analysis. Continuous
data are presented as mean ± standard deviation (SD) or median
(interquartile range), and categorical data are presented as the number
(n) and percentage (%). The normality of the data was assessed using
the Anderson-Darling normality test. Homogeneity of variances was
tested using Levene’s test. Mann-Whitney U test was used to compare
the VI values obtained with cSMI in malignant and benign lesions.
A p<0.05 was assumed to indicate significance. The diagnostic
performance of the VI values obtained by box and free-hand ROIs
in distinguishing malignant and benign lesions was calculated. The
cut-off values for distinguishing malignant and benign lesions were
determined using receiver operating characteristic (ROC) curves, and
performance was evaluated. For the cut-off value, sensitivity, specificity,
positive and negative predictive values, and accuracy were calculated
at a 95% confidence level. Interactive point charts were created to
determine the threshold values. The relationship between VI values of
benign or malignant lesions and VI values of normal tissue was tested
using Spearman’s rho correlation coefficient. The relationship between
mSMI grading and pathological findings was evaluated using the chisquare test.

Results
Eighty-six women with lesions assessed bu US imaging to be at risk of
malignancy were included in the study. Lesions in four patients were
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bilateral. The mean ± SD diameter of 90 lesions detected on US was
21.89 ± 17.12 mm, and 49 lesions were located in the right breast.
The majority of lesions were BI-RADS category 4b and numbered 32
(35.6%). There were a further 19 (21.1%) of lesions classified as BIRADS category 5 (Table 1).
Thirty breast lesions were malignant, and 60 were benign on
histopathological examination. The majority of malignant lesions
were invasive ductal carcinomas (n = 28, 93.3%). One patient had
invasive lobular carcinoma, and one patient had ductal carcinoma in
situ. Fibroadenomas constituted the majority of benign lesions.
For benign lesions, the mean VI value was 1.68 for the box ROI and
0.81 for free-hand ROI (Table 2). While the mean VI value measured
using box ROI in malignant lesions was 4.30, the mean free-shaped
ROI was found to be 3.23 (Table 2). The VI values of benign and
malignant lesions measured by SMI were statistically significant for the
both ROI type (p<0.001).

There was a statistically significant correlation between the mSMI
grading and whether the lesion was malignant or benign (pathological
finding) (p<0.001). While 94.4% of the lesions with Grade 1
vascularity were benign, 76.0% of the Grade 3 lesions were malignant.
As the severity (grade) of vascularity detected with mSMI increased,
the rate of malignancy increased. However, 5.6% of the lesions with
Grade 1 vascularity were malignant, and 24.0% of the Grade 3 lesions
were benign (Table 5).

Discussion and Conclusion
US is the basic imaging modality used for examination of dense
breasts with a high degree of fibroglandular tissue components
(9). However, descriptive morphological features, such as margin,
shape or echo pattern of the lesion do not always provide clear
Table 2. Comparison of vascular index (VI) values of benign
and malignant lesions measured by SMI using two modes for

The cut-off VI value for cSMI, was 0.50 and above for box ROI,
while it was 0.30 and above for free-hand ROI. While the sensitivity
of VI value measured by box ROI to differentiate benign lesions from
malignant lesions was 89% and the specificity was 56%, these values
for free-hand ROI were 89% and 49%, respectively. The NPV was
92% for the box ROI and 91% for free-hand ROI while the PPV for
box ROI was 46% and 43% for free-hand ROI (Table 3; Figures 1
and 2).

defining regions of interest (ROI), box ROI and free-hand ROI

The area under the ROC curve showed that SMI gave significant
results in distinguishing between malignant and benign lesions (Graph
1). Differential and interactive point charts were drawn for box and
free-hand cSMI VI values, which were used to distinguish between
benign and malignant lesions (Graph 2, Table 4).

Malign (n=27)

In the comparison of VI values of the lesion and normal breast
tissue, box and free ROI VI values detected in malignant lesions were
significantly higher than those in normal breast tissue (p<0.05). There
was no statistically significant difference between the VI values found
in benign lesions and VI values obtained from normal breast tissue
(p>0.05) (Table 4).

VI value
cSMI box

cSMI free

1.68 ± 3.21

0.81 ± 1.44

4.30 ± 5.51

3.23 ± 4.41

<0.001

<0.001

Benign (n=63)
mean ± SD

mean ± SD
*p-value

ROI: region of interest, n: Number of lesions, cSMI box: Box shape ROI.
cSMG free: free-hand ROI. SD: Standard deviation
*p<0.05 was considered as statistically significant. Mann Whitney-U was
used.

Table 1. Descriptive Features
Parameters

Number of lesions
(n=90)

Age (year), mean, (min-max)

49 (27–86)

US diameter (mm), mean, (min-max)

21 (5–100)

Side
Left breast, n

41

Right breast, n

49

US BIRADS

50

BI-RADS 3, n

8

BI-RADS 4a, n

22

BI-RADS 4b, n

32

BI-RADS 4c, n

9

BI-RADS 5, n

19

US: Ultrasonography, BI-RADS: Breast Imaging Reporting and Data
Systems, min: Minimum, max: Maximum, n: number

Graph 1. ROC curve for box and free cSMI VI value used in
differentiation of benign and malignant lesions
cSMI: Color superb microvascular imaging, cSMI box: Box shaped ROI, cSMI free:
Free shaped ROI, ROC: Receiver operating characteristics, Sen: Sensitivity. Spe:
Specificity
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Table 3. Diagnostic effectiveness of box and free cSMI in
differentiating benign and malignant lesions
cSMI VI value
Box

Free-hand

≥0.50

≥0.30

24-28-3-35

24-32-3-31

Sensitivity

89

89

Specificity

56

49

NPV

92

91

PPV

46

43

Diagnostic measurements (%)
Cut-off value
TP-FP-FN-TN
(subsquently)

ROC statistics
AUC

0.735

0.747

*p-value

<0.001

<0.001

cSMI: Color superb microvascular imaging, VI: Vascularity index, ROI:
region of interest, Box: Box shaped ROI, Free-hand: Free-hand drawn ROI,
TP: True positive value, FP: False positive value, FN: False negative, TN:
True negative, NPV: Negative predictive value; PPV: Positive predictive
value, ROC: Receiver operating characteristics curve, AUC: Area under the
ROC curve
*p<0.05 was considered statistically significant. Mann-Whitney U test was
used.

information about whether the lesion is malignant or benign. In
particular, granulomatous mastitis, atypical hamartoma and some
fibroadenomas do not exhibit the characteristics of typical BI-RADS
category 3 (10). DM is the most important radiological screening
and diagnostic tool that has been proven to increase survival in
breast cancer (11). While DM has great sensitivity in fatty breasts, it
decreases to 30% in dense breasts. Especially in young patients, DM
cannot provide very detailed information and when these patient
groups are considered, alternative methods are needed to increase the
effectiveness of US (12). Breast MRI has the highest sensitivity for
distinguishing breast cancer among the available modern imaging
modalities (13). However, performing MRI on every patient is timeconsuming and not cost-effective.
Conventional sonographic methods, such as color and power Doppler
do not provide the necessary additional information in such breast
lesions. Thus, unnecessary biopsies and surgical procedures may
be performed. In breast cancer, angiogenic factors and abnormal
neovascular vessels develop within the tumoral tissue. For this reason,
distorted, folded and deeply penetrating vascular structures are
observed around tumoral lesions. Regularly shaped microvessels are
observed in benign lesions (14). Thus, attempts have been made to
reveal irregular neovascular vessels using complementary methods in
addition to US. Conventionally, color Doppler imaging and power
Doppler imaging are used to show tissue vascularity. Unfortunately,
classical Doppler methods identify the slow flow of microvascular
structures as artifacts and therefore erase them (14, 15).
Table 4. Relationship between VI values of benign and
malignant lesions and VI values of normal tissue
Comparison of
benign lesion and
normal breast
tissue

Comparison of
malignant lesion
and normal breast
tissue

ρ

p

ρ

p

cSMI box

0.095

0.458

0.478*

0.012

cSMI free

0.210

0.098

0.468*

0.014

cSMI: Color superb microvascular imaging, VI: Vascularity index, ρ:
Spearman’s rho correlation coefficient
*p<0.05 was considered as statistically significant

Table 5. The relationship between monochrome SMI grading
and pathological finding
mSMI Grade

Graph 2. Difference and interactive point graphic for VI value
detected by cSMI in benign and malignant lesions
cSMI: Color superb microvascular imaging, VI: Vascular index, cSMI box: box
shaped ROI, cSMIfree: Free-hand drawn ROI

Pathological finding

Total
lesion (n)

Benign

Malign

Grade 1, n

51

3

54

Grade 2, n

6

5

11

Grade 3, n

6

19

25

Total lesion, n

63

27

90

p-value

<0.001*

SMI: Superb microvascular imaging, n: Number of lesions
*p<0.05 was considered statistically significant. Chi-square test was used
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Figure 1. A lesion on the left breast at the 3 o’clock position, vertically located in relation to the skin and with irregular contours, and
subsequently, histopathologically proven as invasive ductal carcinoma, is shown. On cSMG examination: a) the VI value obtained from inside
the lesion using box ROI was 3.7; b) the value obtained by using free ROI was 1.3. (arrow); c) on mSMG examination, both peripherally and
centrally located, irregularly-shaped, microvascular structures are observed (arrowhead). d) For normal breast tissue; e) the VI values taken
with the box ROI are zero
SMG: scintimammography, VI: Vascular index, SMI: Superb microvascular imaging, ROI: region of interest

Figure 2. A round-shaped breast lesion, diagnosed as papillary neoplasia after biopsy, at the 9 o'clock position in the left breast. On cSMG
examination: a) the VI value obtained from inside the lesion using box ROI was 17.4; b) the value obtained by using free ROI was 6.1 (arrow).
c) On mSMI examination, both peripheral and centrally located, irregularly-shaped, microvascular structures were observed (arrowhead). d)
Box ROI VI value for normal tissue from the same quadrant of the contralateral breast was 0.2.
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While traditional Doppler methods are successful in showing strong
flows with high velocity, they are insufficient for showing the slow
flow of small vessels (16). The macrovascular structure of the lesion
is evident with color Doppler US, while the microvascular structures,
found histopathologically, are not visible. Many recent studies have
shown that blood supply within the lesion, detected by color and
power Doppler US, cannot distinguish benign from malignant lesions
(17). It has been shown that the highest diagnostic accuracy is obtained
by combining SMI examination with gray-scale US to identify
tumor microvasculature (18). Unlike other conventional Doppler
methods, the addition of adaptive software in SMI distinguishes the
slow flow of microvascular structures from artifact created by tissue
movement. However, VI has only been used in a small number of
recent SMI studies and in only a few of these the new version of VI,
which gives a quantitative value, was used (19-21). In the present
study, VI per unit area was measured using SMI, which is superior to
conventional Doppler in showing the slow blood flow of microvessels
and demonstrated vascularization in tumoral tissue. In a recent study,
cSMI values in malignant lesions were reported to be two-fold higher
than those in benign lesions (22). In our study, cSMI values were more
than two-and-a-half times greater in malignant compared to benign
lesions (p<0.001). In the present study, specificity for identification of
malignant lesions through evidence of irregular vascularity using box
ROI was greater than for free-hand ROI and that drawing the lesion
circumference by hand using a free-shape ROI did not contribute
to determining the vascularity of the lesion. A recent study used a
free-hand ROI and the latest version of VI (23). However, in light
of our results, drawing lesion contours manually does not appear to
contribute any additional data about the nature of the lesion and is
more time-consuming. Thus, simply adopting the built-in box ROI
feature of the SMI software may be easier and more practical for SMI
examination.
A recent study reported that SMI distinguishes benign breast lesions
from malignant lesions with 78% sensitivity and 75% specificity
(17). Bakdık et al. (5) determined the sensitivity and specificity of
SMI to be 66.6% and 80.7%, in a prospective study respectively, in
distinguishing malignant intraductal breast lesions. They evaluated
a total of 54 intraductal breast lesions and vascularity grading,
distribution of microvessels, and penetrating vessels were investigated.
Du et al. (18) found that the sensitivity, specificity, and true positivity
rates were 93.8%, 86.2%, and 90.2%, respectively. In our study,
while the sensitivity was 89% for both ROI types, the specificity was
only 56% for box ROI and 49% for free-hand ROI, indicating that
SMI has a low ability to discriminate benign lesions in our cohort. In
contrast to the limited number of published studies, the specificity
of SMI was low in our study, and larger-scale prospective studies are
needed to elucidate this issue. Based on SMI findings, Bakdık et al.
(5) classified the vascularity of the lesions as low, medium and high.
They argued that when distinguishing benign and malignant breast
lesions with SMI, the highest success is achieved when vascularity is
classified as low or high. Bakdık et al. (5) determined the VI cut-off
value to be 0.80 to categorize a breast lesion as hypervascular. In our
study with a higher number of patients, the VI cut-off value was 0.73
for box ROI and 0.74 for free-hand ROI. Zhan et al. (24) reported
that a VI cut-off value of 0.91 was reliable in distinguishing malignant
breast lesions. In our study, the VI value of malignant lesions was
higher than that of both benign lesions and normal breast tissue,
while, interestingly, the VI values of benign lesions and the VI values
of normal breast tissue were similar. Our results show that the cut-

off value, which demonstrates the diagnostic efficiency of cSMI in
the differentiation of benign and malignant lesions was ≥0.50 for box
ROI, while it was ≥0.30 and for free-hand ROI. We believe that these
differences suggest that the cutoff values should be calculated for each
ROI type.
SMI has two different modes, cSMI and mSMI. Similar to existing
studies (16), in our study, while quantitative values of intralesional
vascularity were obtained with cSMI, more detailed information was
obtained about the morphology of microvascular structures with mSMI.
Park et al. (25) reported that detailed examination of microvascular
structures with mSMI without contrast agent injection increased the
diagnostic performance of US. Another study emphasized that most
published studies were based on quantitative measurements using
cSMI, and few studies have examined microvascular structures with
mSMI (18). In our study, including both qualitative and quantitative
evaluations, a relationship was found between the irregular vascularity
detected on mSMI and the malignancy of the lesion. We found that
as the grade of vascularity detected with mSMI increased, the rate
of malignancy increased. However, there was still a degree of false
negativity with 5% of the lesions with Grade 1 vascularity being
malignant, and 24% of Grade 3 lesions being benign. Studies have
shown that microvessels in malignant lesions are tortuous and show
irregular and chaotic vascularity (18, 26). Raza et al. (26) reported
that small vascular structures in malignant lesions mostly progressed
to penetrate deep into the lesion. Moreover, they emphasized the
importance of penetrating small vascular structures by stating that
they may be the most important clue for malignancy (26). In a recent
study, showing penetration of small vessels were more accurate on SMI
compared toclassical Doppler methods (24). In addition, it has been
reported that there is a decrease in inter-observer variability compared
to classical Doppler methods in the detection of penetrating distorted
small vessel structures and vascularity assessment. Park et al. (22, 25)
reported that if SMI is integrated into the US, SMI decreases the risk
level of BI-RADS categories in a significant number of patients and
protects patients from unnecessary invasive procedures. As malignant
lesions are growing rapidly, necrotic areas may occur within the lesion
if the tumoral microvasculature cannot develop sufficiently to feed
it. Recent studies have reported that false-negative results can also
be obtained in malignant lesions because signals cannot be received
with Doppler and SMI from necrotic areas (18). In our study, the
false negativity rate of SMI in detecting malignant lesions was found
to be 3%.
Our study has some limitations. First, the number of patients included
in the study was relatively small. Another limitation was that all patients
were evaluated with SMI by a single radiologist and interobserver
variability could not be evaluated. In addition, a further significant
limitation was the lack of inclusion of MG data and different imaging
modalities. Future prospective studies should seek to negate these
limitations in their design.
In conclusion, SMI is a promising development to improve the
differentiation of malignant and benign breast lesions because of
its superiority in imaging microvascular structures in breast lesions.
The qualitative and quantitative values obtained from the detailed
display of the blood supply in the tumoral tissue can be used as an
indirect indicator of abnormal vascularity. Thus, lesions with a high
risk for breast cancer can be easily detected with the contribution of
SMI and can also serve as a guide for indeterminant lesions. However,
prospective studies with larger sample sizes and including comparison
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with different modalities are needed to evaluate the effectiveness of
SMI in diagnosis of breast lesions.
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