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Abstract: We have investigated basic properties of normal gastrointestinal
(GI) tract tissues, including glandular stomach (GS), fore stomach (FS),
large intestine (LI), small intestine (SI), and esophagus (ESO), from a rat
model using terahertz (THz) reflection imaging and spectroscopy. The THz
images collected from stratified squamous epithelia (SSE) of FS and ESO
show a lower peak-to-peak value compared to those from columnar
epithelia (CE) of GS, LI, or SI because the SSE contains less water than
CE. The refractive index and absorption coefficient of FS were less than
those of GS or LI, both having values similar to those of water.
Additionally, we report internal reflection THz signals from ESO, although
we were unable to determine the exact interface for this internal reflection.

© 2014 Optical Society of America
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1. Introduction

Terahertz (THz) electromagnetic waves are highly sensitive to biomolecules and water
content, hence they have applied to many biomedical applications [1-10]. For example, the
application of THz spectroscopic imaging to cancer diagnosis has been investigated [11-18].
THz spectroscopic imaging techniques have received great attention owing to their use for
cancer diagnosis in skin [11, 12] and breast tissues [13] by using differences in water content
as a natural contrast agent [14]. In recent reports, researchers have shown the possibility of
diagnosing other various cancers such as colonic [15], brain [16, 17], and oral cancers [18].
The fundamental principle behind diagnosing cancer with THz waves is using distinctions
between THz signals reflected from normal and tumor tissues, which have different
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interstitial water content [12, 13, 19] or other contrast mechanisms such as structural changes
of tissue [20].

The practical direction for the application of THz techniques would be to develop an
easy, quick, and accurate mean to discriminate between normal and abnormal tissue. It might
reduce unnecessary excision of normal tissue during cancer surgeries as well as assisting
precise localization for biopsies.

Many studies have analyzed the basic properties of biomaterials in the THz regime [21],
and have addressed analysis methods for various normal tissues [7, 22—-24]. Most studies
were concentrated on characterization of normal skin tissues, while other organ tissue types
were not studied sufficiently. For example, although GI tract consists of different tissue
layers compared to skin, the basic properties of GI tract in the THz regime have been rarely
reported. Because of tissue layer differences, it is conceivable that the THz waves reflected
by GI tract have different aspects compared with those reflected by skin tissues. Recently,
Huang et al showed THz reflection spectroscopy could be used to characterize tissues and
that there were differences between the THz properties of the tissues from different organs
[25]. The characterization for a few of digestive organs was reported in that study, but there
has been lack of basic studies for whole GI tract in THz regime.

The purpose of this study is to show THz imaging is able to probe subtle differences
between GI tract tissues using their basic tissue properties, which could potentially be useful
for diagnosing (discriminating) specific types of cancer. In order to demonstrate this, we
display reflection THz spectroscopic images from which we can partially distinguish each
normal GI tract tissue, also, calculate the optical properties of fresh normal GI tract which
can be used as control samples in cancer (or other abnormal tissue) diagnosis using THz
waves. In this paper, we report the optical properties of three fresh normal GI tract tissues,
including GS, FS, and LI, in the THz regime. Additionally, internal reflection THz signals
from rat ESO samples are reported, and histological analysis with H & E staining
photography is performed.

2. Experimental setup and sample preparation

2.1 Experimental setup

Digestive organs Polyethylene wrap
- Double-sided
& «— adhesive tape
Loy (M W v
Quartz window / ?Z?X

THz waves
Air tight box

Fig. 1. Schematic diagram of the experimental setup. Five GI tract samples were placed on a
quartz window and covered with polyethylene wrap to prevent dehydration.

A conventional reflection-mode THz time-domain imaging system with photoconductive
antennas was utilized in our experiments. We used four off-axis parabolic reflectors to focus
THz waves on samples and guide reflected waves to the detector. The focal length of used
parabolic reflector was 2 inch and the F-number was 1. We didn’t use any limiting aperture
and the spatial resolution of our system was roughly 0.8-mm at 0.5 THz. The incident angle
of THz beams focused through a quartz window was 14.6° [5, 9]. A fast optical delay line
(APE) with 20 Hz operating frequency and 37 ps time window was used for fast acquisition
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of THz signals. THz images were obtained with a raster scanning system using a two-
dimensional (2D) movable sample stage. The acquisition time per image was approximately
26 min and 40 sec for a 50 X 40-mm area with 250-pm scanning resolution. In order to
minimize influence from water vapor, THz wave paths were mostly located in an air-tight
box in which humidity was less than 2%. As shown in Fig. 1, the sample stage was located
outside of the air-tight box to avoid drying fresh samples by dry air during experimentation.
To prevent moisture from evaporating, we attached double-sided tape around a quartz
window, and then covered the samples with polyethylene tape. The temperature was kept
constant during all experiments.

2.2 Sample preparation

All five fresh GI tract tissues were surgically extracted from three 35-week-old male Sprague
Dawley rats after euthanasia and perfusion with saline. Samples consisted of esophagus
(ESO), large intestine (LI), small intestine (SI), fore stomach (FS), and glandular stomach
(GS) (rat stomach consisted of two well-defined areas: a non-glandular FS and a GS with
gland separated by a limiting ridge). In order to collect measurements from the inside of
samples, we split the organs and carefully removed contaminants, such as excrement, with
distilled water and cotton swabs. Then, samples were carefully placed onto a 3-inch diameter
and 3-mm thick quartz window without producing any air bubbles between samples and the
window. All animal experiments were conducted with the approval of the Institutional
Animal Care and Use Committee of Yonsei University Health System.

3. Results and discussion

The normal tissues of GI tract were partially distinguished by THz imaging. Figures 2(a) and
2(b) shows a photograph and a 2D THz image of five samples, respectively. The GS was
placed in the upper left corner, and the FS was placed below the GS. The ESO, SI, and LI
samples were placed in this order from the left to the right, as shown in Fig. 2(a). The THz
waves were reflected at the interface between the quartz and samples, and the amplitude and
phase of the reflected signals were determined by the Fresnel diffraction formula. The
acquired 2D THz image was extracted using peak-to-peak values from reflected THz signals
having different amplitudes and phases. Despite all samples being normal tissues, they were
distinguished in the THz image. In particular, the GS and FS in Fig. 2(b) were easily
distinguished. The FS produced lower peak-to-peak amplitude compared to the GS. The THz
signals reflected from the biological samples may have slightly different amplitudes and
phases because the tissues had slightly different local surface conditions and water content.
These tissue properties resulted in the heterogeneous THz images shown in Fig. 2(b).
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Fig. 2. (a) Optical photograph of five GI tract samples from a rat model. (b) Reflected 2D THz
image with peak-to-peak values. (c) Normalized and averaged reflection peak-to-peak values
for five GI tract tissues (from three different rats) analyzed at points marked in (a).

To produce reliable results, experiments were performed with three different rats.
However, note that there was a limitation of small sample size (n = 3) which would
undermine the reliability of our results. Normalized and averaged peak-to-peak reflected THz
signal values with standard deviation obtained from the five or ten points marked in Fig. 2(a)
are shown in Fig. 2(c). Our data were normalized by THz signal reflected from the interface
between quartz and air to reduce other background noise. This result indicates the FS could
be casily distinguished from other GI tract tissues using THz waves. The peak-to-peak
amplitude of THz waves reflected from FS and ESO was smaller than those from other GI
tract tissues.

In order to analyze these data, we collected reflected THz time-domain waveforms from
points marked in Fig. 2(a), as well as cross-sectional H & E stained images (Fig. 3 and 5). In
contrast to skin, which consists of stratum corneum, epidermis, and dermis layers, normal
tissues of GI tract generally consist of mucosa, submucosa, muscle, and serosa layers.
Additionally, the mucosal layer can be subdivided depending on the specific GI tract. The
histological structures of samples used in this report are displayed in Table 1. These samples
can be grouped simply according to components of their mucosal layers. The mucosal layers
for GS, LI, and SI consist of columnar epithelium (CE), lamina propria (LP), and muscularis
mucosa (MM), while mucosa of FS and ESO consist of stratified squamous epithelium
(SSE), LP, and MM. These two groups are dissimilar only in their top layers of mucosa. Note
that even though CE (or SSE) layers have the same histological labels, CE (or SSE) layers
have slightly different shapes, thicknesses, and compositions according images shown in Fig.
3 and 5.

Table 1. Constituent layers of five GI tract tissues in a rat model

GI tract Mucosa Submucosa  Muscle  Serosa
GS CE/LP/MM (6] (6] (6]
FS SSE / LP/ MM (6] (6] (6]

ESO SSE / LP/ MM (6] (6] (6]
LI CE/LP/MM (6] (6] (6]
SI CE/LP/MM (6] (6] (6]

Figures 3(a) and 3(b) displays the measured time-domain THz signals and THz spectra
reflected from water, LI, GS, and FS. The inset displays an expanded time window from 23
to 28 ps. The THz signal reflected from water, with no internal interfaces, was displayed to
confirm the presence of internal reflection signals from samples. THz signals displayed in the
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inset are almost same, meaning there are no reflection signals from the internal structures of
these three samples. These results suggest that signals were only reflected from the interface
between the quartz and CE layers of samples. We assume that the ringing signal in the figure
inset is related to unwanted and unclear THz signal reflected from our experimental setup.
Although the CE layers of LI and GS have different thicknesses and shapes, as shown in
Figs. 3(c) and 3(d), the THz signals reflected from the analysis points of these organs are
almost same. Because reflected THz signals contain amplitude and phase information about
the samples, the refractive index and absorption coefficient could be calculated by
referencing the THz signal reflected from the interface between quartz and metal [26].
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Fig. 3. (a) Measured time-domain THz signals reflected from points marked on LI, GS, FS
(Fig. 2(a)), and water. Analysis of water was used to verify the presence of secondary THz
signals reflected from internal interfaces within samples. The inset shows an expanded time
window (23 to 28 ps). (b) Measured THz spectra of (a). (c)-(¢) H & E stained photographs of
LI, GS, and FS, respectively.
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Fig. 4. (a) Measured refractive indices of water and three GI tract samples. (b) Measured
absorption coefficients of water and three GI tract samples. The refractive indices and
absorption coefficients of LI and GS are greater than those of FS due to a difference in water
content.

The calculated refractive indices and absorption coefficients are shown in Figs. 4(a) and
4(b). To verify the accuracy of our calculations, we compared the calculated refractive index
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and absorption coefficient of water with previous measurements [27]; these data were in
good agreement. The refractive indices of LI and GS were 0.18 - 0.21 greater than that of FS
at 0.5 THz. Additionally, the absorption coefficients of LI and GS were 22 cm™" greater than
that of FS at 0.5 THz. The CE layer has a high water content because it has a high cell
density and is composed of glands containing digestive fluid, as shown in Figs. 3(c) and 3(d).
In contrast, the SSE layer, as shown in Fig. 3(e), has no glands and fewer cells. Thus, the FS
(SSE layer) has a lower refractive index and absorption coefficient than LI, GS (CE layer), or
water. This result suggests that cancers occurring in the SSE layer would be easily diagnosed
compared to cancers occurring in the CE layer because most cancer tissues contain more
water than normal tissues [12, 13]. The large difference in refractive index and absorption
coefficient values between samples in the THz regime would allow easy discrimination
between cancer and normal tissues. We expect that the contrast between esophageal cancer
and normal ESO tissues characterized by the SSE layer would greater than the contrast
between stomach, colon, or rectum cancer and their respective normal tissues.
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Fig. 5. (a), (b) Measured time-domain THz signals reflected from points marked on ESO and
SIin Fig. 2. (c), (d) Reflection signals from ESO and SI subtracted from those of water. Black
arrows indicate secondary reflection signals from internal structures within the ESO. The four
secondary signals indicated with a green circle were reflected from the interface between
serosa of the ESO and the air. (e), (f) H & E stained photographs of ESO and SI.

Unlike the THz signals reflected from LI, GS, and FS, the THz signals reflected from
ESO and SI had secondary reflection signals, as shown in Figs. 5(a) and 5(b). The inset of
Fig. 5(a) shows different characteristics when compared with the inset of Fig. 3(a). The THz
signals from the ten analysis points of ESO have various shapes within the time window of
23 to 28 ps. To facilitate the observation of secondary THz signals, we subtracted the
reflection signals of ESO from those of water and then displayed the numerically shifted
results in Fig. 5(c). If a deconvolution [24, 25] is performed to our results the second
reflections might be clearer, but we didn’t acquire baseline data for deconvolution when
experiments were perform, so we were not able to perfectly use the method to our results.
Nevertheless, the used subtraction mean effectively reduces background noise and the
subsequent second reflections were clearer, we could find presence of internal THz
reflections from ESO. The positive peak positions (18.95 ps) of the large primary signals
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indicate the position of THz signals reflected from the interface between quartz and the top
layer of ESO. The peak positions of the small secondary signals, indicated by a black arrow
in Fig. 5(c), indicate the positions of THz signals reflected from an internal structure in ESO.
Note that six positions of secondary THz signals are similar, but the four secondary signals
indicated with a green circle are located at delayed time positions. These four signals will be
discussed later in this report. We determined the six similar secondary peak positions ranged
from 23.05 to 23.42 ps. Because biological samples are dispersive materials in THz regime,
and the refractive indices and absorptions of the internal layer of ESO, such as LP, MM or
submucosa are not known, we assumed the refractive index of the internal layer of ESO is
constant as 2.1 to calculate the thickness of the internal reflection interface. The calculated
range of thicknesses of the reflection interface, using a refractive index of 2.1, was 292 - 319
um. The total thickness of the ESO sample, measured from H & E stained photographs, was
between 500 and 980 pm. Therefore, we analyzed the secondary THz signals reflected from
internal structures in the ESO samples because the calculated interface thickness was much
less than the total tissue thickness. The secondary signals that were reflected from internal
interfaces in the ESO were confirmed with ESO tissue from other rats (data not shown). This
first detection of internal THz reflections from ESO would provide a clue to determine depth
of invasion which correlated closely with the lymph node metastasis in esophageal cancer or
other digestive cancer [28] when THz system with very high signal to noise ratio are
developed.

Figure 5(e) shows an H & E stained photograph of rat ESO, illustrating distinct interfaces
between the top and inside layers, such as SSE/LP and submucosa/muscle. In order to
determine which interface secondary THz signals were reflected from, we compared the
calculated reflection interface thickness obtained with THz experiments with the each
internal interface obtained from the H & E stained photograph. Unfortunately, no interface
was an exact match. One reason for this is that the focused beam diameter of THz waves was
500 pum, but the thickness of interfaces in the ESO verified with an H & E stained photograph
can be continually changing within the range of 500 um. Additionally, though the thickness
between each interface is less than 100 um, there is the possibility of this thickness being
changed by the protocol for producing H & E stained photographs, which includes formalin
fixation and making paraffin blocks. A third reason for not having an exact interface match
was that although we marked the measuring point on ESO samples, the marked point,
measured point, and obtained point from H & E stained photographs may not have been
matched.

In contrast, in the SI sample, we observe that secondary signals were not reflected from
internal interfaces, but rather from the interface between serosa of the SI and air although the
reflection data of the SI sample shown in Figs. 5(b) and 5(d) do not seem to significantly
differ from those of the ESO sample in Figs. 5(a) and 5(c). This analysis is based on the
observation of secondary signals not being reflected from SI samples over 500-um thick. The
total thickness of SI samples used was less than 300 um, as shown in Fig. 5(f). The presence
of signals reflected from interfaces between air and thin biological samples has been reported
in a previous study [9]. Reflection signals from SI samples over 500-um thick were very
similar to those from LI and GS, as shown in Fig. 3(a).

Finally, we assume that the four signals indicated with a green circle in Fig. 5(c) were
reflected by the interface between the serosa of ESO and air, and are similar to what was
observed with thin SI. Although these signals were reflected from deeper levels (25 - 26 ps),
the amplitudes were similar or greater than those of the other six secondary signals. The
amplitude of signals reflected from interfaces between biological samples and air are greater
than those produced by internal interfaces due to the larger difference in refractive index.
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4. Summary and conclusions

We have demonstrated that THz wave analysis can distinguish between different normal GI
tract tissues from a rat model. The reflected THz signal properties depend on the surface
layer of each GI tract. The reflection amplitude from FS and ESO (with SSE) was lower than
that from GS, LI, or SI (with CE) because the CE layer contains more water. The refractive
index and absorption coefficient measurements of FS (SSE layer) were lower than those of
GS and LI (CE layer), which were similar to water. This result suggests the potential for
human esophageal cancers would be more easily discriminated than stomach, colon, or
rectum cancer because most cancers contain a higher water content compared to normal
tissues. Moreover, THz analysis would be applied to probe Barrett’s esophagus, which
involves a transition from SSE to CE. However, note these two statements have a bit of a
hypothetical leap and there was no direct evidence. Additionally, we have reported the first
internal reflection THz signals collected from ESO, though we were not able to determine the
internal interface. As previously mentioned, the characterization for few of digestive organs
reported in previous study [25], but there has been still lack of basic studies for whole GI
tract and still lack of their basic data including refractive indices and absorption coefficients
of LP, MM or submucosa. Future work will involve investigating the refractive index and
absorption of LP, MM and submucosa using a pig model in which the layers are thicker than
rat model and also finding the exact internal reflection interface in ESO. Additionally, we
will investigate the use of THz waves for the discrimination of esophageal cancer and
Barrett’s esophagus. We expect this basic study to help develop a THz endoscope for the
discrimination of esophageal cancer, Barrett’s esophagus and other digestive organ cancers.
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