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Background: The aim of the study was to compare methods for the assessment of vascularisation of
liver metastases (LM) between superb microvascular imaging (SMI), contrast-enhanced ultrasound, and
microvascular density (MVD).

Methods: SMI results were quantified as the vascularisation quotient (VQ), based on a grey-scale analysis
with Image] image software. Those results were compared to contrast-enhanced ultrasonography (CEUS)
values, calculated with VueBox®. MVD was measured with an anti-CD34 antibody.

Results: This study included 13 patients with LM. The VQ showed a strong correlation with the
quantified parameters of contrast-enhanced ultrasound. The parameters of quantified contrast-enhanced
ultrasound compared with quantified SMI showed the following statistical correlations: peak enhancement
(PE), in arbitrary unit (a.u.) (r=0.72104, P=0.0054), PE in Decibel (dB) (r=0.65918, P=0.00141), Wash-in-
Area Under the Curve (WiAUC) in a.u. (r=0.63604, P=0.00194), Wash-in Perfusion-Index (WiPI) in a.u.
(r=0.73337, P=0.0043), Wash-in Perfusion-Index (WiPI) in dB (r=0.65642, P=0.0194), Wash-in-Rate (WiR)
in a.u. (r=0.7304, P=0.0036) and Wash-in-Rate (WiR) in dB (r=0.82897, P=0.0005).

Conclusions: Comparison of the two methods, SMI and contrast-enhanced ultrasound (CEUS), for
quantitative assessment of vascularisation of LM showed good correlation. The contrast-independent

Doppler technique SMI can qualitatively assess the vascularisation of LM.
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Introduction

It remains challenging to use B-scan ultrasound to
differentiate focal liver lesions (FLLs), such as focal nodular
hyperplasia, adenomas from hepatocellular and biliary
carcinomas, and metastases (1). The early detection of liver
metastases (LM) is important for therapy. LMs are found in
25-50% of patients with known carcinoma (2). Contrast-
enhanced ultrasound (CEUS), computed tomography
(CT), and magnetic resonance imaging (MRI) have similar
detection rates for the diagnosis of LM (3). However, all
of these methods have limitations (4). For example, CT
requires contrast media that contains iodine, which can
lead to thyroid and kidney problems (5,6). The gadolinium-
based contrast agents used in MRI can lead to nephrogenic
systemic fibrosis, and contrast agent can accumulate in
the brain (7,8). Furthermore, both CT and MRI contrast
media can lead to significant allergic reactions (9). As with
cross-sectional imaging, MRI, and CT, CEUS also requires
intravenous access (4).

Nevertheless, CEUS data provides crucial information on
LM vascularisation pattern. Metastases are often identified
in CEUS based on the observation of hypervascularisation
in the arterial phase and washout phenomena in the late
phase (10). Despite the limitation, the assessment of the
flow of the contrast medium in the arterial phase remains a
decisive finding in the characterization of liver lesions; the
malignancy of a liver lesion cannot be determined solely on
the basis of the arterial phase (11).

A further advantage of contrast-enhanced ultrasound,
however, remains the flooding of the contrast medium,
which makes a decisive contribution to the characterization
of liver lesions. In particular, the late washout, for example
in highly differentiated hepatocellular carcinomas, should
be mentioned here (12). CEUS is a powerful diagnostic
tool for the assessment of liver lesions and is easier to use in
renal failure, hyperthyroidism, pregnancy and in pediatric
patients compared to CT scans due to its lower side effect
profile (13,14). Contrast-enhanced ultrasound can be
performed by using a continuous microbubble infusion or
by injection of a single bolus. Since the determination of the
optimal infusion rate is difficult and an infusion rate that is
too low or too high has a significant effect on the signal to
noise ratio, the bolus administration currently presents the
most commonly used form of contrast agent administration
for non-destructive CEUS imaging (15).

Quantification of perfusion parameters is currently
the subject of several studies. Moreover, CEUS could
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potentially miss heterogeneous vascularisation in metastases
due to its two-dimensional determination of metastatic
vascularisation (16,17). On the other hand, Dujardin
et al. demonstrated a very good reproducibility for three
different ROIs in LM in patients with colorectal cancer in
a recent CEUS quantification study (18). Furthermore, the
tools currently available for CEUS quantification remain
susceptible to artefacts (10,15,18).

A potential alternative method is based on superb
microvascular imaging (SMI), an image-processing
technique developed by Toshiba/Canon (Minato, Tokyo,
Japan) (19). SMI is an advanced ultrasound technology that
filters the different frequency spectrum signals generated
by tissue motion artifacts and displays microvascular
flow through an adaptive algorithm that removes clutter
dramatically (20).

SMI uses advanced clutter suppression to extract blood
flow signals from small and large vessels and it presents this
information at a high image repetition rate. SMI can be
used in two modes, colour superb microvascular imaging
(¢SMI) and monochrome superb microvascular imaging
(mSMI) (19). SMI has been used in several previous
studies on the differentiation of FLLs. In a recent work
in semiquantitative comparison between color Doppler
flow imaging (CDFI) and SMI, the group of Yang ez 4l
confirmed a superiority in the detection of microvascular
blood flow signals in HCC’s. When comparing SMI with
color flow Doppler (CFD) and power Doppler (PD)
imaging in the liver to differentiate between malignant
and benign liver neoplasms, Dubinsky ez #/. demonstrated
more central and peripheral vessels around liver lesions
on SMI than on CFD and PD imaging (21). There were
significantly more vessels in the periphery of malignant liver
lesions than benign lesions. Those studies have described
its usefulness, but the value of this method has been
mainly studied semi-quantitatively (21,22). With mSMI,
it is possible to quantify the differences in brightness,
according to the vascularisation of the FLL, compared to
the surrounding liver parenchyma. This analysis can be
performed with Image], an image analysis program used in
the biological sciences and other fields (23). Quantitative
SMI has several advantages over quantitative CEUS. No
contrast agent is required for SMI. In addition, due to the
progressive destruction of the phospholipid microbubbles
over time, there is a time limit on CEUS imaging evaluated
with SonoVue®, whereas the informative value of SMI is
not influenced by time. Another approach for assessing
FLL vascularisation is to determine microvascular
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Figure 1 Flow chart shows the patient screening and selection process.

density (MVD) (24). Previous investigations have used
immunohistochemical assays for this purpose. Antibodies
that specifically recognize CD34 or CD31 on endothelial
cells have been used to investigate vascularisation. Studies
have shown good correlations between imaging-determined
vascularity and immunohistologically determined vessel
density (25,26).

The main objective of the present pilot study was to
compare methods for the assessment of vascularisation of
metastases between SMI, quantified using the software
program Image] and contrast-enhanced sonography
(CEUS), with the ones quantified using the software tool
VueBox®. in LM confirmed by clinical course, or partially
histologically. Furthermore, in cases of histologically
confirmed LM and the presence of a tissue sample, we
investigated whether quantifiable perfusion could be
detected by immunohistochemistry using anti-CD34
antibodies.
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Methods
Patients

The present study is a prospective pilot observational study.
From March 2016 to October 2018, a total of 42 patients
with known malignant gastrointestinal or pancreaticobiliary
tumours were consecutively screened for LM (Figure I).
The local university ethics committee approved the study
(application number 83/16). All participants gave their
written informed consent to participate in the study. The
study was conducted according to the principles of the
Declaration of Helsinki (as revised in 2013) (27).

Of the 42 patients screened, no appropriate liver lesion
could be detected in 10 patients by B-mode ultrasound.
These patients were not further evaluated with CEUS
in the study. The patients were excluded from the study.
In 11 other patients, the liver lesions have been classified
as benign on B-mode ultrasound. Another three patients
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Table 1 Patient characteristics, sonographic and histological results, and macroscopic semi-quantitative vascularisation results

Macroscopic
Patient data (n=13)

vascularisation

semi-quantitative Histological
assessment of examination

Sonographic examination

Immuno-
histology ;
withCD34  Timeto "% washin VAN o

Patient Age Disease Edge Centre

Superb
microvascular
imaging

Contrast-enhanced ultrasound

Vascularisation

peak (s) enha(r;;mentrate (WIR) (WIAUC) time (s) quotient (VQ)
Pat1 82 Oesophageal carcinoma n.a. n.a. n.a. 32.67 222.45 19.17 37.26 31.76 1.23
Pat2 55 Oesophageal carcinoma n.a. n.a. n.a. 24.23 115.76 14.13 33.18 23.65 1.39
Pat3 57 Oesophageal carcinoma n.a. n.a. n.a. 13.15 83.05 15.33 28.80 12.51 1.45
Pat4 53 Oesophageal carcinoma + + + 9.02 30.13 7.41 20.46 5.80 1.09
Pat5 55 Pancreatic carcinoma 0 + + 17.91 489.62 64.75 35.08 10.47 1.02
metastases
Pat6 67 Pancreatic carcinoma 0 0-(+) + 10.14 1,476.25 356.68 40.18 9.67 1.75
metastases
Pat7 66 Neuroendocrine tumour n.a. n.a. n.a. 31.01 327.47 23.44 38.25 28.74 1.07
Pat8 54 Colon carcinoma n.a. n.a. n.a. 2.18 110.01 12425 19.34 1.23 1.68
Pat9 59 Colon carcinoma (+) ++(X) + 15.11 50.08 16.34 20.72 3.87 1.23
Pat 10 61 Gastric carcinoma n.a. n.a. n.a. 26.93 73.39 21.16 22.82 4.31 1.09
Pat 11 81 Pancreatic carcinoma (+) Noedge + 27.60 43.95 3.36 28.82 24.90 1.03
metastases
Pat 12 56 Neuroendocrine tumour ++ 0 + 20.00 89.04 11.92 31.08 19.34 1.12
Pat 13 89 Neuroendocrine tumour 0 0 n.a. 9.86 5,695.08 1,766.45 71.73 4.24 1.99

+, low vascularisation; ++, high vascularisation; n.a., no macroscopic or histological examination; 0, no vascularisation. Shaded rows are

patients with histological examinations.

were excluded, due to technical constraints that prevented
lesion biopsy. In the further clinical course, the diagnosis
of malignant liver lesions was confirmed in these patients.
However, the clinical conditions of the patients also
became so severe that participation in the study was no
longer justifiable for ethical reasons at a later stage. Of the
remaining 18 patients, no metastasis could be detected
histologically after sonographic puncture in five additional
patients (Figure 1).

A total of only 13 patients [6 women/7 men, mean
age 64.2 years; (range, 53-89 years)] met the inclusion
criteria: known tumour of the gastrointestinal tract or
pancreaticobiliary system with hepatic metastasis. The
mean body mass index was 25.2+5.4 kg/m’. Of the 13
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patients, only 6 could be punctured. Of the 13 patients
included in the analysis, four patients had oesophageal
carcinoma, three had pancreatic carcinoma, another three
had neuroendocrine carcinoma, two had colon carcinoma,
and one patient had gastric carcinoma (Tuble 1).
Gastrointestinal tract was defined as the esophagus from
the superior esophageal sphincter, stomach, intestinum
tenue, and intestinum crassum including anus to the
external anal sphincter. The pancreaticobiliary system
included the pancreas, gallbladder, and all bile ducts from
their hepatic origin to their junction with the descending
duodenal pars. The exclusion criteria were: pregnant and
lactating women, children and adolescents under the age
of 18 years, patients with recent history of acute coronary
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syndrome, clinically unstable ischemic heart disease, right-
to-left cardiac shunts, severe pulmonary hypertension,
uncontrolled systemic hypertension, or ARDS, as well as
known intolerance to SonoVue®.

For the final evaluation, LM had to be histologically
confirmed (n=6 patients), or LM had to be clearly shown
in the clinical course with CEUS, CT, or magnetic
resonance tomography (MRI), without evidence of a second
tumor of another origin (n=7 patients), histopathological
confirmation, by means of puncture, was not performed in
these 7 patients for ethical reasons (Figure I).

B-mode ultrasound

The Aplio 500 ultrasound machine and the 6Csl transducer
(1-6 MHz) from Toshiba (Minato, Tokyo, Japan) were used
for the ultrasound examinations. All ultrasound examinations
were performed after an overnight fasting period of at
least 12 h by a single experienced investigator (>5,000
examinations per year). Images obtained during ultrasound
examinations were digitally saved using the image backup
program Viewpoint (GE Healthcare, Chalfont St. Giles,
Buckinghamshire, England, UK), making them available for
subsequent analysis and processing. B-scan ultrasonography of
the liver was first performed in all patients. The focus of this
examination was to describe the number, size, shape, pattern,
and metastatic skin spacing of the metastases later examined
quantitatively by CEUS and SMI. Localization was indicated
with respect to liver segments according to Couinaud (28).

Superb microvascular imaging monochrome (mSMI)

In this study, monochrome mSMI was used exclusively
to assess liver metastasis vascularisation because of its
highest sensitivity (29-31). As also described by other
authors, vascularisation can be better visualized in the so-
called grayscale mode. In the mSMI mode, the parameters
Doppler frequency, pulse repetition frequency, frame rate,
and colour gain were set to the following mean settings
during the study: 3.8 MHz [Doppler frequency], 8.6 kHz
[pulse repetition frequency], frame rate >30 fps, and colour
gain 35. According to current literature, mSMI values
were classified as follows: no vascularisation (-), moderate
vascularisation (+), and strong vascularisation (++) (32,33).

Contrast enbanced ultrasound (CEUS)

Contrast-enhanced examinations were performed
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using the “bolus injection method” according to the
recommendations of the EFSUMB (34). The contrast
agent used was SonoVue® (Bracco, Milan, Italy) 1.6 mL
applied via intravenous access of a cubital vein with a
20 G indwelling vein cannula over a period of two seconds
and followed by 10 mL of an isotonic sodium chloride
solution. Preferably, the left arm was used to improve sonic
conditions after elevation of the right arm for examination
of the liver. To minimize motion artifacts, patients were
required to hold their breath as much as possible during the
first twenty seconds of the recording and then to breathe
as shallowly as possible; this had been practiced with them
prior to the examination. The background for this is that
when there are low breath-hold-related motion artifacts in
the arterial phase, the quantitative VueBox® evaluation is
improved (35).

The mechanical index (MI) was set between 0.05-0.09
and performed in dual-window mode. Total gain was set
at 45, dynamic range between 60-65 dB, and frame rate
between 10-15 fps. One focus zone was set below the liver
metastasis. The video recording of the CEUS examination
started with the bolus injection and was continuously
captured as a DICOM file over 120 s while focusing on the
liver metastasis.

VieBox®

The contrast response of the liver metastasis and adjacent
liver tissue were quantified using the CEUS evaluation
program VueBox® (version 5.1, subprogram Liver DVP for
focal liver lesions) (35). After loading the DICOM file, the
video was optimally calibrated in terms of sampling rate,
ultrasound system, dual display mode, and meant time gain
compensation (Figure 2). The footage was then cropped
for editing using the Clip Editor module, and unsuitable
frames were deleted using Flash image capture. In B-scan
mode ROI 1 was then placed over the liver metastasis and
ROI 2, at the same level in the adjacent liver parenchyma.
Specific care was taken to ensure that no major vessels or
ligamentous structures were located in the ROI 2. In the
case of greatly varying FLL sizes, we chose the largest
possible reference ROI in tumour-free liver tissue as the
measurement of liver metastasis size ROI 1. ROI 2 was then
placed as centrally as possible in the metastasis (Figure 2).
After confirmation or correction of contrast arrival,
perfusion data processing was performed in bolus model
mode with obtaining the following perfusion parameters:
peak enhancement (PE), Wash-in AUC (WiAUC), Wash-
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Figure 2 B-Mode ultrasound and CEUS imaging in a 67-year-old patient with confirmed pancreatic carcinoma metastases. (A) B-Mode

ultrasound of the liver metastases (marked circular region). (B) Contrast-enhanced ultrasound, showing enhancement of the liver metastases

(white circles); images were acquired at 23 s post-injection, arterial phase. (C) Corresponding results of the quantitative VueBox® analysis of

the CEUS. The green curve corresponds to the examined metastasis and the yellow curve to the corresponding Reference ROI placed at the

same level. The TIC shows the average intensity within a ROI displayed as a function of time which describes the wash-in and wash-out of

the contrast agent. CEUS, contrast-enhanced ultrasound; TIC, time-intensity curve; ROI, region of interest.

in Rate (WiR), and Wash-in Perfusion Index (WiPI). A
margin of error of £15% is reported for the vascularisation
parameters of VueBox® (35). Furthermore, the Arrival
Time (AT) reported by the investigator during CEUS
examination was compared to that of VueBox®. A difference
of 1 s between the two different AT indications was
considered acceptable.

Image¥

Image] software (version 1.51, open source, Bethesda,
Maryland, USA) was used to perform grey-scale analyses
of mSMI images of each FLL and the surrounding liver
parenchyma (36). The mSMI images were saved as Joint
Photographic (Experts) Group (JPG) files with vertical
and horizontal resolutions of 72 dots per inch (dpi), a pixel
count of 960x720, and a bit depth of 24. Prior to the grey-
scale analysis, the ROI frame was placed over the FLL
and positioned to include most of the FLL (Figure 3). The
grey-scale analysis results were expressed both visually, as a
histogram, and numerically, as the arithmetic mean, standard

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

deviation, mode, minimum, maximum, and pixel count.
Subsequently, a second ROI frame was positioned in the
liver parenchyma, taking the pixel count of the first ROI
into account, and taking care to avoid including prominent
vessels. To account for any depth-dependent grey-scale
changes in the image, the second area of evaluation was set
at the same height as the first ROI, and the results were
expressed as stated above. Five measurements were taken
within the ROI at each of the ROI 1 and ROI 2 positions.
Finally, the vascularisation quotient (VQ) was calculated
from the mean values of the 5 measurements of ROI 1 and
ROI 2 of grey-scale analysis (pixel intensity) as follows: VQ =
metastasis intensity/liver parenchyma intensity (37) (Figure 4).

MVD
Among the 13 LMs, only 6 could be biopsied. The

puncture specimens were examined histologically on
a multi-head microscope to visualise vascularisation in
a semi quantitative manner. All staining sections were
performed with a microscope® (Olympus: BX41 Standard;
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Figure 3 SMI in a 67-year-old patient with confirmed pancreatic carcinoma metastases. The green box shows the region of interest. (A)

Colour SMI of the liver metastasis. (B) Monochrome SMI of the liver metastasis. SMI, superb microvascular imaging.

Olympus Deutschland GmbH, Hamburg). The assessment
of the vascularisation of the microvsacular density was
performed in three degrees of expression. The degree of
vascularisation was rated “0” (no vascular involvement),
“+” (low vascularisation), or “++” (high vascularisation).
Tumour neoangiogenesis was quantified based on the
MVD. Specimens preserved in paraffin blocks were cut into
4-pm-thick sections and stained with haematoxylin-eosin or
the monoclonal anti-CD34 antibody (1:50 dilution, M7165,
clone QBEnd-10; Dako, A/S, DK) (19) (1able 1, Figures 5,6).

Statistical analysis

All statistical analyses were performed with SAS Version
9.4 software (SAS Institute, Cary, North Carolina, USA)
and Microsoft Excel (Microsoft Corporation, Redmond,
Washington, USA). A correlation between the results of the
mSMI quantification with Image] and CEUS quantification
with VueBox® was determined using a Pearson correlation.
Potential confounding variables such as age, gender and
body mass index were taken into account in the partial
correlation. The level of significance was set at a=0.05. P
values <0.05 were considered significant.

Results
Ultrasound findings

The smallest FLL detected by ultrasound measured 9 mm,
and the largest measured 111 mm, in diameter. Further
examinations showed that 7 (53.8%) FLLs had clearly
defined margins, and 6 (46.2%) had an inhomogeneous
internal echo. Five FLLs (38.5%) were hyperechoic,
two (15.4%) were isoechogenic, and six (46.2%) were

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

hypoechoic. In 5 (38.5%) patients, a so-called halo sign
could be visualized in the FLL. In one (7.7%) patient, the
LM was centrally anechoic. In another (7.7%) patient, the
metastasis exhibited calcifications. In 6 (46.2%) patients,
ultrasound showed only one LM, although in one (7.7%)
patient there were at least 10 LMs. The mean skin-tumour
distance was 4.53£1.56 cm (range, 1.40-6.40 cm).

mSMI

We analysed the grey-scale data from the mSMI Doppler
ultrasound with ImageJ. The grey-scale analyses of FLLs
suspected of malignancy were compared to grey-scale
analyses of adjacent liver tissue not suspected of malignancy.
The mean VQ and standard deviation were 1.318+0.314,
with a minimum of 1.02 and a maximum of 1.99 (Table 1).

CEUS

The CEUS evaluated the perfusion of FLLs suspected of
malignancy. The CEUS quantification in VueBox® yielded
values for the peak enhancement (PE) 22.41+6.50 dB (range,
14.79-37.55), wash-in area under the curve (WiAUC)
30.59+7.85 dB (range 19.34-41.73), wash-in rate (WiR)
15.16+7.38 dB (range, 5.26-32.47) and wash-in perfusion index
(WiPI) 20.73+6.51 dB (range, 12.82-35.45) [Table 2 (38)].

mSMI and CEUS

The analysis revealed a statistically significant correlation
of the parameters quantified in ImageJ (mSMI) compared
to VueBox® (CEUS). The VQ showed a strong correlation
with the quantified CEUS parameters PE in a.u. (r=0.72104,
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Figure 4 The figure shows the ultrasound images of a metastasis and of the adjacent liver parenchyma in B-mode and in mSMI. The ratio of
liver metastasis to adjacent liver parenchyma forms the vascularisation quotient (VQ). The visualisation and analysis of the grey-scale within
the ROIs in mSMI Mode was performed using Image]. (A) Analysis of a liver metastasis. (B) Analysis of the adjacent liver parenchyma.
White circles: The ROL Image] analysis: the white box presents the results of the Image]J analysis. The scale shows the range of grey-scale
values, defined in 256 increments from 0 (black) to 255 (white). In the analysis, a grey scale value is allocated to each pixel. Count: number of
pixels evaluated; Min: the blackest (and thus darkest) grey scale value; Mean: the mean grey scale value; Max: the whitest (and thus brightest)
grey scale value; StdDev: standard deviation of the grey scale values around the mean value; Mode: mode (in parentheses is the number

of pixels whose grey-scale value corresponds to each mode). mSMI, monochromatic superb microvascular imaging; VQ, vascularisation

quotient; RO, region of interest.
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Figure 5 Histopathology of a liver metastasis. Conventional HE

staining of a liver section.

Figure 6 Histopathology of a liver metastasis. Immuno-
histological staining of a liver section, where the metastasis was
detected with the CD34 antibody. The staining shows an increase

in the density of neovessels around the metastasis (arrows).

P=0.0054), PE in dB (r=0.65918, P=0.00141), WiAUC
in a.u. (r=0.63604, P=0.00194), WiPI in a.u. (r=0.73337,
P=0.0043), WiPI in dB (r=0.65642, P=0.0194), WiR in a.u.
(r=0.7304, P=0.0036) and WiR in dB (r=0.82897, P=0.0005)
[Tuble 3 (38)].

MVD

We performed microscopic and immunohistological
analyses of the MVD in tissue sections of the biopsy
specimens. We found that neuroendocrine tumours had
higher peripheral vascularisation than pancreatic metastases

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Table 2 VueBox® results of the contrast-enhanced ultrasound
(CEUS) examinations (38)

Parameter Mean + SD Min-Max

PE in a.u. 677.40+1,557.10 30.13-5,695.03
PE in dB 22.41+6.50 14.79-37.55
WIAUC in a.u. 3,532.40+4,641.46 85.91-14,888.37
WIAUC in dB 30.59+7.85 19.34-41.73
WiPlin a.u. 438.63+964.51 19.16-3,507.34
WiPl in dB 20.73+6.51 12.82-35.45
WiR in a.u. 188.03+483.90 3.36-1,766.45
WiR in dB 15.16+7.38 5.26-32.47
VQ (no unit) 1.318+0.314 1.02-1.99

PE, peak enhancement; WiIAUC, wash-in area under the curve;
WiPI, wash-in perfusion index; WiR, wash-in rate; dB, decibels;
a.u., arbitrary units.

(Table 1).

Discussion

To the best of our knowledge, this study was the first to
evaluate mSMI and Image] for the characterisation of LMs
compared to quantitative CEUS. Our SMI results showed
a stronger signal in the LM compared to the normal liver
parenchyma. We also found strong statistically significant
correlations between the VQ quantified in mSMI with
Image] and the quantified CEUS parameters from
VueBox®.

In a recent study on the value of quantitative CEUS
for assessing malignant and benign FLLs, the greatest
difference between benign and malignant lesions was
observed in the peak enhancement. However, due to the
time-consuming, complicated analysis with VueBox®, those
authors expected that CEUS would present considerable
difficulties in clinical routine (10). Recent studies have
demonstrated the superiority of SMI over colour and power
Doppler sonography (4,21).

Despite the superiority of SMI, especially monochrome
SMI, several questions remain about SMI and need to be
addressed in the future. Commercially, Canon’s superb
microvascular Doppler technology has been available since
2014 (29). The color-coded Doppler sonography and power
Doppler technologies remove clutter by suppressing low
velocity components. This suppression results in a loss of
image data, and subsequent lost visibility of flow in smaller
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Table 3 Correlations between the VQ and quantified contrast-enhanced ultrasound parameters considering BMI, age, and sex (38)

Correlation of VQ with Correlation coefficient (r) P value Fisher’s z 95% confidence interval'
PE in a.u. 0.72104 0.0054 0.90391 0.276706-0.909341
PE in dB 0.65918 0.0141 0.79206 0.170582-0.887888
WIAUC in a.u. 0.63604 0.0194 0.75135 0.130799-0.878952
WIAUC in dB 0.30633 0.3087 0.31575 -0.295010-0.733169
WiPl in a.u. 0.73337 0.0043 0.93018 0.300786-0.913781
WiPl in dB 0.65642 0.0194 0.78718 0.165842-0.886851
WiR in a.u. 0.74304 0.0036 0.95090 0.319517-0.917137
WiR in dB 0.82897 0.0005 1.18942 0.515085-0.947752

VQ, vascularisation quotient; PE, peak enhancement; WiIAUC, wash-in area under the curve; WiPIl, wash-in perfusion index; WiR, wash-in
rate; dB, decibels; a.u., arbitrary unit. ', 95% confidence intervals based on Fisher z-transformation.

vessels (39). By contrast, SMI analyzes the characteristics
of movement artifacts arising from nearby structures and
successfully extracts the clinically relevant information.
Then, SMI uses another adaptive wall filter to suppress
clutter noise and minimize the flash artifact. Consequently,
SMI is expected to detect very low-velocity blood flow
within the lesion (19,29,39). Despite the superiority of SMI
standards for normal perfusion patterns do not yet exist.
The definition of thresholds for SMI, remain to be defined
in future studies (19).

In a comparative study between SMI and CEUS in breast
tumours, SMI showed a higher sensitivity than CEUS in
the determination of blood flow signals. Conversely, in
evaluating the malignant vessel pattern criteria, root-hair-
like and crab claw-like, no significant differences were found
between the two methods (40). However, the comparative
studies carried out to date on SMI and other methods,
such as colour- or power-Doppler sonography and
CEUS, have been based exclusively on semi quantitative
assessments, and the findings were subject to the experience
and abilities of the investigators (4,21,22,28,40). To what
extent SMI, in particular monochrome SMI, is suitable for
the differentiation of benign focal liver lesions cannot yet
be conclusively answered. However, the characterization
of FNHs could be promising for the application of
SMI. Further studies will be needed to show whether
quantification is necessary in this case (22). In the daily
routine clarification of unclear liver lesions, SMI can quickly
detect hyper vascularisation, especially in monochrome
SMI mode. A further advantage remains the complete non-
invasiveness of the method. Contrast-enhanced sonography
will remain indispensable in the characterization of
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unclear hepatic lesions, where contrast agent infiltration
and outflow are of crucial importance. In the control of
masses, especially if it is only to assess vascularisation,
e.g., for the condition after microwave ablation, we see
a further possible application of SMI. Another use of
SMI could be in the follow-up of stent grafts to exclude
endoleaks after aortic aneurysm stenting. In a recent study
SMI could be concretely used in the follow-up phase to
increase colour Doppler ultrasound accuracy especially in
patients who cannot be studied with CEUS or CT (41).
The complementary role of antibody-determining MVD
was demonstrated in two recent studies for differentiating
tumour endpoints (24,42).

The present pilot study had several limitations. First,
we included a small number of patients. Consequently, no
correlation was detected between the MVD of LMs and
the measured SMI ratios. Second, the grey-scale analysis
depended on the characteristics of the parenchyma, because
the presence of larger vessels in the ROI would increase
the measured values. A further limitation is the large range
of FLLs that have been included into the study. Third,
visualisation of the vascularisation with SMI also depended
on the characteristics of the parenchyma (42). A fundamental
problem of the study remains to what extent the increased
brightness measured in the metastases actually corresponds
to increased vascularisation. However, the currently available
comparative studies between SMI and other Doppler
techniques seem to confirm that the significantly better
visualization of vascular structures by SMI corresponds to
the increased measurable brightness in our study. To the best
of our knowledge there are also no systematic studies on
brightness and flow rate for SMI-monochrome applications.
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The clinical benefit for daily practice or other indications of
a possible application of mSMI quantification can currently
still be assessed (33,43-45).

Another limitation, which could lead to a possible
misinterpretation of the results, is the fact that metastases of
neuroendocrine tumours are mostly hyper vascularized in
contrast enhanced ultrasound (CEUS) (46).

Conclusions

In conclusion, we showed a significant correlation between
the quantified CEUS results and mSMI results, quantified
with Image]. We also showed that quantified mSMI
allowed an evaluation of the FLL perfusion status. Our
results suggest that SMI could be useful for monitoring
the efficacy of targeted anti-angiogenic therapies for the
treatment of LM or other issues where the sole assessment
of vascularisation yes/no or only the quantification of
vascularisation is sufficient to answer the question (47). For
the question of tumor characterisation, where inflow and
outflow behavior are crucial for diagnosis, we currently see
no application for SMI.
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