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Abstract: Terahertz (THz) imaging has a number of potential applications in medical imaging and diagnosis. Here,
we demonstrate the THz images on the diseased and the corresponding normal tissues from 14 samples. The liver
cancer cells are planted by subcutaneous injection into BALB/c which share high degree homology with human.
Subcutaneous tumors and nearby normal tissues as well as the inflamed livers and normal liver tissues are achieved
after 7 days, 14 days and 21 days injection. Terahertz time-domain spectroscopy (TDS) is used to image these tissues.
We have found that at certain frequency range, most tumors and serious inflamed livers have lower absorption than
normal tissues, which mean THz imaging could obviously distinguish the tumors and normal tissues, serious
inflamed and normal livers, but could not obviously distinguish the grade of tumors and inflammation.
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1. Introduction

Liver cancer is a global health problem, representing the third cause of death for cancer and the
fifth most common cancer worldwide [1-2]. It shows high prevalence in Asia and Africa [3].In
China, especially in some rural area, its mortality rate is only less than gastric cancer. However,
current diagnostic modalities, of ultrasound and a-fetoprotein, are expensive and lack sensitivity
in tumor detection [4]. Once the symptoms of liver cancer appear in some people, it’s generally
too late to miss the best time of treatment. Since early diagnosis is integral to improved survival
rate, it is important to study physical properties of the diseased tissues to find the possible ways
for early diagnosis of liver cancer.

Terahertz (THz, 1 THz=10"* Hz) wave lies between the microwave and infrared regions of the
electromagnetic spectrum and is typically defined as 0.1 to 10 7Hz. Due to its high penetration
and low photon energy for biological tissues, it is of great importance on nondestructive
biomedical and biological imaging that utilizes this radiation [5-13]. With the THz time domain
spectroscopy (TDS), the THz imaging of basal cell carcinoma, a form of skin cancer, ex vivo in
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the laboratory[14] and in vivo [15-17] as well as histo-pathological samples are shown. The
strong contrasts have been revealed for different tissues [18]. Besides, the TDS imaging is used
to map out tumor margins on the excised human breast tissue to give a good correlation between
the area and shape of tumor deduced from histology [12]. These results encourage us to study
other kinds of tumors with the THz imaging techniques.

Laboratory mice are commonly used for a variety of medical research purposes because they
share a high degree of homology with human. At the same time, they are cheap and calm as well
as easily handled and maintained in laboratory. In this paper, we planted liver cancer cells into
BLAB/c by subcutaneous injection. Then, the parts of the diseased subcutaneous tumors and
livers as well as the normal tissues nearby were excised at the 7th, 14th and 21st days,
respectively. These diseased tissues with different grades and the corresponding normal tissues
are imaged by TDS to study the differences. We hope to find the differences from the TDS
images and further to find the physical reasons of these differences. Consequently, this TDS
imaging technique is expected to advance the THz imaging research of biological tissues, and
help the diagnosis of tumors.

2. Sample preparations

Tens of BALB/c mice (5-6 weeks old) were divided randomly into three groups, 100uL H22
(liver cancer cell) suspension (10 cells/mL) was injected subcutancously into the flank of
BALB/c mice. After liver cancer cells were planted into the mice, subcutaneous tumors were
obvious several days later. Simultaneously the tumor cells in the course metastasized to other
organs with the development and malignancy aggravation of tumor through lymph nodes
pathway. After 7, 14 and, 21 days, respectively, subcutaneous tumors, nearby normal tissues and
livers were excised from each mouse. The livers from normal BALB/c were also excised as
contrastive ones. On the surface, the livers from cancer-bearing mice had no difference with these
from normal mice. Each diseased tissue was routinely divided into four parts, and the two of
them were taken for the experiments. The one was stained with HE (Hematoxylin and Eosin) for
histological examination, and other one was prepared for TDS imaging. Here, the samples for
TDS imaging were two kinds: one was livers, and the other was subcutaneous tumors. Each
sample consists of two parts: diseased tissues and corresponding normal ones for contrast. All the
samples were dehydrated with alcohol, wax-mounted and cut into slices. The size of slice is
about 26 mmx20 mmx1.5 mm.

3. Experimental procedure

In this study, all measurements are completed with a transmitted TDS imaging system (TPI
Image 1000, TeraView Ltd, UK). A mode-locked Ti: sapphire laser by the Coherent company
produced optical pulses with a time width less than 100 fs and a center wavelength of 800 nm at a
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repetition rate of 82 MHz. Laser gated photo-conductive semiconductor antenna are used as the
THz emitter and detector, and the available frequency range is about from 0.2 to 4 THz. THz
beam is placed in a closed box where air is removed by vacuum pump and the humidity could be
below 3% RH. THz scanning step is 0.5 mm, and each image consists of about 1600 pixels. As
for 5 times averaged scanning, it took about 10 minutes for each sample.

4. Results

Figure 1 shows the photograph of five liver samples, each including the inflamed (left) and
normal (right) liver tissues. Figure 2 shows the micrograph of histology. The samples were
divided into three groups according to the histology results. From the histology results, the
inflammation of liver 1# was serious. There were a large number of inflammatory cells
infiltrating in the sample. The tissue structure was loose so the cell was deformed and the
boundary was obscure. Sample 7# was a medium inflammation liver tissue. Focal cytomorphosis
and infiltration of inflammatory cells was its main feature. Liver 4#, 8% and 13# had slight
inflammation. They all had almost integrated structure and only small amounts of infiltrating
inflammatory cells. These five samples were divided into 3 groups according to the grade of
inflammation, as showed in table 1.

1# T# A 8# 13#

Fig. 1 Photograph of the five liver samples, the left and right parts were the inflamed and normal tissues, respectively.

1# T# 4# 8# 13#

Fig. 2 Micrograph of HE staining tissues of inflamed livers

Tab. 1 The grade of all the liver samples

Samples Micrograph of HE staining tissues
Group a 1# Serious inflammation
Group b TH# Medium inflammation
Group ¢ 44, 8#, 13# Slight inflammation

The images of THz absorption coefficient of each sample at five frequencies were illustrated in
Fig. 3 [19-22]. The absorption coefficient of the normal tissues is larger than that of the inflamed
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tissues, and the absorption increased with the frequency increasing. At low frequency, the
absorption of all the samples is only a little larger than the wax, and the contrast of THz imaging
is not good. While at high frequency, for example at about 1.70 THz, the absorption reached the
highest, the difference between the normal and inflamed tissues also reached the largest, and the
contrast of THz imaging was much better. If frequency was higher, the measured THz signal was
at noise level, and SNR was very poor such as the image at 2.69 THz. The absorption of inflamed
liver 1 was obviously much lower than corresponding normal liver, but the difference of the other
four liver samples was not obvious. Therefore, TDS imaging could only distinguish serious
inflamed livers.

0.47 THz 0.96 THz 1.46 THz 1.70 THz 2.69 THz

1#

T#

44

8#

13#

t
-

10 mm™

Fig. 3 THz absorption imaging of five liver samples

0.47 THz 0.72 THz 0.96 THz 1.46 THz
o a
1.70 THz 1.82 THz 1.95 THz 3.06 THz

Fig. 4 THz absorption imaging of liver 1# at several frequencies
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Fig. 5 Mean absorption of a,b,c areas.  Fig. 6 Ta (w) curves of five liver samples

Figure 4 shows the THz absorption imaging of liver 1# at more frequency points. It can be
easily found that the inflamed and normal tissues could be obviously distinguished at wide THz
ranges. Figure 5 shows the mean absorption coefficient as a function of frequency, at areas
marked with a, b and ¢, which represents inflamed liver, wax and normal liver, respectively. The
absorption of wax was very small, which could be thought to be transparent. The absorption
coefficient of inflamed liver was much lower than that of the normal ones, and both of them
increased with the frequency. This behavior means the increasing of the working frequencies
would lead to the improved contrast of the image. Above 2 THz, The signals are below the noise
level, and are not displayed.

To describe better the measured data, we defined one image parameter as:

TOC(a)) = %Led(a))
anormal (a)) (1)

Where Oliscased(®) and olmormai(®) are the absorption coefficients of diseased and normal tissues,
respectively. The parameter of Ta(w) indicated the difference between diseased and normal
tissues, and if Tou(w) was far from 1, and the contrast of THz imaging was very high. Fig.6 shows
the Ta(w) curve of five liver samples. The parameter of To(w) of liverl was less than 1, and
decreased with frequencies. It was 0.8 at 0.3 THz and reached 0.6 at about 1.7 THz. So the
contrast of THz imaging at about 1.7 THz arrived at the best. While from 1 to 1.7 THz, the
parameter of To(w) remained almost the same, which means THz imaging is good in the
frequencies from 1 to 1.7 THz. But for the other four liver samples, the parameter of To(w) was
almost about 1, and the contrast of corresponding THz imaging was very poor, so the THz
imaging could not distinguish these non-seriously inflamed samples.

The subcutaneous tumor samples were studied by the same TDS imaging and histology. Figure
6 shows the photograph of the 12 samples, and the left part was the tumor while the right part
was the normal tissues of each sample. Figure 7 shows the results of micrograph of HE staining
tissues of all the 12 tumors. Samples were divided into 5 groups according to the grade of tumor
histology, showed in table 2. The samples of group A had large areas of necrosis. Its cellular
structure and profile vanished and cell nucleus was dissolved. Focal necrosis, even lamellar
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necrosis, was found in samples of group B and most of the tissue structure was not integrated.
The samples for group C and D were focal necrotic tumor tissues, but fresh granuloma and tumor
fibrosis were appearing in tissues of group D. Sample in Group E was going to necrosis. They
had complete cellular structure but its cellular shape and nucleus started to change.

Group A

Group B

Group C

] [ ]
o)

3 b
L8

e - - - -

oot -

Fig. 7 Photograph of the subcutaneous tumor samples

(a) 0.96 THz

(b)1.7 THz

Fig. 8 THz absorption imaging at 0.96 THz and 1.7 THz of subcutaneous tumor samples

Tab. 2 Samples of subcutaneous tumor

Samples Micrograph of HE staining tissues
Group A 3#, 5#, o#, 8# Large areas of necrosis
Group B 14# Focal necrosis to lamellar necrosis
Group C 10#, 13# Focal necrosis
Group D 2#, 4#, 11#, 124, Focal necrosis, Granuloma, Tumor fibrosis
Group E O# Going to necrosis

The same procedure was also done to the subcutaneous tumor samples. Figure 8 shows the
absorption imaging at 0.96 THz and 1.7 THz. The absorption of all the samples increased with
increasing frequency and the absorptions of tumors were less than those of normal tissues. At low
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frequency, as the absorptions of tumors and normal tissues were small, not much larger than the
background wax, and their differences were also small, the contrast of THz imaging was of
course not good, the tumors and normal tissues were not obviously distinguished. At high
frequency, for example at about 1.7 THz, the difference of absorption was larger, they could be
distinguished obviously, and the contrast of THz imaging was better. But the difference of
absorption between these five grades of tumors was not observed, the grade of tumors could not
be distinguished by THz imaging.

(@ (b)

Fig. 9 (a) The absorption of tumor sample 5# and 9# (b) To(@) curves of all the tumor samples, each color of curve
mean each group

The absorptions between different normal tissues were almost the same. Figure 9 (a) showed
the absorption curve of sample 5# and 9#. The absorption coefficients increased with increasing
frequencies, and the normal tissues from 5# and 9# had almost the same absorption. The tumor of
sample 5# had obviously less absorption than normal one, but the tumor of sample 9# had almost
the same absorption with normal one. Figure 9 (b) showed the Ta(w) curve of all the
subcutaneous tumor samples. The same color curve showed the same group samples, and
different symbols showed different samples. All the values of To(w) were almost less than one,
and the values could be divided into two groups: one was about 0.6, and the tumors and normal
tissues from these samples could be distinguished at THz imaging. The other was near one,
which indicated the difference between tumor and normal tissues was very small. However, the
contrast of THz imaging was bad, and the tumor and normal tissues could not be distinguished by
the THz imaging. The results showed that THz imaging technology may be available at certain
frequency range, and about half samples could be distinguished.

5. Discussions

Although 21 mice were prepared, only 14 mice samples were successful. All the results could
be summarized as: most histology results were proportional to the injection time. For THz
imaging of liver samples, only the most seriously inflamed sample 1 could be distinguished. And
for subcutaneous tumors, about 6 in 12 samples could be distinguished, and 4 samples were from
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the group with short injection time. From these results, we can say that THz imaging technology
may be useful for the early diagnosis of tumors.

From the results, it is also obvious that only half the image matches optical HE image, i.e.,
THz imaging can not identify all the diseased and normal tissues. This needs us to consider the
precise source of the contrast in the THz imaging, which is still not clear so far. In our case, the
scattering effect is negligible since the wavelengths are significantly larger than the structure in
tissue. Moreover, all the samples in this paper were dehydrated with alcohol; the effect from
water content to THz imaging could be neglected. The possible reason of the contrast comes from
the difference of tissue density between diseased and normal tissues. Fig.5 shows the absorption
coefficient is almost linear with frequency, which implies that the refractive index is a constant
for each sample. As we know the refractive index of the tissue is related to the tissue density. The
normal tissues had high tissue density and more closely cell-to-cell connection, while the cells of
diseased tissues were necrotic and deformed, and its integrated cell morphology, even nucleus
was lost. These changes made the loose structure and low density of tumor tissues. So, the
absorption of the normal tissue is always higher than that of the diseased one, which is consistent
with our experiments.

However, we found that the absorptions for about half of the all samples are very close to the
normal issue, leading to the very low contrast. This may be caused by another thing that TDS
imaging represents not only the structure but also the chemical constituents of the sample, for
example, the cellular content and changed proteins. This is quite obvious from the optical images
of HE staining tissues, which represents only the change of the structure of the tissues. In this
case the mismatch between two methods is not strange. Due to its spectroscopic property, THz
imaging can offer both structural and functional information in this frequency range [16-17].

The method in this paper also had some limitations. As the individuals of BALB/c had
difference, the growth of tumors in the same group was either not completely same, and the cells
maybe distort or shrink. The thickness of samples for histology and THz imaging was much
different, the sample for histology was only several micrometers thick, while the sample for THz
imaging was about more than 1 millimeter, and the surface of THz samples was not completely
flat and smooth. All these factors may result in the difference between the histology and THz
imaging. So some/further work should be done to improve the error of TDS system and sample
making, which would make the THz imaging technology be more available and reliable in
clinical examinations.

6. Conclusion

THz TDS imaging technology was used to study the subcutaneous tumors, inflamed liver and
their corresponding normal tissues. The THz property of different grade of diseased samples was
also studied. THz imaging was obtained based on the absorption coefficient. The results showed
that at certain frequency range, subcutaneous tumors and inflamed livers had less absorption than
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their corresponding normal tissues, so TDS imaging could be applied to distinguish the diseased
and the normal tissues at a certain extent. Although the individuals of BALB/c had difference, the
absorption of normal tissues from different samples was almost the same. The contrast of THz
imaging was depended on the different sample and frequency. Therefore, TDS imaging
technology may advance the imaging research of biological tissues, and help the diagnosis of
tumors.
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