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Abstract

:

Scanning acoustic microscopy reveals information on histology and acoustic impedance through tissues. The objective of the present study was to investigate whether acoustic impedance values in the liver over time reflect the progression of steatohepatitis through different grades and stages, and whether this approach can visualize histologic features of the disease. Mice were divided into two groups: a control group and a steatohepatitis group prepared by keeping the mice on a methionine and choline-deficient diet for 56 weeks. The hepatic lobe was excised for measurement of impedance and observation of microscopic structure using a commercially available scanning acoustic microscopy system with a central frequency of 320 MHz. Scanning acoustic microscopy revealed that acoustic impedance through liver tissue with steatohepatitis temporarily decreased with the degree of fat deposition and then increased in parallel with the progression of inflammation and fibrosis. However, the acoustic images obtained did not allow discrimination of detailed microstructures from those seen using light microscopy. In conclusion, estimation of acoustic impedance appears to have potential clinical applications, such as for monitoring or follow-up studies.
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1. Introduction


Scanning acoustic microscopy (SAM) uses ultrasound at a frequency of 100 MHz or higher for capturing images of cells on a slide by plotting data related to the specimen’s thickness and acoustic properties without staining [1]. Studies of the acoustic properties of biological tissues at high frequencies have recently yielded high-resolution quantitative images, allowing even single cells to be identified in clinical cytology samples [2]. Therefore, it has been suggested that clinical use of ultrasound microscopy could have considerable potential as an aid for the diagnosis or evaluation of various diseases. So far, SAM has been used to investigate the acoustic properties of many organs and disease states, such as cardiovascular disease [3], renal disease [4], and orthopedic disorders [5]. Accumulation of knowledge about the relationship between each disease and its ultrasound microscopic features are considered important.



Nonalcoholic fatty liver disease (NAFLD), due to fat accumulation in the liver, is classified as either nonalcoholic fatty liver (NAFL) or nonalcoholic steatohepatitis (NASH) on the basis of histology. Due to its increased incidence worldwide, NAFLD is considered one of the most prevalent forms of chronic liver disease [6]. NAFL is considered a relatively benign clinical condition, whereas NASH has the potential for future hepatic compensation, which may require liver transplantation. Thus, early diagnosis of NASH and differentiation of NAFL from NASH are essential for the selection of appropriate treatment and medical follow-up. Although MRI is considered to be the most accurate noninvasive imaging modality for the diagnosis of hepatic steatosis [7], it is costly, has several contraindications, and is not universally available. In this context, ultrasound could be used as an alternative [8]. However, ultrasonic imaging for evaluation of NAFLD is highly subjective and has poor sensitivity for liver steatosis, requiring a minimum fat content of 30% [9,10]. Although methods for the diagnosis of fibrosis have been developed (FibroTest, elastography, etc.), it is still difficult to differentiate the early stage of fibrosis because the change in liver tissue from one stage to another is very subtle [11]. Thus, histopathological evaluation by liver biopsy is still the gold standard for diagnosis of NASH based on the degree of fat accumulation, the level of inflammation, and the extent of fibrosis in the liver. However, liver biopsy has several disadvantages, including a risk of serious complications, sampling error, and variability in histologic evaluation among pathologists [12,13,14]. Therefore, it is challenging to differentiate the early stages of NASH, and there is a need to develop noninvasive, repeatable, and accurate techniques for quantitative evaluation of hepatic steatohepatitis. For instance, if a device using the principle of ultrasound microscopy were to be developed, pathohistological findings and acoustic properties would be obtained simultaneously in a few minutes by SAM without any need for liver tissue sampling or special staining.



The objectives of the present study using mice were (1) to assess over time the acoustic impedance in liver tissues in relation to the progression of steatohepatitis of different grades and stages and (2) to evaluate images of liver tissues with steatohepatitis based on acoustic intensity. The findings were then correlated with those of pathologic analysis of the liver specimens the author studied.




2. Materials and Methods


2.1. Animals


Animal experiments were carried out humanely after receiving approval from the Institutional Animal Experiment Committee of Jichi Medical University (No. 17-062), and in accordance with the Institutional Guidelines for Proper Conduct of Animal Experiments and Related Activities in Academic Research Institutions under the jurisdiction of the Ministry of Education, Culture, Sports, Science, and Technology of Japan.



C57BL/6 mice aged 5 weeks were obtained from Charles River Laboratories (Yokohama, Japan). Twelve mice were fed a methionine and choline-deficient diet (MCD, EPS Ekishin Co. Ltd., Tokyo, Japan) for 56 weeks. This type of MCD diet induces steatosis through impairment of VLDL secretion due to a lack of phosphatidylcholine synthesis [15]. Ten controls were fed standard chow (CE-2, Clea Japan, Tokyo, Japan). The animals were housed in standard stainless-steel cages at room temperature and normal humidity with a diurnal 12 h light cycle and provided water ad libitum. At 2, 5, 9, 14, 24, and 56 weeks after the start of diet feeding, mice were euthanatized and their livers were removed.




2.2. Methods for Ultrasonic Analysis


The largest left lobe was excised for measurement of impedance and observation of microscopic structure using SAM. The samples were completely submerged in 0.9% degassed saline solution and the temperature of the experimental room was controlled at 25 °C using an air conditioner. The hepatic lobe was then cut into slices 400 µm thick (an area about 12 mm2) using a rotor slicer, and evaluated using a commercially available SAM system (AMS-40SI, Honda Electronics, Toyohashi, Japan) with a central frequency of 320 MHz, lateral resolution of 3.8 µm, and focal spot thickness of 13 µm. Polystyrene coated with a hydrophilic agent was used as the substrate (Menicon Co. Ltd., Nagoya, Japan; Figure 1). The author carefully absorbed all excess water around the specimen. Distilled water was used as the coupling fluid between the transducer and the specimen. The transducer was used for both transmitting and receiving the signal. Reflected waveforms were compared to measure the impedance at each point. A waveform from the polystyrene planar surface without the specimen present was used as the reference waveform. Scanning the specimen with the transducer formed an acoustic image. The mechanical scanner was arranged so that the ultrasonic beam was transmitted at every 8, 4, or 2 µm interval over a width of 2.4, 1.2, or 0.6 mm, respectively. The number of sampling points in one scanning line was 300, and 300 points × 300 points comprised one frame. Each image pixel corresponded to an echo coming from an X–Y coordinate on the specimen. The acoustic impedance of water was 1.50 Pa·s/m3, and that of polystyrene was 2.37 Pa·s/m3. Each received radiofrequency echo signal was processed to calculate the acoustic impedance. Ultrasonic measurements were conducted once with each method within 5 min after extirpation of the liver. All components were controlled by the UM-scope software (Honda Electronics, Toyohashi, Japan). The total areal value of acoustic impedance obtained in five non-overlapping fields (around four corners and a central part) in the specimen was considered. Any impedance values exceeding 1.80 Pa·s/m3 or below 1.30 Pa·s/m3 were excluded from the analysis. The total excluded area in each specimen was about 10–20%.




2.3. Methods for Pathologic Analysis


After the SAM examination, the same specimen was fixed by immersion in a solution of 10% formaldehyde, and then embedded in paraffin. Tissue sections 5 µm thick were then prepared and stained with hematoxylin–eosin and Azan. The author semiquantitatively evaluated necroinflammatory activity and fibrosis with the parenchymal remodeling in the liver specimen according to the Brunt system for NAFLD (steatosis amount grade 0: 0%, grade 1: 0–33%, grade 2: 34–66%, grade 3: > 66%. Inflammation grade 0: lobular 0 foci/20× field; portal none, grade 1: lobular 1–2 foci/20× field; portal mild, grade 2: lobular 2–4/20×; portal moderate, grade 3: lobular > 4/20×; portal severe. Fibrosis stage 0: none, stage 1: zone 3 perisinusoidal, stage 2: 1 + periportal, stage 3: bridging, stage 4: cirrhosis) [16,17].




2.4. Light Microscopy Observation of Sections Examined by SAM


The obtained SAM intensity images were compared with the corresponding images obtained by light microscopy.




2.5. Statistical Analysis


Student’s t test was performed to examine the difference of impedance between samples of steatohepatitis and controls. Differences at p < 0.05 were considered to be statistically significant. A box-plot test was used to study the linear correlation between impedance and biopsy. The mean and standard deviation of the impedance were calculated for each Brunt steatosis grade, inflammation grade, and fibrosis stage, respectively [16,17].





3. Results


3.1. Mouse Liver


Histological images indicated that fat vacuoles had accumulated in the hepatocytes of liver samples until 5 weeks after the start of the experiment. Then, the accumulation of fat vacuoles gradually decreased with a gradual increase in inflammation and fibrosis. Table 1 lists the ultrasonic and pathologic properties of livers from both control mice and mice with steatohepatitis.




3.2. Temporal Changes in Impedance through a Liver Affected by Steatohepatitis


It was assumed that impedance values in the control group would remain stable during the course of the experiment. However, our results revealed various degrees of variability despite the care taken to ensure that the experimental environment and procedures were uniform. The author measured the ultrasonic properties of livers from three mice (one control and two with steatosis) in one day. It was found that the acoustic impedance tended to be high overall on one day and low on another day, respectively. Therefore, in Figure 2, the author plotted the degree of difference in the impedance between controls and mice with steatohepatitis each time. This revealed that the acoustic impedance showed a temporary decrease with increased fat deposition until 5 weeks after the start of the experiment, and then increased in accordance with the progression of inflammation and fibrosis. The author observed statistically significant differences in impedance values between steatohepatitis mice and controls at every time point after the start of the experiment (p < 0.05).




3.3. Relationship between Acoustic Impedance and the Brunt System


Figure 3A–C shows the distribution of acoustic impedance values for liver specimens in the control group and mice with steatohepatitis based on the Brunt system. The impedance showed a tendency to decrease as steatosis increased (Figure 3A). The acoustic impedance of the liver affected by steatohepatitis remained lower than that in control, but tended to increase with the progression of inflammation or fibrosis (Figure 3B,C).




3.4. Ultrasound Microscopic Images Based on Intensity in Liver Tissues


Gross structures, such as vascular architecture, in the liver, were visualized and comparable to those visualized using light microscopy. However, acoustic images obtained using SAM were unable to allow discrimination of features such as fat deposit distribution, individual fat droplet size, infiltration of inflammatory cells, and the extent of fibrosis from those seen using light microscopy (Figure 4).





4. Discussion


In comparison to other conventional tissue characterization methods, the first advantage of SAM for imaging and measuring the acoustic properties of liver specimens is that it is a relatively fast technique that can acquire acoustic intensity images with one frame containing 300 sampling points × 300 sampling points within 90 s. Second, SAM offers micrometer resolution alongside easy-to-perform and direct monitoring. A further advantageous property of SAM is that sample preparation is easy, and the acoustic impedance of liver samples can be measured non-destructively. This avoids any mechanical or chemical changes in the samples associated with a specific sampling process (e.g., fixation or staining) [18].



Our experiment revealed that acoustic impedance in steatohepatitis decreased temporarily with the degree of fat deposition and then increased in accordance with the progression of inflammation and fibrosis. A previous publication has reported that acoustic impedance values in NASH mice were significantly lower than those in other models (untreated mice and mouse models of simple steatosis and cirrhosis) [19]. The results of the present study were in line with the study.



Mice fed the MCD for more than 5 weeks showed a gradual increase of liver impedance. Analyses of sound speed in liver disease have shown that the speed increased with the progression of liver fibrosis. Since acoustic impedance is proportionate to sound speed, the increase of impedance the author demonstrated herein the liver affected by steatohepatitis was thought to be due to progression of fibrosis. On the other hand, the relationship between the degree of histological inflammation and acoustic impedance in liver tissue has been unclear. However, some studies of sound speed have suggested that fatty inflammation might influence liver stiffness [20,21]. Thus, the acoustic impedance in steatohepatitis tissue changes dynamically according to the degree of steatosis, the extent of fibrosis, and perhaps the level of inflammation. For this reason, it would probably be difficult to evaluate the grade and stage of steatohepatitis based on measurement of acoustic impedance alone in the liver at any specific time point. However, monitoring of impedance in the liver of patients with fatty liver could be potentially useful for surveillance or early detection of steatohepatitis and cirrhosis. Furthermore, a combination of multiple parameters, such as the backscattering coefficient or attenuation coefficient, with acoustic impedance may have the potential for differentiating between the stages of fibrosis. In this manner, measurement of acoustic impedance may be clinically applicable for prompt evaluation of steatohepatitis without the need for sample removal and staining. Putative situations that could be considered would include a laparoscopic procedure or at laparotomy, as ultrasound microscopic examination cannot be performed externally.



On the other hand, the acoustic images obtained using SAM were unable to allow discrimination of detailed microstructures, such as the distribution of fat deposits, the size of individual fat droplets, infiltration of inflammatory cells, and the extent of fibrosis, from those seen using light microscopy. For ultrasound microscopy, specimens must be placed under a hydrophilic environment. However, the specimens the author used were fatty liver with an accumulation of lipid microdroplets. These large numbers of lipid microdroplets could have caused the scattering of the ultrasound waves under the hydrophilic environment, and affected visualization of the images. This would suggest that the use of ultrasound microscopy for visualizing the histologic features of steatohepatitis in a clinical setting could be challenging.



The main limitation of this preliminary study was the small number of samples examined. However, the author believes that our approach was acceptable for recognizing temporal changes in the acoustic impedance of liver tissue with steatohepatitis. Another limitation lay in the examination procedure or environment. Temperature is a well-known basic factor affecting the speed of sound [22], and thus acoustic impedance. Although the author paid careful attention to maintaining a uniform liver temperature in our ex vivo experiment, the acoustic impedance values for the control samples were found to be relatively variable.




5. Conclusions


The acoustic impedance in steatohepatitis decreased temporarily with the degree of fat deposition and then increased in accordance with the progression of inflammation and fibrosis. Estimation of the acoustic impedance of steatohepatitis without the need for sampling and staining appears to have potential clinical applications, such as for monitoring or follow-up studies.
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Figure 1. Scanning acoustic microscope. The ultrasound emitted by an acoustic transducer hits or penetrates the tissue and is reflected the surface of the tissue or the hydrophilic polystyrene. It is then returned to the detector. 
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Figure 2. Changes in acoustic impedance in the liver over time. The acoustic impedance of liver tissue in the group fed the methionine and choline diet showed a temporary decrease until 5 weeks after the start of the experiment, and then increased. Solid circles indicate the degree of difference in the impedance relative to that of a control mouse on each occasion. 






Figure 2. Changes in acoustic impedance in the liver over time. The acoustic impedance of liver tissue in the group fed the methionine and choline diet showed a temporary decrease until 5 weeks after the start of the experiment, and then increased. Solid circles indicate the degree of difference in the impedance relative to that of a control mouse on each occasion.



[image: Acoustics 03 00002 g002]







[image: Acoustics 03 00002 g003 550] 





Figure 3. Distribution of acoustic impedance values in the control group and in mice with steatohepatitis based on pathohistologic evaluation of the liver, according to the Brunt system. (A) Steatosis grade (0; n = 6, 1; n = 3, 2; n = 3, 3; n = 6). (B) Inflammation grade (0; n = 6, 1; n = 5, 2; n = 5, 3; n = 2). (C) Fibrosis stage (0; n = 10, 1; n = 2, 2; n = 3, 3; n = 3). 
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Figure 4. Ultrasound microscopic images based on intensity in liver tissues. The acoustic intensity image (A,C) and its corresponding light microscopic image (B,D) with hematoxylin and eosin staining. A–B and C–D are the same sites in the same specimen, respectively. 
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Table 1. Ultrasonic and pathologic properties of livers from both control mice and mice with steatohepatitis.
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Mouse

	
Time on a Diet (Week)

	
Impedance (Pa·s/m3)

	
Brunt System




	
Steatosis

	
Inflammation

	
Fibrosis




	
Steatohepatitis

	

	

	

	






	
S1

	
2

	
1.535

	
1

	
1

	
0




	
S2

	
2

	
1.552

	
1

	
1

	
0




	
S3

	
5

	
1.515

	
3

	
1

	
0




	
S4

	
5

	
1.528

	
3

	
1

	
0




	
S5

	
9

	
1.543

	
3

	
2

	
1




	
S6

	
9

	
1.551

	
3

	
2

	
1




	
S7

	
14

	
1.559

	
3

	
1

	
2




	
S8

	
14

	
1.569

	
2

	
2

	
2




	
S9

	
24

	
1.561

	
3

	
2

	
2




	
S10

	
24

	
1.573

	
2

	
3

	
3




	
S11

	
56

	
1.560

	
2

	
3

	
3




	
S12

	
56

	
1.572

	
1

	
2

	
3




	
Control

	

	

	

	

	




	
C1

	
2

	
1.593

	
0

	
0

	
0




	
C2

	
5

	
1.594

	
0

	
0

	
0




	
C3

	
9

	
1.602

	
0

	
0

	
0




	
C4

	
14

	
1.614

	
0

	
0

	
0




	
C5

	
24

	
1.604

	
0

	
0

	
0




	
C6

	
56

	
1.550

	
0

	
0

	
0
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