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The elasticity of biological tissues is one of the physical characteristics of tissues and has attracted attention as a clinical diagnostic parameter. The elasticity can be determined on the microscopic scale with speed of sound (SoS) measurements using acoustic microscopy. In SoS measurements, a thin-sliced section is attached to a glass slide in the same manner as a light microscopic specimen. There are two main methods for preparing thin sections: paraffin-embedding and frozen-section. The frozen-section method requires fewer processing steps from sectioning to measurement and is considered to reduce artifacts in the sample compared with the paraffin-embedding method. Both methods need fixatives to keep tissue structures. Many reports of measurements using frozen sections are focused on soft tissues with relatively high protein contents. In this study, we determined the SoS in thin sections of four types of organs (brain, heart, liver, and kidney) prepared using two different methods (paraffin-embedding and frozen-section) and four different chemical fixatives (formalin, Karnovsky fixative (KF) 0.5% and 2.0% glutaraldehyde, and ethanol). The SoS in heart and liver samples prepared using KF showed good agreement with reported values for raw samples. For samples fixed with KF, the SoS increased as the glutaraldehyde concentration increased from 0.5% to 2.0%. A brain tumor sample was processed with KF 0.5%, and the SoS in the tumor was significantly higher than that in the non-tumor area. The results confirmed that it is possible to measure the SoS in brain samples with low protein contents using appropriate fixatives.
Keywords: speed of sound, chemical fixation, frozen section, brain, glioma
1 INTRODUCTION
Elasticity is a key parameter in clinical practice because it enables quantitative evaluation of the disease state [1]. Many clinical trials have obtained quantitative values for the elasticity of liver tissues using ultrasonography [2–5] and MRI [6–8]. In particular, ultrasound elastography [9–11] and MR elastography [7, 8] have been used to show that the grade of liver fibrosis correlates positively with the elasticity of the liver tissue. However, the above clinically used techniques provide only averaged values. Therefore, more precise evaluations of the elasticity (i.e., quantification of the elasticity at the cellular level) may provide more clinically significant findings. For example, pathological abnormality is evaluated in detail with dissected tissues through optical microscopy. Generally, it takes several days to process the sample for observation and approximately 30 min for rapid diagnosis of intraoperative samples. Faster sample evaluation is required because surgery is paused during the pathology observation.
A detailed understanding of the mechanical properties of the diseased tissue is essential for quantitative ultrasound (QUS) [12]. QUS methods provide quantitative information on tissue structures that are smaller than the spatial resolution of the imaging system [13, 14]. In particular, cell-nuclei-differentiable resolution can be achieved with high-frequency ultrasound (HFU) (i.e., >15 MHz). Acoustic microscopy employs ultrasound ranging from 60 MHz to 1 GHz in center frequency and allows clarification of the microscale mechanical (acoustical) properties of biological tissues. Evaluation with acoustic microscopy can be rapid because the sample does not require staining, which is a necessary process for optical microscopy observations. Two types of tissue preparation procedures are generally used for acoustic microscopy observations. Most commonly, the sample is chemically fixed after dissection and embedding in paraffin. This is also a standard procedure for preparing light microscopy (LM). Many studies have determined the mechanical properties of various organs, including the liver [15], skin [16], lymph node [17], thyroid [18], eye [19], and heart [20]. The speed of sound (SoS) is higher in fixed and embedded tissues than in unprocessed tissues. Formalin fixed and paraffin-embedding (FFPE) tissues generally lead to biases owing to thermal denaturation of proteins. Aldehyde fixation, including formalin fixation, affects proteins in tissues [21], and the protein content varies among tissues [22]. Therefore, the effects of these artifacts also depend on the tissue, and careful consideration should be given when comparisons are made among tissues or lesions. Cryosectioning of flash-frozen samples is often performed. After sectioning, samples are chemically fixed if necessary. Cryosectioning is advantageous in that the sample is unaffected by high temperature or organic solvents, although it has not become the method-of-choice because of the fragility of most tissues (e.g., prone to tear). Specifically, lipid-rich tissues are unstable. Indeed, the mechanical properties of tissues, such as plaque [23] and the eye [24], are assessed at only a few organizations. Flash-frozen sample preparation eliminates biases produced by heat and chemical treatment, enabling comparisons of paraffin-embedded and frozen sections, which is an important topic in other observational fields, such as immunostaining [25] and protein analysis [26].
Tissue fixation can be broadly classified into cross-linking fixation and precipitation fixation. Cross-linking fixation mainly uses aldehyde-based fixatives. This type of fixative creates covalent bonds between biomolecules, which anchors soluble proteins to biological membranes and increases the mechanical strength. Formaldehyde is most commonly used in LM and mainly acts on the amino group at the end of the side chain of basic amino acids, such as lysine [27, 28]. Glutaraldehyde is also frequently used, and its mechanism of action is similar to that of formaldehyde. Bonding force of divalent glutaraldehyde is stronger than that of monovalent formaldehyde, but penetration of glutaraldehyde into tissues is slower than that of formaldehyde. However, glutaraldehyde can cross-link proteins over greater distances and has a stronger fixation power than formaldehyde [29, 30]. To combine the advantages of these two fixatives, the Karnovsky fixative, a mixture of formaldehyde and glutaraldehyde, is used. Precipitation fixation decreases the solubility of proteins by disrupting hydrophobic interactions, and thus the protein is denatured, precipitated, aggregated, and inactivated. Ethanol, methanol, and acetone are used. Alcohols generally induce greater tissue shrinkage than formalin. Both techniques shrink the specimen by inducing chemical changes, although the rate of shrinkage is greater in precipitation fixation than in cross-linking fixation. Specifically, chemical fixation shortens the intermolecular distance and enhances intermolecular interactions, resulting in changes in the mass volume and mechanical properties of the biological tissue. Acoustic microscopy measures SoS as a elasticity-related parameter. This assessment is expected to be sensitive to the changes in mechanical properties caused by cross-linking and/or shrinkage due to sample dehydration.
In this study, four types of intact soft tissues with different protein contents were processed and evaluated. To our knowledge, processing tissues with high water contents using the frozen-section method has not been studied. Four chemical fixatives (ethanol, 0.5% glutaraldehyde, 2.0% glutaraldehyde, and formaldehyde) were compared. The fixation mechanism is different depending on the fixative: alcohol or aldehyde [21]. Glutaraldehyde is used to prepare samples for electron microscopy, and formaldehyde is commonly used for tissue processing. On the basis of the comparative analysis, brain tumor samples were prepared using the frozen-section method and chemical fixation, and the SoS in these samples was measured.
2 METHODS
2.1 Intact rat samples with different chemical fixation and embedding methods
Experiments were performed using adult male Sprague-Dawley rats (9 weeks old, weighing 284 g, Japan SLC, Hamamatsu). The organs were resected following decapitation under deep anesthesia after perfusing with heparinized saline and 30 mM 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethanesulfonic acid (HEPES) buffer. Samples were prepared using either the frozen-section method or paraffin-embedding method.
In the frozen-section method, samples were dissected and cut into 3-mm squares and flash-frozen to prepare frozen blocks with Tissue-Tek O.C.T. Compound (Sakura Finetek Japan Co.,Ltd.). Then, samples were soaked into isopentane surrounded by liquid nitrogen, and samples were stored at −80°C until sectioning. The tissues were serially sectioned at intervals of 12 μm with a cryostat to minimize the variance between sections due to the tissue structure. Thin sections on slide glasses were air-dried and then stored at 4°C in a dry atmosphere. To prevent sample detachment, silane-coated slide glasses were used. One serial section was prepared for one fixative. The sections were soaked in each fixative for 5 min. For chemical fixation, 10% neutral buffered formalin (FF), 0.5% Karnovsky fixative (KF-0.5%), 2% Karnovsky fixative (KF-2.0%), and 99.5% ethanol (Alc) were used for a comparative analysis. The Karnovsky fixatives (0.5% or 2%) [31] consisted of 0.5% or 2% glutaraldehyde, 2% paraformaldehyde, and 30 mM HEPES buffer. The sections were then washed in distilled water for 10 min. Samples were measured to determine the SoS after excess water was wiped off.
In the paraffin-embedding method, samples were dissected and cut into 3 mm squares and then soaked in FF for 24 h. FFPE samples were embedded in paraffin after replacement with an organic solvent. Paraffin blocks were sliced (12 µm thickness) and placed on the slide glass. The samples were deparaffinized in the organic solvent to remove paraffin and soaked in distilled water. Samples were measured to determine the SoS after excess water was wiped off.
In LM observations, samples are approximately 4-μm thick to avoid cell layering. However, in ultrasonic measurements, it is difficult to distinguish the echo signals of the sample surface from those of the glass substrate. The autoregressive (AR) model to analyze the measured waveforms allows some overlap of the two signals. Nevertheless, the thickness must be considered in terms of the ultrasonic wavelength (6 μm, 250 MHz, 1,500 m/s) and impulse tail. One of the issues considered in this study is the stability of chemical fixation. Thus, samples were prepared with a thickness of 12 µm to provide sufficient sample thickness for calculation using the AR method.
All of the following experiments were performed in accordance with the rules for animal experimentation (Approval number: 20200017) and the guidelines for the care and use of laboratory animals of Hamamatsu University School of Medicine.
2.2 Brain tumor sample preparation
Experiments were performed on adult male Sprague-Dawley rats (9 weeks old, weighing 280 g, Japan SLC, Hamamatsu). The tumor implantation method was described previously [32]. Briefly, under 2% isoflurane anesthesia, a hole was placed 1 mm posterior to the bregma and 3 mm to the right of the midline using a stereotactic apparatus (Narishige Scientific Instrument Lab., Tokyo). C6 glioma cells (105 cells) in 10 μL of culture medium were implanted at a depth of 5 mm. Treated rats were returned to their cages after closure of their surgical wounds. The whole brain was resected 18 days after implantation. Brain tissues containing tumors were sectioned to compare tumor and non-tumor regions. For the frozen block, the excised sample containing the brain tumor was sliced into 1-mm-thicknes, and a frozen block of the area containing the brain tumor was prepared. The frozen block was sectioned in the same way as for the intact samples. The sample was fixed with KF-0.5% using the same protocol as for the intact samples before measurement.
All of the experiments were performed in accordance with the rules for animal experimentation (Approval number: 2019028) and the guidelines for the care and use of laboratory animals of Hamamatsu University School of Medicine.
2.3 Measurement of the SoS
The three-dimensional radio frequency (RF) echo signal was acquired using a scanning acoustic microscope (modified AMS-50SI, Honda Electronics, Toyohashi) with a ZnO single-element transducer (Honda Electronics, Toyohashi). Figure 1 illustrates the RF echo signal and corresponding spectrum at a glass plate. The peak power spectrum was at 253.9 MHz, and the −6 dB band was from 179.7 MHz to 300.8 MHz. A broad spectrum (Q# = 0.48) was observed. The acquired RF echo signal was digitized to 8-bits with a sampling frequency of 2 GHz. The scanning area was 600 μm by 600 μm with an interval of 2 μm. After correcting the phase on the X- and Y-axis, an AR model was applied for SoS analysis [33]. The assumption of the AR model is that the echo signal is the summation of more than two elements. Considering that the echo signal returned from the sample was weak (due to the acoustic impedance difference), we assumed the received signal was composed of two signals, from the glass and sample surface, even if the analysis reduced the stability towards the electrical noise. The AR method separated two overlapping pulses and calculated the thickness of the sample using the phase difference (time difference) between the echoes on the sample surface and the glass echoes in the area without the sample. The SoS was calculated using the thickness and the propagation time of the glass echo obtained by the echo passing through the sample. This means that changes in the thickness caused by tissue preparation do not affect the SoS calculation.
[image: Figure 1]FIGURE 1 | Ultrasound transducer properties.
Accuracy-guaranteed pixels were defined to indicate the percentage of pixels that have an SoS value that is plausible derived from the biological tissue. The threshold for defining accuracy-guaranteed pixels was set according to the range of pixels that could be reliably fitted by the AR method in the numerical simulations conducted in advance for the analysis algorithm [33]. Accuracy-guaranteed pixels were determined with the following thresholds: 1,450 m/s < SoS <1800 m/s, 2 µm < thickness <20 μm, 1.48 MRayl < acoustic impedance <2.2 MRayl. The region of interest was set to the location of the biological tissue, and the percentage of accuracy-guaranteed pixels [%] was calculated as the percentage of accuracy-guaranteed pixels in the region of interest. The higher the percentage, the more reliable the SoS estimation for the biological tissue. In contrast, a small percentage indicates a missing sample or a lack of sample surface echoes necessary for the SoS calculation.
2.4 Pathological image quantification for brain tumor sample
After scanning, the sections were stained with hematoxylin and eosin (H&E), and a pathological image was obtained using a virtual slide scanner (NanoZoomer 2.0-HT, Hamamatsu Photonics, Hamamatsu) to observe sample shedding and the distribution of cell nuclei. The image resolution was 220 nm/pixel. Hematoxylin stains the cell nuclei blue, and eosin stains the extracellular matrix and cytoplasm pink [34].
2.5 Statistical test
A two-dimensional (2D) SoS map of 300 × 300 points (i.e., 90,000 points in total) was obtained for each tissue section. The SoS values, along with other parameters, were compared to the threshold value to determine accuracy-guaranteed pixels. The points below the threshold was excluded from further processing. In each 2D map, regions of interests were manually selected to determine the points used for statistical analysis. Consequently, 30,000–60,000 points in the sample area were determined to be accuracy-guaranteed pixels. (Of note, the number of points for the combination of brain and FF was extremely small, approximately 3,000 points.) The mean and standard deviation were calculated for each sample and fixative.
Analysis of variance (ANOVA) was used to identify trends in the mean SoS with respect to the four organs and five fixatives. The p-value for the linear term was used after verifying that higher order terms did not contribute significantly. After finding a group effect for all combinations of pairs or contiguous pairs of a trend test, post hoc analyses were performed and corrected for multiple testing using the Bonferroni–Holm correction. If this correction was employed, the corresponding p-value was denoted “corrected p-value.”
To assess the SoS in the non-tumor and tumor regions, the SoS values were confirmed to be non-normal by a Lilliefors test. Non-parametric tests were chosen to compare pseudo-median values of two independent samples (Mann–Whitney U test). p-values <0.05 were statistically significant. All statistical analyses were performed using MATLAB 2021a (Mathworks, MA).
3 RESULTS
3.1 Evaluation of sample preparation process with intact organs
Figure 2 shows representative 2D SoS maps and corresponding images of H&E stained samples of the brain (top panels) and heart (bottom panels). As shown in Figure 2A, the SoS map of the FF-fixed brain sample contained many void pixels, indicating that the SoS calculation in many pixels was unreliable (Figure 2A). The stained-sample image showed the partially remaining tissues. However, SoS could not be calculated even in areas with remaining tissues. In other conditions, the SoS image had the same shape as that of the stained sample. Heart samples with Alc yielded the highest number of accuracy-guaranteed pixels.
[image: Figure 2]FIGURE 2 | SoS maps and H&E stained sample images of (A–E) brain and (F–J) heart samples prepared using (A,F) FF, (B,G) KF-0.5%, (C ,H) KF-2.0%, (D,I) Alc, and (E,J) PE.
Figure 3 shows the percentage of accuracy-guaranteed pixels for four types of organs. The vertical axis indicates the percentage of accuracy-guaranteed pixels. Different markers indicate the different fixation/embedding methods. The number of accuracy-guaranteed pixels is shown in the corresponding plot. Among the organs, the heart, liver, and kidney showed similar percentages regardless of the processing method. In contrast, the percentage of accuracy-guaranteed pixels for the brain samples varied depending on the processing method: FF produced samples with the poorest percentage (9.1%), while the remaining methods produced samples with reliable percentages (95% or higher).
[image: Figure 3]FIGURE 3 | Percentage of accuracy-guaranteed pixels. Numbers on the plot are the number of accuracy-guaranteed pixels.
Figure 4 shows the mean and standard deviation of SoS, in the different tissues prepared using different fixatives and processing methods. The vertical and horizontal axis represents the SoS and organs, respectively. Different colors with symbols indicate different fixation/embedding methods. Among all methods, FFPE samples showed the highest values of SoS except for the liver. Alc fixatives exhibited the highest SoS values among fresh-frozen sections except for the brain. FF samples displayed the lowest SoS except for the brain. For samples fixed with aldehyde, the SoS increased as the glutaraldehyde concentration increased. We conducted a two-factor repeated measures ANOVA of the conditions, and the result showed a significant difference in the organ factor (F (3,863150) = 62943, p < 0.05), the fixative factor (F (4,863150) = 380953, p < 0.05), and the interaction effects (F (12,863150) = 38525, p < 0.05). The results of multiple comparisons showed that all pairs except Brain-Alc and Brain-Fol, Kid-GA05 and Brain-GA20, and Heart-GA05 and Liver-GA20 were significantly different. The glutaraldehyde concentration (i.e., KF-0.5% vs. KF-2.0%) correlated with the SoS, specifically SoS in the brain (0.1%), heart (0.2%), liver (2.1%), and kidney (1.6%) significantly increased with increasing glutaraldehyde concentration. SoS in the brain was higher with aldehyde fixation (FF, KF-0.5%, and KF-2.0%) than with alcohol fixation, whereas SoS in the other organs was higher with alcohol fixation than with aldehyde fixation. With formalin fixation (i.e., FF and PE), the frozen-section method resulted in 6.3%–12.4% lower SoS values than the paraffin-embedding method. Reported values [35] obtained using 3.5 MHz ultrasound without sample embedding and chemical fixation are 1,588 m/s and 1,605 m/s in the heart and liver, respectively. Formalin fixation with the flash-frozen method resulted in lower SoS values for the heart and liver (heart: −3.4%, liver: −4.4%). Formalin fixation with the paraffin-embedding method resulted in higher SoS values (heart: 5.4%, liver 4.3%). Among the preparation methods, KF-0.5%, and KF-2.0% (frozen sections) resulted in SoS values similar to those of raw samples.
[image: Figure 4]FIGURE 4 | SoS in different tissues prepared using different fixatives and embedding methods. Horizontal lines are literature values of raw samples [35]. The SoS in the heart and liver are 1,588 m/s and 1,605 m/s, respectively.
3.2 SoS difference between brain tumor and surrounding region
Figure 5 shows the SoS and corresponding histological images of the brain tumor. Figure 5A shows the SoS map, ranging from 1,450 m/s to 1700 m/s. Figure 5B shows the corresponding LM image of the H&E stained sample. The LM image produced after the measurement showed the same contours as the SoS image. There were very few missing SoS values in areas with tissues. The purple dots in the LM image indicate cell nuclei. The right half of the image, where cell nuclei are abundant, is the area of the brain tumor. The density of cell nuclei was clearly higher in the tumor area than in the non-tumor area. However, the distribution of cell nuclei in the tumor area was inhomogeneous, and the density of cell nuclei tended to be higher in the periphery of the tumor. In the SoS image, the values were higher at the periphery of the sample (the upper edge of the sample shown in the image) for both the tumor and non-tumor areas. Similarly, the SoS values were higher at the periphery of the sample and at the periphery of the tumor. Figure 5C shows the average SoS values, with standard deviation, in the non-tumor and tumor regions. The SoS in the non-tumor and tumor regions was 1,498 ± 14 m/s and 1,516 ± 19 m/s, respectively. The SoS in the tumor region was significantly greater (1.2%) than that in the non-tumor region (p < 0.05).
[image: Figure 5]FIGURE 5 | SoS in the brain tumor (right half) and non-tumor regions (left half). (A) SoS map. (B) H&E-stained image. (C) SoS values (mean ± SD) in the tumor and non-tumor regions.
4 DISCUSSION
Two distinct embedding methods and four different chemical fixatives were applied to four types of organs. The SoS differed by more than 6% between the paraffin-block method and the frozen-section method with FF. The percentage of accuracy-guaranteed pixels of formalin-fixed brain samples was 9.1%, which was small because parts of the samples were missing and the echo signal from the remaining samples was not sufficiently returned. In addition, the SoS values of the frozen sections differed depending on the fixing solution, even when the sections were adjacent.
4.1 SoS comparison between fixed sample and raw sample
With the frozen-section method, the chemical fixative affected the SoS. The SoS in heart and liver samples fixed with KF-2.0% was the closest to that in the corresponding raw samples [35]. In addition, KF provided enough accuracy-guaranteed pixels over the sample area. This is an important factor in obtaining stable SoS results. Note that the brain tissue was less affected by the glutaraldehyde concentration than the other organ tissues.
The SoS in heart and liver samples processed with the paraffin-embedding method was respectively 5.5% and 5.9% higher than that in the corresponding raw samples [35]. The SoS in thin sections prepared by paraffin-embedding is reported to be higher than that in raw samples [15]. This difference is observed because the tissue is affected by exposure to high temperatures and organic solvents during tissue processing [27]. Moreover, the SoS in cryosections is reported to increase with exposure to organic solvents. Our present result agrees with this observation. Additionally, the SoS was significantly higher in paraffin-embedded samples than in flash-frozen samples even though the same chemical fixative (i.e., FF) was used to prepare these samples, suggesting that the effect of the tissue processing method was larger than the effect of the chemical fixative on the tissues and thus the calculated SoS.
4.2 Relation between organ components and fixative
The different chemical fixatives used to process flash-frozen samples had different effects on each organ. High protein contents are found in blood vessels (24% wet weight), heart (16.5%), eye sclera (26%), and liver (18%) [22]. Some studies have successfully obtained SoS results using cryosections of these organs/tissues [23, 24]. Of the organs investigated in this study, the heart, liver, and kidney are protein-rich organs [22]. In contrast, the brain has a low protein content (10%) [22] but a particularly high water content (77%) [22], and thus it is considered one of the most challenging tissues to measure the SoS.
This is likely due to the difference in the principle of fixation or the number of functional groups of each fixative. The tissue fixation methods used in this study can be categorized into precipitation fixation with alcohols and cross-linking fixation with aldehydes. Fixation with alcohol stabilizes the tissue by dehydrating hydroxy groups in the tissue or in the protein, resulting in protein coagulation. Aldehyde fixation stabilizes the tissue by cross-linking the amino groups in the protein. The results in this study showed that the SoS in ethanol-fixed samples were negatively correlated with the water content and positively correlated with the protein composition ratio. Samples fixed with aldehydes (FF, KF0.5%, KF2.0%) showed less variation in SoS with tissue composition ratio than those fixed with ethanol. The smaller variation in SoS in aldehyde-fixed samples is possibly attributed to the loss of water (i.e., hydroxy groups), which represents the major constituent of the tissue. In contrast to alcohol fixation, cross-linking with aldehydes alters the three-dimensional structure and thus the properties of the tissue, leading to a change in SoS. However, the fixation process does not significantly change the composition ratio. Thus, the variation in SoS is considered to be small.
The variation in SoS in aldehyde-fixed samples is due to a change in the elasticity of the tissue. This is presumably caused by changes in the three-dimensional structure due to the formation of cross-linked structures. SoS in the liver with the highest protein composition ratio (18% [22].) was approximately 2.2% higher than that in the brain with the lowest protein composition ratio (10% [22].) (KF 2.0%). Furthermore, in the case of the brain and liver, GA fixation resulted in a >1.3% higher SoS than formalin fixation. The brain and liver showed similar degrees of glutaraldehyde-induced SoS increase, although few pixels were judged as accuracy-guaranteed pixels in the formalin-fixed brain sample. This suggests that formalin fixation of the brain is not appropriate for acoustic microscopy.
In addition, the brain displayed a smaller difference in SoS with aldehyde and alcohol fixation than other organs. Lipids and glycoproteins constituting the brain contain many complex glycolipids and complex glycoproteins with large molecular weights [36]. This is likely due to their intolerance to organic solvents and water and may cause alcohol-induced denaturation with lesser degree.
To conclude this assessment, for acoustic microscopy measurement using cryosections, KF0.5% is the optimal choice, which ensures the smallest change in SoS relative to that in the raw sample and the highest percentage of accuracy-guaranteed pixels.
4.3 Brain tumor sample with KF 0.5%
SoS in the brain tumor was measured following fixation with the Karnovsky fixative containing 0.5% glutaraldehyde. The SoS image (Figure 5A) and the pathological image (Figure 5B) showed similar shapes, and SoS values were calculated for areas where tissue was present. High values were observed around the marginal region of both brain tumor and intact brain tissue samples (Figure 2D). However, the intact tissue has a pia mater around the periphery of the brain tissue, whereas the brain tumor sample lacks it from the surface of the non-tumor area. Although the pia mater is absent, the surface of the non-tumor area tends to have a high density of cells, which is consistent with a high-SoS region.
The above results indicate that chemical fixation with KF-0.5% of intact samples enable measurements of brain tissue cryosections without perfusion fixation even when the brain tissue has a low protein concentration.
The brain tumor SoS was 1.2% faster than the non-tumor-region SoS. Only a few studies have reported the SoS in a tumor with acoustic microscopy. However, the relation between the non-tumor region and tumor was reported to be dependent on the tumor-type or organ [37, 38]. Additionally, to the best of our knowledge, the acoustic properties of brain tumor cryosections have not been studied.
The SoS in the non-tumor region (1,498 m/s) was 2.4% lower than that in intact brain tissue fixed with KF-0.5% (1,535 m/s). The area around the tumor is edematous and has a higher water content than intact tissue, even if there are no cancer cells infiltrating the area. The fact that the SoS in brain tissue with a high water content is lower than that in other tissues, in this study, also explains why the SoS in the tumor is lower than that in the intact brain tissue.
Gliomas, widely studied as a representative of brain tumors, are different from intact brain tissues in terms of phospholipid composition. Specifically, the amount of phosphatidylcholine reduces as the tissue becomes cancerous, while the amount of sphingomyelin, phosphatidylinositol, and lysophosphoglyceride increases, which is related to perturbations of structural and functional membranes in neoplastic cells [39]. Further investigations of the correlation between the acoustic properties and chemical composition of the brain will enable diagnosis of tumors at an early stage.
4.4 Limitation
The biggest limitation of this study is the difficulty in tissue processing. Cryosectioned specimens are fragile in that they can easily detach from the glass plate during tissue processing from sectioning to pathology staining. The issue underlying this measurement is that the state of the specimen is not apparent until the optical microscopy observation. The silane-coated glass plate used in this study reduces the possibility of such detachment during the tissue processing.
Since ultrasound is irradiated perpendicular to the sample on the glass plate, the SoS calculation is possibly adversely affected by the extraneous material in the propagation path. In this study, all the tissue processing was performed by a technician to minimize the artifact caused by tissue processing.
The SoS calculation process includes a process to compensate for the slight tilt of the glass slide that occurs due to mechanical constraints. Before calculating the SoS, the phase component of the echo signal in the area of the SoS measurement that did not include the histology sample was used to interpolate the position of the glass slide where the sample is located and calculate the SoS. In the measurement of the intact samples, a measurement area that includes a straight line in both the X and Y directions of the measurement field of view that did not include the sample was set, and thus interpolation of the glass slide position can be performed correctly. In contrast, for the brain tumor sample, only one side of the glass slide area was reserved in order to include the tumor and non-tumor areas within the field of view for SoS measurements. This may lead to a decrease in the reliability of calculated SoS values at a distance from the glass slide area. In this study, even if the glass slide could not be corrected sufficiently, we took a countermeasure by arranging the non-tumor and tumor areas to the left and right of the center of the field of view so that the effect on the calculated SoS values of the tumor and non-tumor areas would be the same.
5 CONCLUSION
This study evaluated the effect of chemical fixatives, namely, formalin, Karnovsky fixative with 0.5% and 2.0% glutaraldehyde, and alcohol, on SoS measurements. Cryosections and paraffin sections of intact rat organs (brain, heart, liver, and kidney) were prepared. Formalin-fixed and paraffin-embedding samples showed the highest values of SoS except for the liver. Frozen sections with alcohol fixatives exhibited the highest SoS values among fresh-frozen sections except for the brain. Frozen sections with FF samples displayed the lowest SoS except for the brain. For samples fixed with KF, the SoS increased as the glutaraldehyde concentration increased from 0.5% to 2.0%. The results indicated that the Karnovsky fixative solution with 0.5% glutaraldehyde was the most suitable fixative for the frozen-section method in terms of SoS validity and stability of calculated results. On the basis of this result, brain tissue including tumor tissue, was chemically fixed with the Karnovsky fixative with 0.5% glutaraldehyde. The SoS in the tumor was significantly higher than that in the surrounding non-tumor area. The knowledge gained in this study regarding the selection of fixative solutions for samples to achieve stable SoS measurement results even for samples with low protein contents or high water contents, such as edema. Establishing a target-independent tissue processing method is expected to be useful in clinical pathology, where various pathological conditions must be treated.
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