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Abstract
AIM: To identify the hepatic vascular architecture of patients with hepatitis C virus (HCV) using superb microvascular imaging (SMI) and investigated the use of SMI in the evaluation of liver fibrosis.

METHODS: SMI was performed in 100 HCV patients. We classified the SMI images into five types according to the vascular patter and compared these patterns with the fibrosis stage. Moreover, the images were analyzed to examine vascularity by integrating the number of SMI signals in the ROI (number of vascular trees: VT). The VT, fibrosis stage, serum parameters of the liver function and the CD34 expression were investigated.

RESULTS: A significant difference was observed in the SMI distribution pattern and fibrosis stage (P < 0.001). The mean VT values in each of the fibrosis stage were as follows: 26.69 ± 7.08 in F0, 27.72 ± 9.32 in F1, 36.74 ± 9.23 in F2, 37.36 ± 5.32 in F3, and 58.14 ± 14.08 in F4. The VT showed an excellent diagnostic ability for F4 (AUROC: 0.911). The VT significantly correlated with the CD34 labeling index (r = 0.617, P < 0.0001).

CONCLUSION: SMI permits the detailed delineation of the vascular architecture in chronic liver disease. SMI appears to be a reliable tool for noninvasively detecting significant fibrosis or cirrhosis in HCV patients.
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INTRODUCTION
Hepatitis C virus (HCV) has a high propensity to persist and cause chronic hepatitis, eventually leading to cirrhosis[1-3]. Cirrhosis results from different mechanisms of liver injury, which lead to hepatic necroinflammation and fibrogenesis. It is histologically characterized by diffuse nodular regeneration surrounded by dense fibrotic septa with subsequent parenchymal extinction and the collapse of liver structures[4]. Together, these effects cause the pronounced distortion of the hepatic vascular architecture, which results in increased resistance to the portal blood flow and, consequently, portal hypertension and hepatic synthetic dysfunction. The distortion of the hepatic vascular architecture is therefore a major determinant of hepatic repair and the regenerative capability[5,6]. Furthermore, the evaluation of the hepatic vascular architecture is useful for assessing the chronic liver disease (CLD) state, determining treatment strategies, and elucidating the mechanisms of disease progression.
Several studies using hepatic angiography have reported that vascular tortuosity, tapering, unevenness of branching and grouping of branches are associated with the progression of CLD[7-12]; however, angiography is an invasive medical test. Recent research has therefore focused on the evaluation of noninvasive methods to identify valid, flexible and accurate methods for assessing the distortion of the hepatic vascular architecture. The ultrasound Doppler technique, a noninvasive, radiation-free technique, is widely used to observe the hepatic blood flow and vascular architecture. However, there are some technical limitations associated with this technique, such as visualization of the fine vessels and a low velocity blood flow[13,14]. Contrast-enhanced ultrasound (CEUS) detects a low velocity blood flow in microcirculation and is thus able to overcome some of these limitations. However, it does have a number of drawbacks: it is not readily available, it is subject to certain restrictions regarding contrast agent use and it places an additional cost burden on the patient.
In recent years, Toshiba Medical Systems has developed a new Doppler technique called superb microvascular imaging (SMI)[15,16]. SMI is a microvascular flow imaging mode that is designed to improve blood flow visualization, especially slow flow signals from microscopic vessels, using a new adaptive algorithm which dramatically removes clutter while maintaining very high frame rates. In the present study, we identified the hepatic vascular architecture of patients with HCV-related CLD using SMI and investigated the use of SMI in the evaluation of liver fibrosis.

MATERIALS AND METHODS
Patients
One hundred nineteen patients with HCV-related CLD who had undergone a liver biopsy at our institution between January and November 2015 were involved in this study. HCV-related CLD was diagnosed according to the results of a histological analysis and the detection of HCV antibodies in the serum using a third-generation enzyme-linked immunosorbent assay (Abbott Labs, Abbott Park, IL). Patients with a history of drug and/or alcohol abuse (alcohol consumption of  ≥ 40 g/d for men, n = 3, ≥ 20 g/d for women over past 12 months, n = 3), hepatitis B surface antigen positivity (n = 2), severe obesity (body mass index >30 kg/m2, n = 4), severe fatty liver (n = 4) and other CLD such as primary biliary cirrhosis and autoimmune hepatitis (n = 3) were excluded from the present study. Among these patients, 19 patients were excluded from the analysis. Finally, data were obtained from a total of 100 patients. The mean (± standard deviation) age of the patients was 65.8 ± 10.4 years (range: 41-85 years). The subjects included 56 men and 44 women. The patient profiles are presented in Table 1. The study was approved by the local Ethical Committee of Iwate Medical University (H26-124). The patients provided their written informed consent before beginning the study in accordance with the principles of the Declaration of Helsinki (revision of Fortaleza, 2013).

Ultrasound examination technique
The ultrasound scanner Aplio500 (Toshiba Medical Systems, Otawara, Japan) combined with a 7.0 MHz linear transducer (PLT-705BT) was used. B-mode ultrasonography was performed to scan the whole liver before the SMI examination. The vascular architecture of the anterior-inferior portal vein was evaluated on monochrome SMI on the same day the patients underwent a liver biopsy. The anterior-inferior portal vein was selected because trans-abdominal ultrasound can provide a stable and high-resolution image. SMI was performed in the stable transducer position. The following settings were used for the SMI examination in all cases: the region of interest (ROI) was set to a fixed depth of 15 mm from the liver surface and the size of the ROI measured 40 mm × 25 mm. The color velocity scale of SMI was adjusted to 1.4 to 1.6 cm/s, the color frequency was adjusted to 4 MHz, and the vascular information was enhanced by adjusting the time smooth. To avoid interobserver variability, all sonographic scanning was performed by two radiologists with > 10 years of experience in abdominal sonography and 3 months of experience in SMI. A third radiologist with > 15 years of experience in abdominal sonography and 6 mo of experience in SMI served as a blinded expert in cases of disagreement.
According to previous hepatic angiographic reports regarding changes in vascular morphology that occur in CLD[7-12], we classified portal vein vascular patterns into the five following types: Type I, clearly defined vessels with no irregularities; Type II, poor ramification and tapering of the main branches; Type III, mild tortuosity of the main branches and unevenness of branching; Type IV, moderate tortuosity and mild grouping of the main branches; and Type V, severe tortuosity and grouping of the main branches (Figure 1).　Two additional radiologists who did not perform SMI blindly classified each of the SMI images as one of the five types according to the vascular pattern, and the frequencies of each pattern were compared with the fibrosis stages. At the end of the classification, any disagreement was discussed and resolved by a consensus.
The terminal branch of the anterior-inferior portal vein was scanned with SMI, and the maximum vessel lumen was selected for study. Flash or movement artifacts were excluded by repeated pulsed Doppler sampling of visible color signals to ensure that these signals originated from the portal veins. The images were recorded in the DICOM file format. The number of SMI vascular signals in the ROI was counted using an image analysis software program (ImageJ, NIH, Bethesda, MD, USA)[17]. In the present study, we referred to the number of vascular signals as vascular trees (VT). The relationships between the VT and sex, age, BMI and the results of liver function tests were examined.

Serum markers of the liver function
Biochemical tests were performed in all patients on the day of SMI using routine laboratory methods. The tests included total bilirubin (T-Bil), albumin (Alb), aspartate aminotransferase (AST), alanine aminotransferase (ALT), prothrombin time (PT), platelet count (Plt), hyaluronic acid (HA) and type IV collagen 7S (IV-c-7S).

Histology and immunohistochemistry
An echo-assisted liver biopsy was performed in the same session as SMI using a 14-G biopsy needle measuring 2.2 mm in diameter. The tissue specimens were immediately fixed in 10% buffered formalin, embedded in paraffin, and cut into 4 mm thick sections. These sections were stained with hematoxylin and eosin and Gomori trichrome stain and were assessed (according to the METAVIR score[18]) by two highly experienced pathologists who were blinded to the results of SMI and to all of the patients’ clinical, serological, and histological data. All of the liver biopsy specimens were obtained from the pathology samples at Iwate Medical University Hospital. Fibrosis was staged on a 0–4 scale: F0, no fibrosis; F1, portal fibrosis without septa; F2, portal fibrosis and a small number of septa extending into the lobules; F3, numerous septa extending to the adjacent portal tracts or terminal hepatic venules; and F4, cirrhosis.
CD34 is a 110 kDa transmembrane glycoprotein that is present on leukemic cells, endothelial cells and stem cells. CD34 is preferentially expressed on the surface of regenerating or migrating endothelial cells and is a marker of the proliferation of endothelial cells in growth during angiogenesis[19]. Normal sinusoidal endothelial cells do not typically express CD34. However, pathological conditions can alter their phenotype and cause them to express this marker. The capillarization of the hepatic sinusoids is a well-recognized phenomenon that occurs in CLD and hepatocellular carcinoma[20]. We performed immunohistochemical examinations to detect CD34 positivity in 61 of the patients in the present study. An anti-CD34 monoclonal mouse antibody (QBEnd 10; Dako A/S, Glostrup, Denmark) was used. The avidin-biotin-peroxidase complex immunohistochemistry method (Vectastain Elite ABC Kit, Vector Laboratories Inc., Burlingame, CA, USA) was used. The number of CD34-positive capillaries and sinusoids were counted in 10 portal areas under a high-power field (200× magnification) by two independent observers with no knowledge of the patient data. The average number was defined as the CD34 labeling index (CD34 LI). There was no significant interobserver difference; a few cases with wide differences were re-evaluated by a third observer. The present study evaluated the relationships among the fibrosis stage, the CD34 LI and the number of VT.

Statistical analysis
Statistical tests were performed using the SPSS 12.0 software program (SPSS, Chicago, IL, USA). The values are shown as the mean ± standard deviation, or medians (range) according to the distribution of the values. Categorical data were compared using Fisher's exact probability test. A statistical analysis of the differences in the number of VT in each fibrosis stage was performed using the Kruskal-Wallis test. The correlations between the number of VT and other parameters were assessed using Spearman's rank correlation coefficient. The clinical diagnostic ability of the VT for cirrhosis was evaluated according to the sensitivity, specificity and area under the receiver operating characteristic (AUROC) curve. P values of < 0.05 were considered to indicate statistical significance.

RESULTS
The average time required for the SMI examination was 60.5 ± 20.1 s, and all patients cooperated with the examination. The association between the SMI pattern and fibrosis stage is presented in Figure 2. A significant difference in the distribution of the SMI pattern and the fibrosis stage was observed (P < 0.001). The percentage of patients with advanced fibrosis (F3-4) in SMI patterns I, II, III, IV, and V was 0% (0/18), 0% (0/35), 25% (4/16), 94% (17/18), and 100% (13/13), respectively. Conversely, mild fibrosis (F0-1) occurred in 100% (18/18), 89% (31/35), 38% (6/16), 0% (0/18), and 0% (0/13) of patients, respectively. 
The mean VT values in each of the fibrosis stages were as follows: 26.69 ± 7.08 in F0 (21), 27.72 ± 9.32 in F1 (34), 36.74 ± 9.23 in F2 (11), 37.36 ± 5.32 in F3 (11), and 58.14 ± 14.08 in F4 (23). The mean VT value in F4 was significantly higher than the values in F0-3 (P < 0.001), while the mean values in F2 and F3 were higher than those in F0 and F1 (P < 0.01) (Figure 3A). The ROC curve for the diagnosis of the F4 stage is shown in Figure 3B. The AUROC curve for the VT was 0.911. The most appropriate VT cut-off value for the diagnosis of F4 was 35.65, and the sensitivity and specificity were 82.2% and 85.5%, respectively.
The relationships between the VT and the clinical or laboratory parameters of the patients are shown in Table 2. The VT showed a significant negative correlation with Plt, Alb and PT (P < 0.01), and a significant positive correlation with AST, HA and IV-c-7S (P < 0.01). The SMI images and the CD34 expression at different stages of fibrosis are presented in Figure 4. The CD34 expression was mainly confined to the small vessels in the portal area and was also seen in the sinusoids in the liver parenchyma near the portal areas, with dotty, linear, semicircular and circular staining patterns. In the mild fibrosis group (F0-1), CD34 staining was restricted to the endothelium of portal vessels. In contrast, numerous CD34-labeled vessels were detected in the advanced fibrosis group (F3-4). The VT significantly correlated with the CD34 LI (r = 0.617, P < 0.001) (Figure 5).

DISCUSSION
Doppler ultrasound is used to noninvasively measure the blood flow velocity. To obtain high quality Doppler images, it is important to sufficiently suppress the clutter signals that originate from stationary and slowly moving tissue. The clutter signals overlap with the low velocity blood flow components. Clutter rejection filters are commonly used to remove the low frequency components in conventional Doppler imaging; however, these filters also cause the loss of signal from a low velocity blood flow[13,14]. SMI is an innovative ultrasound Doppler technique. It analyzes the clutter motion and uses a new adaptive algorithm to identify and remove tissue motion, revealing the true blood flow. SMI also features high frame rates (> 50 FPS) and high resolution. SMI operates in two modes: monochrome SMI (mSMI), which subtracts the background image from the detailed vasculature, and color SMI (cSMI), which displays the flow components in color overlaid on the grayscale B-mode image. SMI helps clinicians to visualize very small vascular structures and observe small branching details that previously were not visible. SMI does not use intravenous contrast agents, which is a significant advantage for patients who are often fearful of needles and injections. Recently, several clinical studies have reported the use of SMI technology in performing microvascular evaluations. Ma et al[15] reported that SMI was more sensitive than color Doppler flow imaging for revealing the microvascular blood flow and vascularization of malignant breast tumors. According to their study, the detection of small vessels improved with the use of SMI compared with conventional Doppler ultrasound in malignant breast tumors. Moreover, Machado et al[16] reported that SMI consistently improved the depiction of thyroid microvascular flow in comparison to standard color and power Doppler imaging. To the best of our knowledge, the present study provides the first comparison of the vascular pattern on SMI and the fibrosis stage in CLD patients.
The present study demonstrated a significant difference in the distribution of the SMI pattern and fibrosis stage, and the number of VT was significantly higher in the F4 stage than in the other stages. In addition, the AUROC curve for early prediction of the F4 stage by the VT was 0.911, which indicated its high accuracy. The mechanism underlying the increase in the VT is thought to be derived from the combination of vessel branch grouping through the fibrous expansion of portal areas, angiogenesis that occurs with chronic liver damage and fragmentation of the vessels that is caused by severe tortuosity. Sugimoto et al. reported such vascular tortuosity in advanced hepatic disease patients using CEUS[21]. In fact, CEUS increases the detection of fine slow-velocity blood flow. However, the short arterial phase of the CEUS liver scan was not suitable for the present study. 
An accurate evaluation of fibrosis in liver tissues is crucial for the differential diagnosis of CLD. A liver biopsy remains the reference standard for assessing liver fibrosis[22,23]. However, this procedure is invasive and it is associated with patient discomfort, sampling error and, in rare cases, serious complications. Recent research has thus focused on the evaluation of noninvasive, valid, accurate and flexible methods of assessing liver fibrosis. In recent years, transient elastography, acoustic radiation force impulse imaging and shear wave elastography have been reported to reliably indicate the stage of liver fibrosis[24-26]. However, ultrasonographic devices with these software programs are expensive high-end systems. In contrast, SMI is a noninvasive method that does not involve complicated operations and provides information that is superior to that obtained by color and power Doppler imaging. The results of this study indicate that SMI may be used for the early detection of advanced fibrosis.
The present study has shown that the VT is significantly correlated with Plt, AST, Alb, PT, HA, IV-c-7S and the CD34 LI. In the present study, we performed an immunohistochemical analysis to evaluate the number of CD34-positive vessels. CD34 is preferentially expressed on the surface of regenerating or migrating endothelial cells and is a marker of proliferating endothelial cells in growth during angiogenesis. Our study is the first to show the number of SMI vascular signals to be significantly correlated with the CD34 expression.
There are several limitations associated with the present study. First, the study included a relatively small number of patients. A larger scale prospective clinical study is needed to more accurately quantify the optimal threshold of SMI for the diagnosis of fibrosis. Second, SMI is difficult to perform in obese individuals or patients with severe fatty liver due to the depth of subcutaneous fat; the increased distance between the deeper organs and the probe has a negative effect on the clarity of images of the hepatic vessels. Finally, the VT may depend on vessel fragmentation that occurs due to severe tortuosity. A method that allows for the three-dimensional examination of the hepatic vascular architecture is still needed. 
In conclusion, SMI allowed the detailed delineation of the vascular architecture in CLD patients. Significant differences were found in the SMI pattern distribution and the fibrosis stage. The VT was significantly correlated with the CD34 expression. Thus, SMI appears to be a reliable tool for noninvasively detecting significant fibrosis or cirrhosis in patients with HCV. We now expect this imaging modality to continue to make further advances, such as three-dimensional SMI.

ACKNOWLEDGMENTS
The authors thank Ms. Yuriko Mikami, Ms. Chiyumi Takeda, Ms. Kouko Motodate and Toshiba Medical Systems for their excellent technical assistance.

[bookmark: OLE_LINK36]COMMENTS
Background
Hepatitis C virus (HCV) has a high propensity to persist and cause chronic hepatitis, eventually leading to cirrhosis. Cirrhosis is an advanced stage of liver fibrosis that is accompanied by distortion of the hepatic vasculature. The evaluation of the hepatic vascular architecture is useful for assessing the HCV-related chronic liver disease (CLD) state, determining treatment strategies, and elucidating the mechanisms of disease progression. Therefore, the establishment of a noninvasive assessment tool of the hepatic vascular architecture is needed.

Research frontiers
Recently, Toshiba Medical Systems has developed a new Doppler technique called superb microvascular imaging (SMI). SMI is an innovative ultrasound Doppler technology employing a unique algorithm that allows visualization of minute vessels with slow velocity. However, no reports have so far assessed the hepatic vascular architecture in patients with HCV-related CLD using SMI.

Innovations and breakthroughs
In this article, the authors validated that SMI allowed for the detailed delineation of the vascular architecture in CLD patients. Significant differences were found in the SMI pattern distribution and the fibrosis stage. Thus, SMI appears to be a reliable tool for noninvasively detecting significant fibrosis or cirrhosis in patients with HCV.

Applications
The number of SMI signals in the ROI (number of vascular trees: VT) can therefore be used as a noninvasive biological marker for the early detection and the quantitative evaluation of distortion of the hepatic vasculature.

Peer-review
The authors present valuable data from their research on diagnostic fibrosis using a new ultrasound Doppler technique called SMI in HCV patients.
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Figure 1 The superb microvascular imaging vascular patterns. Type I, clearly defined vessels with no irregularities; Type II, poor ramification and tapering of the main branches; Type III, mild tortuosity of the main branches and uneven branching; Type IV, moderate tortuosity and mild grouping of the main branches; and Type V, severe tortuosity and grouping of the main branches. 
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Figure 2 The distribution of the superb microvascular imaging patterns and fibrosis stages. Fisher's exact probability test demonstrated a significant difference in the SMI pattern distribution and the fibrosis stage (P < 0.001).
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Figure 3 The VT values for the different fibrosis stages in patients who underwent liver biopsy (A) and the ROC curve of the VT for the prediction of F4 in all 100 patients. The VT values increased in proportion to the fibrosis stage (aP < 0.001, cP < 0.01 by Kruskal-Wallis analysis). AUROC: Area under the receiver operating characteristic; VT: Vascular trees.
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Figure 4 Superb microvascular imaging images and CD34 expressions at different fibrosis stages. A: SMI image, B: CD34 expression, C: Gomori trichrome staining.
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Figure 5 The correlation between the VT value and the CD34 LI. Spearman's rank correlation coefficient. VT: Vascular trees.


Table 1 The baseline characteristics of patients

	Variables
	n = 100

	Sex (male/female)
	56 / 44

	Mean age (yr)
	65.8 ± 10.5

	BMI (kg/m2)
	22.8 ± 3.3

	METAVIR score (F0/F1/F2/F3/F4)
	21/34/11/11/23

	T.Bil (mg/dL)
	0.6 (0.5-0.8)

	AST (U/L)
	35.5 (25.8-53.1)

	ALT (U/L)
	32.6 (23.6-53.8)

	Alb (g/dL)
	3.9 (3.5-4.2)

	PT (%)
	92.1 (82.2-98.8)

	Plt (× 104/mm3)
	14.8 (11.3-18.2)

	HA (ng/mL)
	101 (92.1-117.5)

	IV-c-7S (ng/mL)
	5.7 (4.4-7.8)


The values represent the mean ± standard deviation or the median (25th-75th percentile). BMI: Body mass index; T-Bil: Total bilirubin; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; Alb: Albumin; PT: Prothrombin time; Plt: Platelet count; HA: Hyaluronic acid; IV-c-7S: Type IV collagen 7S. 

Table 2 The correlation between the vascular trees values and clinical or laboratory parameters

	Parameters
	r value
	P value

	Sex 
	0.027
	0.895

	Age
	0.213
	0.073

	BMI
	-0.021
	0.836

	T-Bil.
	0.079
	0.435

	AST
	0.266
	0.007

	ALT
	0.135
	0.181

	Alb
	-0.498
	< 0.001

	PT
	-0.435
	< 0.001

	Plt
	-0.472
	< 0.001

	HA
	0.567
	< 0.001

	IV-c-7S
	0.428
	< 0.001


VT: Vascular trees; BMI: Body mass index; T-Bil: Total bilirubin; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; Alb: Albumin; PT: Prothrombin time; Plt: Platelet count; HA: Hyaluronic acid; IV-c-7S: Type IV collagen 7S.


5

image1.png
Type T Type T Type IV
Type T Type T Type I Type IV Type V
Poor ramification - + + + ++
Tapering - + + + ++
Unevenness of branching - - + + ++
Tortuosity - - + + -+

Grouping - - - + -+





image2.png
30

20

10

Number of patients

100

50

Percertage of patierts

3 Type I

= Twel =9 Tpel = TpelV mm Type V

FO F1
G

-
&3

FO
@1

F1
(34

F2
F2
an

Fibrosis stage

F3
(1)

F4
F4

(23)




image3.png
100

Vascular trees (VT)
S ®
3 3

IS
&

20

I

08

02

0911

FO

F1

F2
Fibrosis stage

F3

F4

00

02

04 06
1-Specificity

08

10




image4.png




image5.png
Vascular trees

1009

80
P<0.001
r=0.617
° o
60
o
0o o
o o00® o
) o °
o 80 ° %
o =S ° © o
9 9,0 80308 °°
204 8% o &
o
0
0 20 40 60 80

CD34Ul

100




