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Abstract

:

We investigated the transmission characteristics of formalin fixed human liver samples in which normal liver tissue and malignant liver tumor were mixed using terahertz (THz) coherent synchrotron radiation at an infrared free-electron laser (FEL) facility at Nihon University. Infrared-FEL imaging has indicated that the amount of water molecules in the tumor tissue is not different from that in the normal tissue. However, the transmission of the incipient tumor tissue was lower than that of the normal tissue in THz imaging because the tumor tissue contained more water molecular clusters than the normal tissue. The tumor tissue became more permeable owing to the development of fibrous tissue around it. THz imaging will be more useful for discriminating liver tissues by increasing the spatial resolution.
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1. Introduction


In recent years, compact light sources have been developed in the terahertz (THz) region, and the field of THz wave spectroscopy has made remarkable progress [1,2,3,4,5,6]. Because there are many vibration modes characteristic of molecules in the THz region, it is called the fingerprint region of a substance, and THz wave spectroscopic imaging is applied to identify explosives [7], drugs [8], and foreign bodies in dry food [9]. THz waves are nonionizing, meaning that they do not cause any detrimental effects on dividing human keratinocytes used as a promising noninvasive imaging tool [10]. THz waves are strongly sensitive to polar materials such as water molecular clusters [11]; if there is a difference in the form of water taken up by each tissue in the body, it is possible to identify the tissue by observing changes in the transmission/absorption rate of THz waves [12]. In previous reports, the THz spectroscopy and imaging were applied to diagnose malignant and benign neoplasms with different nosology’s [13,14]. The THz pulsed imaging method has been used to detect skin cancer [15,16,17], colon cancer [18,19], oral cancer [20], breast cancer [21], burn injuries [22], corneal cancer [23], caries lesion [24], brain glioma [25], and brain injuries [26]. A few imaging studies using THz waves have been conducted on liver tissue. However, previous reports have described that the transmission of the tumor tissue was not stable in the THz region [27,28].



To develop an effective technique for THz imaging of samples of formalin fixed human liver in which normal tissue and tumor tissue were mixed, we performed transmission imaging experiments using a beamline at the Laboratory for Electron Beam Research and Application (LEBRA) in Nihon University. This beamline, which is called the infrared free-electron laser radiation (FEL)/the THz coherent synchrotron radiation (CSR) beamline, supplies intense CSR in a frequency range of 0.1–0.3 THz and FELs in a wavelength range of 1–6 μm. Multimodal imaging (THz CSR and infrared FEL) can be applied to spectroscopic and imaging experiments using the same optical system. In a previous report, THz and visible light (VIS) imaging were applied to study non-melanoma skin cancer [15]. Using the infrared FEL/THz CSR beamline, we can observe both intermolecular vibration and hydroxide stretching vibration for water in a living tissue and can provide useful information for the tissue analysis and differentiation.



In this article, we first clarified the deviation in THz transmission between the normal liver tissue and the malignant liver tumor. Subsequently, we reported that the factor that caused the deviation was the advanced fibrosis of the tissue. The malignant liver tumor with less fibrosis contained more water molecular clusters, and its transmission in the THz region was lower than that in the normal liver tissue. Finally, THz imaging can distinguish between malignant tumor tissues and normal tissues of the human liver.




2. Materials and Methods


2.1. Infrared FEL/THz CSR Beamline


We used an infrared FEL/THz CSR beamline at LEBRA as a THz light source [11,12,29]. The CSR beam was generated from a 45° bending magnet that guided the electron beam to an FEL undulator line. This was reflected by a LiTaO3 crystal substrate inserted in the FEL beamline, whose refractive index was high in the THz region [30]. It was transported to an experimental room coaxially with the infrared FEL beam at a temperature of 297 K. The transported CSR beam was injected into the atmosphere through a sapphire window with a thickness of 3 mm and could be used for imaging and spectroscopy experiments. Depending on the pulse structure of the electron beam of the S-band linac, the CSR pulses were generated with an interval of 0.35 ps during a macropulse of 20 μs. The average energy of the CSR beam per macropulse was 50 nJ, and the maximum frequency of the CSR spectrum was 0.15 THz.



The infrared FEL radiation was oscillated by interacting spontaneous emission of the undulator confined in a Fabry-Pérot optical cavity with the electron beam in the undulator [31]. The infrared FEL could oscillate in the range of 0.9–6.1 μm at LEBRA. Although the interval of the FEL radiation micropulses was the same as that of the electron beam, the macropulse duration was less than 10 μs. The infrared FEL was extracted from the optical cavity by a coupling hole of the upstream cavity mirror and converted into a parallel beam by a set of ellipsoidal and parabolic mirrors. The profile of the parallel beam was a circle with a diameter of 30 mm. The maximum energy of the FEL radiation extracted from the sapphire window was approximately 25 mJ per macropulse at a wavelength of 2 μm [30]. Infrared FEL can also be transported by a mirror actuator to several laboratories in a neighboring building. The relative line width of the FEL was approximately 1%. It was used to develop novel materials, study dental treatments, and obtain many unique results as a monochromatic light source.




2.2. Samples of Formalin Fixed Human Liver Tumor


We used two formalin-fixed livers from different individuals which were stored in the Department of Oral Pathology, Nihon University School of Dentistry at Matsudo. The formalin-fixed human livers do not enable the identification of a specific individual. The formalin-fixed human liver was sliced to 200 μm. The sample was enclosed between a quartz slide and cover glasses with Marinol. The size of the microscope quartz glass was 26 mm × 76 mm × 1 mm, and the cover glass was 30 mm × 30 mm × 0.9 mm. The sample was stained with hematoxylin and eosin and diagnosed by oral pathologists (Figure 1).




2.3. Image Analysis with THz CSR


The CSR beam extracted from the sapphire window was vertically deflected and converged by a parabolic mirror with a focal length of 153 mm and a diameter of 50 mm. The profile was almost a perfect TEM00 mode, and the beam size was 5.9 mm in full width at half maximum. The CSR was stable, and the fluctuation of CSR intensity was 3%. Two-dimensional imaging with THz CSR can be performed by translating a sample on a horizontal plane at the focal point of the CSR beam. A schematic layout of the two-dimensional imaging system is shown in Figure 2. To limit the irradiated area of the CSR beam, a conical horn, which had a circular output with a diameter of 2 mm, was set at a position 2 mm above the sample. The sample was fixed on an X–Y axis translation stage, in which the effective movable areas were 100 and 50 mm in the horizontal (X) and vertical (Y) directions, respectively. In the THz imaging experiments, this translation stage was moved by a raster scan at intervals of 0.2–0.5 mm.



The CSR intensity was measured using a Schottky D-band diode detector with a square antenna (Millitech Inc., DXP-06, Northampton, MA, USA), which was set at a position 2 mm away from the sample. This detector had the maximum sensitivity at a frequency of 0.10 THz [11]. To prevent detection of the scattered light, a metal aperture with an opening of 1 × 2 mm2 was placed on the square antenna. The spatial resolution of the CSR imaging system with the D-band diode detector was evaluated to be 1.6 mm using a knife-edge method. The signal of the detector was measured using an oscilloscope (Tektronix, TDS3054, Beaverton, OR, USA). The measurement was performed four times for each measurement point, and the average value was used to evaluate the transmission.




2.4. Image Analysis with Infrared FEL Radiation


The infrared FEL extracted from the sapphire window was also vertically deflected and converged by a parabolic mirror. Because the FEL energy was not as stable as the CSR, a thin quartz beam splitter was inserted between the parabolic mirror and the focal spot to monitor the FEL energy, and the FEL reflected by the beam splitter was measured by a pyroelectric detector (Ophir Optronics Solutions Ltd., PE10-S, Jerusalem, Israel). Because the FEL energy was relatively high, a neutral density filter with a transmission of 16% was inserted between the parabolic mirror and the pyroelectric detector. Moreover, a metallic pinhole with a diameter of 0.6 mm was installed 20 mm before the focal spot. Two-dimensional imaging experiments with the infrared FEL radiation were performed using the same stage as for the CSR imaging experiments.



The infrared FEL radiation transmitted through the sample was detected using a Ge semiconductor detector (OP-IR2, Santa Clara, CA, USA). The detector was placed 40 mm away from the sample to avoid the influence of light scattered in the sample. The spatial resolution of the FEL imaging system was less than 0.5 mm. The signal of the detector was measured using an oscilloscope. The measurement was performed four times for each measurement point, and the average value was used to evaluate the transmission.





3. Results


3.1. Absorption Coefficient of the Formalin Fixed Normal Liver Tissue


To investigate whether liver tissue can be identified by THz imaging, we first precisely measured the absorption coefficient of the normal liver tissue in the THz region. According to references, THz waves are mainly absorbed by the water content in the liver tissue. Because water is a polar molecule, the absorption coefficient is high owing to the dielectric relaxation in the THz region. The absorption coefficient of Marinol, which was used in the experiments as water-insoluble mounting medium, is less than 0.59 cm−1 at a frequency of 0.1 THz. Therefore, when the thickness of a sample is ≤200 μm, the absorption due to the mounting medium in the THz region is negligible. The refractive index of Marinol in the THz region is approximately 1.55, which is almost equal to that of the liver tissue (~1.57). The reflection of the THz waves is negligible at the boundaries between the quartz slides and Marinol. Subsequently, the transmission of the sample in the THz region is calculated by normalizing the CSR intensity passing through the Marinol fixed sample sandwiched between quartz slides. Figure 3 shows the transmission images of normal liver tissues with thicknesses of 100 and 200 μm in a 2 mm2 area.



The average transmissions are 58.3 ± 1.7% for a thickness of 100 μm and 35.2 ± 1.7% for a thickness of 200 μm. The measured dispersion of the transmission is relatively small, and our THz imaging system can identify a difference of approximately 1% with respect to the transmission. The absorption coefficient α is 52.9 ± 1.0 cm−1, which was calculated from the measured transmission data using the least squares method. Therefore, we found that the appropriate thickness of the samples for the THz imaging experiments is 200 μm.




3.2. Transmission of Liver Normal Tissue and Malignant Tumor Tissue


Next, we prepared formalin fixed samples with a thickness of 200 μm in which normal tissue and tumor tissue were mixed and measured the transmission of the samples at a frequency of 0.1 THz. The boundary between the normal and tumor tissues could be visually confirmed. Fibrosis advanced around the tumor tissue, and vacancies such as blood vessels also increased around the tumor tissue. We selected 2 mm2 tissues with fewer vacancies by visual observation and transmission data were measured, from which the mean and standard deviation of the transmission was calculated. Table 1 shows the measured transmission of normal and tumor tissues for some samples. The transmission of the normal tissue was distributed in a relatively narrow range of 33–37%, whereas the transmission of the tumor tissue was distributed in a rather wide range of 31–38%. There were some samples in which the transmission of the normal tissue was higher than that of the tumor tissue and some samples in which the transmission of the normal tissue was lower than that of the tumor tissue. However, the p-value for each sample was ≤0.05, so that the transmissions for the two tissues were significantly different. Although the difference in transmission between tissues was small, our experiments suggest that the malignant tumor tissue can be distinguished from the normal tissue by THz imaging. We have calculated the p values when we hypothesized that the permeability of tumor tissue is equal to that of normal tissue.




3.3. Near-Infrared FEL Imaging


To clarify the cause of the variation in the transmission of the tumor tissue in the THz region, near-infrared imaging using the LEBRA FEL was performed for sample #3, in which the difference in the transmission between the tumor tissue and the normal tissue was minimal. The FEL wavelength was set to 1.93 μm, where there was a vibration mode of OH radicals in water. The absorption coefficient of water at a wavelength of 1.93 μm was as large as 124 cm−1, and the FEL was absorbed by the water rather than proteins and lipids, which were the main components of the liver. Figure 4. shows a near-infrared image and a photograph of the liver sample used in the experiment.



Because an absorption of the near-infrared FEL due to the mounting medium Marinol is negligible in Figure 4a, the transmission of the sample at the wavelength of 1.93 μm is calculated by normalizing the FEL intensity passing through the Marinol fixed sample sandwiched between quartz slides. The imaging graph is represented on a logarithmic scale owing to low transmission. The black and green frames in Figure 4b indicate the areas where the transmissions of the tumor tissue and the normal tissue are evaluated in Table 1. Images of the stained tissues inside the frames are also shown in this figure. The transmissions of the tumor tissue and the normal tissue for the near-infrared FEL were measured to be 3.03 ± 0.61% and 3.56 ± 1.50%, respectively. The difference in the transmission of the two tissues was not significant (p = 0.08 > 0.05). This experimental result indicates that the number of water molecules contained in the 2 mm2 tumor tissue is almost equal to that in the 2 mm2 normal tissue.



As identified from the photograph and the staining image inside the blue frame in Figure 4b, this sample had an area that was mostly occupied by fibrous tissues. Vacancies were found around the tumor tissues in this area. The transmission of the fibrous tissue in the blue frame was measured to be 10.82 ± 6.82%, which was significantly higher than that of the other tissues (p < 0.001). The staining image inside the black frame in Figure 4b shows the presence of fibrous tissues and vacancies surrounding the tumor tissue. The proportion of fibrous tissues and vacancies in the black frame was 20–30%. Although small vacancies with a scale of 10 μm are negligible for THz waves, larger vacancies influence the transmission of THz waves. Therefore, we considered that larger vacancies and fibrous tissues around the tumor tissue increase the transmission of the tumor tissue in the THz region.




3.4. THz Imaging of Liver Tissues with Advanced Fibrosis


It is necessary to investigate the contribution of the fibrous tissue to the transmission in the THz region to prove the above hypothesis. Subsequently, we performed THz imaging for a part of sample #1, in which the transmission of the tumor tissue was relatively high. By calculating from the photograph, the ratio of the fibrous tissue to the area where the transmission of the tumor tissue was measured in sample #1 was as high as 30–40%. Figure 5 shows a visible image (a), a THz image (b), and a transmission averaged in the Y-axis direction (c). Figure 5a indicates that a boundary between the normal tissue and the tumor tissue is located at X = 20 mm, and the boundary between the tumor tissue and the fibrous tissue is located at X = 24 mm.



The angles between these boundaries and the X-axis were 3/4π. Because the boundaries are not perpendicular to the direction of the translation stage, there are areas overlapping different tissues in the graph of the averaged transmission. By removing such mixing regions and comparing the transmissions of single tissues, the transmission clearly depends on the tissue in the THz region. The transmission of tissues with advanced fibrosis was as high as 46.0 ± 1.6%. The experimental result that the transmission of the tumor tissue is clearly higher than that of the normal tissue supports the notion that fibrous tissue grows around the tumor tissue and contributes to the increase in the average transmission of the tumor tissue.




3.5. THz Imaging for Non-Fibrotic Formalin Fixed Liver Tissue


Contrary to the previous section, we performed THz imaging for a part of sample #4, in which the transmission of the tumor tissue was relatively low. As shown in Figure 6a, fibrosis tissue is present only in the upper left of the sample. The ratio of the fibrous tissue to the area where the transmission of the tumor tissue was measured in sample #4 was as low as 0–10% from the photograph. Corresponding to the light-colored tumor tissue in the visible image, the transmission in the THz imaging was low above an arc line connecting the point (21, 16) and the point (2, 9) in Figure 6b. The fluctuation of transmission was rather small in the region where fibrosis had not progressed. The average transmissions of the areas surrounded by yellow and green frames were 32.0 ± 1.0% and 31.9 ± 1.1%, respectively. It was revealed that the tumor tissue with less advanced fibrosis absorbed more THz waves and had lower transmission than the normal tissue.





4. Discussion


Using the THz CSR beam at LEBRA, we studied transmission imaging for formalin fixed samples in which normal liver tissue and malignant tumor tissue coexisted. Although the transmission of the normal tissue had little dispersion among the samples, the transmission of the malignant tumor tissue varied widely between samples [30,31,32,33]. We considered that the fibrous tissue and vacancies that developed surrounding the tumor tissue contributed to this variation. Imaging experiments confirmed that the fibrous tissue had a high transmission in the THz region by the imaging experiment. This experimental result indicated that fibrosis caused the tissue to lose water. Each sample showed progression of fibrosis around the tumor tissue. The tumor tissue with less advanced fibrosis had a lower transmission rate than the normal tissue. However, it was clarified that the transmission of tumor tissue averaged in the 2 mm2 area became higher than that of the normal tissue as the proportion of the fibrous tissue to the malignant tumor tissue increased.



In one sample, although the transmission of the malignant tumor tissue was lower than that of the normal tissue in the CSR THz imaging, there was no significant difference in the number of water molecules between the normal tissue and the tumor tissue in near infrared FEL imaging. THz waves are more easily absorbed by free water than by bound water in a living body [11,12]. This experimental result suggested that the tumor tissue had more free water than the normal tissue. This is consistent with the well-known diagnostic principle of magnetic resonance imaging [34].



The reason why the transmission of the tumor tissue was not stable for samples was that the influence of the fibrous tissue around the tumor tissue could not be ruled out in THz imaging. If the spatial resolution is improved to the order of 0.1 mm, the detection efficiency of the tumor tissue and the fibrous tissue will be further improved. It is necessary to increase the frequency used for imaging to 1 THz or more for high spatial resolution. To perform THz transmission imaging with a high spatial resolution, the power of the light source should be increased. Duan et al. showed that the THz frequency of 2.52 THz with high resolution can detect hepatocellular carcinoma [35]. We have used lower THz frequency compared with Duan et al., however, we have developed coherent edge radiation at the FEL undulator line that has an output 1000 times stronger than CSR and can be used in the frequency region of 0.1–2.5 THz. Our results suggested that lower THz frequency than past reports may be useful to discriminate between formalin fixed normal liver tissue, malignant tumor tissue, and malignant tumor tissues with advanced fibrosis. In the future, we plan to develop THz imaging for biological tissues using coherent edge radiation with an infrared FEL. However, an increase in the THz imaging resolution may have some problems. Firstly, we lose sensitivity to the tissue water content (to the intense low-frequency Debey relaxation band of water) with increasing frequency [14]. Secondly, the water vapor along the THz beam path can complicate (make unstable) collection and analysis of THz images at such high frequencies, while measurements of tissues in inert gas or even vacuum seem to be a daunting task [36,37].




5. Conclusions


In summary, we have demonstrated that transmission THz imaging was effective in discriminating between formalin fixed normal liver tissue, malignant tumor tissue, and malignant tumor tissues with advanced fibrosis. Infrared-FEL imaging indicated that the amount of water molecules in the formalin fixed tumor tissue was not different from that in the formalin fixed normal tissue. However, the transmission of the incipient malignant tumor tissue was lower than that of the normal tissue in THz imaging. It was found that the tumor tissue became more permeable owing to the development of fibrous tissue around it. To remove the influence of the fibrous tissue, it is effective to reduce the spatial resolution of the imaging to 0.1 mm or less by increasing the frequency of the light source to 1 THz or more. We will develop THz imaging for biological tissues using high-power and high-frequency coherent edge radiation developed at LEBRA.
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Figure 1. Hematoxylin and eosin-stained liver samples (a,b). 
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Figure 2. Schematic layout of the (a) terahertz imaging system and (b) infrared free-electron laser imaging system. 
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Figure 3. Transmissions of the normal tissue with widths of (a) 100 μm and (b) 200 μm in terahertz imaging. Each graph illustrates the transmission data for 7 × 7 points in 2 mm2 using the three-dimensional and two-dimensional hue maps. 
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Figure 4. Images of sample #3 by (a) infrared free−electron laser imaging and (b) photograph. Stained images are shown for the blue, black, and green frames in (b). 
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Figure 5. Terahertz (THz) imaging for a highly fibrotic tumor tissue (sample #1): (a) visible image, (b) THz image, and (c) transmissions averaged in the vertical direction. The regions where the normal tissue (green), the tumor tissue (black), and the fibrous tissue (red) are distributed are indicated by double-headed arrows in (c). The dotted line represents the average transmittance value for each tissue. 
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Figure 6. The visible image of formalin fixed liver (a,b) terahertz image of a liver tissue with underdeveloped fibrosis (sample #4). The yellow and green frames in (a) indicate the regions where the average transmission of the tumor tissue is evaluated. 
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Table 1. Measured transmissions of the normal tissue and the tumor tissue for each sample. Data are presented as means ± standard deviation.
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	Sample

Number
	Number of

Data Point
	Transmission of

Normal Tissue
	Transmission of

Tumor Tissue
	p-Value





	#1
	55
	36.07% ± 2.30%
	37.88% ± 2.85%
	<0.001



	#2
	55
	34.65% ± 1.34%
	31.11% ± 1.38%
	<0.001



	#3
	55
	36.74% ± 2.08%
	35.88% ± 2.09%
	0.033



	#4
	49
	33.06% ± 1.07%
	31.89% ± 1.09%
	<0.001



	#5
	49
	36.90% ± 1.37%
	38.35% ± 1.58%
	<0.001



	#6
	49
	34.47% ± 0.86%
	37.45% ± 1.40%
	<0.001
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