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Abstract Terahertz pulse imaging of cutaneous malig-
nant melanoma dehydrated by ethanol and embedded in
paraffin was carried out across a frequency range of 0.2—
1.4 THz. First, the tissue images based on the time-domain
electric-field amplitude information were acquired. Then
the areas of normal and cancerous tissues were determined
using multi-scale, multi-azimuth and multi-structural
element mathematical morphology. The physical meaning
of the image was analyzed by calculation of the refractive
index and absorption coefficient of cutaneous malignant
melanoma in different areas. The refractive index of both
normal and cancerous tissues showed anomalous disper-
sion. The refractive index of cancerous tissues tended to
vary between 0.2 and 0.7 THz, while that of normal and fat
tissues remain almost unchanged. The absorption of
cancerous tissues was higher, with a maximum at 0.37
THz. We concluded that both the refractive index and
absorption coefficient differ considerably between normal
and cancerous tissues, and the areas of normal and
abnormal tissues can be identified using THz pulse
imaging combined with mathematical morphology. The
method for edge detection of terahertz pulse imaging of
cutaneous malignant melanoma provides a reference for
the safe surgical removal of malignant tumors.
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1 Introduction

Terahertz time-domain pulse imaging (THz-TPI) is an
emerging imaging technology with high signal-to-noise
ratio and high sensitivity. It has been used in the medical
and biological imaging fields in recent years [1-6]. It offers

Received July 31, 2018; accepted October 24, 2018

E-mail: pingsun@bnu.edu.cn

the following advantages [7]: The frequency of this THz
radiation is 10'> Hz and the power order of magnitude is
meV, so it causes almost no ionization damage to human
tissue. For contrast, X-ray radiation has a frequency of 10%°
Hz and the power order of magnitude is MeV. The
wavelength of THz is 0.03—-3 mm, which is larger than the
size of scattered particles in the tissue. When THz waves
interact with tissues, there is only a weak scattering effect.
In this way, it outperforms near-infrared optical imaging,
which has a wavelength of 10°~10° nm. Because TPI uses
the coherence technique to record the electrical fields
associated with the THz waves, the amplitude and phase of
tissues can be detected simultaneously. With the amplitude
and phase, the refractive index and absorption coefficient
of the detected tissue can be acquired. This enables TPI to
provide both structural and functional information, due to
chemical specificity, enabling the investigation of both
morphological and chemical changes. However, one
should note that the structural and the chemical informa-
tion are convolved in a single reflected pulse and can only
be separated if one is known a priori [8]. For these reasons,
TPI can indicate changes in tissue morphology and
chemical composition to detect and differentiate different
biological tissues.

In recent years, the number of cases of cutaneous cancer
has continued to grow. Annually, there are 2—3 million
diagnoses of nonmelanoma cutaneous cancer and more
than 130 thousand diagnosis of cutaneous malignant
melanoma (CMM) globally [9]. CMM is a cutaneous
tumor caused by abnormal hyperplasia of melanoma. It
features a high degree of malignancy, high rates of
metastasis and recurrence, poor prognosis, and high
mortality. Currently, typical CMM is diagnosed using the
ABCDE standard [10] and abnormality is classified
according to the latest TNM staging standard [11] issued
by the American Joint Committee on Cancer (AJCC).
Through diagnosis and staging, doctors can identify the
extent of the surgery needed to remove the primary CMM
lesion. However, due to the cytological morphology of
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CMM, the diversity of its histopathology, atypical tumors,
and tumors without melanin, missed diagnosis and
misdiagnoses are likely [12]. Some research suggests that
TPI can be used to distinguish abnormal from normal
tissues, for example, Woodward et al. [13] differentiated
basal cell carcinoma (BCC), inflammatory tissues from
normal tissues by analyzing the contrast in the image.
Wallace et al. [14] interpreted the difference in contrast as
the difference in water content in specific tissues, which
causes differences in their refractive index and absorption
coefficients. Arbab et al. [6] performed a TPI experiment
on rat skin. The results showed that the reflection rate of
burned tissue is higher than that of normal tissues between
0.5 and 0.7 THz. Sim et al. [15] imaged the oral melanoma
using TPI within the temperature range of —20°C-20°C.
They found melanoma could be identified clearly in the
image and the contrast of the image increased as
temperature decreased. Fan et al. [16] performed a TPI
experiment on the trauma tissue of the human arm. The
results showed that TPI can be used to distinguish scars
from normal skin. So TPI has potential applications in the
detection of CMM.

Surgical resection is currently the most effective
treatment for malignant melanoma. Therefore, identifying
the extent of the primary lesion and removing the nidus
accurately can decrease the likelihood of tumor cells in the
margins and tumor recurrence [17]. However, the
identification of tumor area is still open problems.
Mathematical morphology describes the essential shape
morphological characteristics of the image through a series
of operators (erosion, dilation, opening and closing) using
a certain form structural elements [18]. At present,
mathematical morphology has been a powerful nonlinear
technique for image analysis [19-21].

In this study, we selected the dehydrated CMM tissue as
sample in order to exclude changes in water content and
investigate the structural changes [22]. Reflective TPI was
performed on CMM tissues and the edges of the cancerous
tissue were determined using multi-scale, multi-azimuth
and multi-structural element mathematical morphology,
which provides a reference for CMM surgery. This study
shows the feasibility of using the mathematical morphol-
ogy approach, a simple and rapid method, for extracting
relevant edges in CMM images.

2 Sample preparation and THz pulse imaging
2.1 Sample preparation

Figure 1 shows the human bulk CMM tissue immersed in
formalin. The bulk tissue had been infiltrated by
subcutaneous tissue and a lot of stellate ganglions became
visible. Based on the clinical and pathological results and
AJCC staging standards, the CMM was classified as stage
Il and with regional metastasis. That is, the regional

lymph node involvement and deep tissue infiltration. The
samples were prepared as follows: 1) Sectioning: a 2.5 mm
section was cut along cross-section of the tissue, which
also included the epidermis, dermis, fat, and cancerous
tissue; 2) Dehydration: sections were placed in a small,
narrow-mouthed bottle. Serial concentrations of ethanol
served as dehydrating reagents and there was an 8:1 ratio
of ethanol to tissue with respect to volume. The
dehydration was carried out in steps from a low
concentration of ethanol to higher concentrations.
Table 1 shows the different time when the samples were
immersed in each concentration of ethanol. One dehy-
drated sample with a thickness of 1.5 mm is shown in
Fig. 2(a); 3) Embedding: the dehydrated tissue sections
were placed in melted paraffin and allowed to naturally
cool down. Figure 2(b) shows the sample with a thickness
of 1.5 mm embedded in paraffin. The other 4 samples were
similar. The process of sample preparation was performed
at 15°C.

Fig. 1 Bulk tissue of human cutaneous malignant melanoma
immersed in formalin
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Fig. 2 Tissue section of human cutaneous malignant melanoma.
(a) After dehydration with a thickness of 1.5 mm; (b) embedded in
paraffin with a depth of 0.84 mm

Table 1 Concentration and time for dehydration

dehydration level 1 2 (two times) 3 (two times) 4
ethanol concentration/% 80 95 98 98
time/min 110 100 50 40
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2.2 THz pulse imaging

A reflective TPI system (TAS7500IM, Advantest (China)
Management Limited Co.) was used in the imaging
experiment ranged from 0.2-1.4 THz. The cutaneous
tissue sample was shown in Fig. 2(b). Before imaging
experiment, a reference pulse image of air was tested with
a total reflective mirror. The pulse image of paraffin was
also tested and the results show that THz waves can
penetrate paraffin, and there was no characteristic absorp-
tion. The optical path of THz wave was purged by dry air
in order to remove water vapor and keep the relative
humidity 3.0% during the whole experiment. Simulta-
neously, the laboratory was at a constant temperature of
15°C.

Figure 3 shows the optical path. A beam of THz wave
reached to the surface of sample and propagated through
the paraffin with a thickness of 0.84 mm. Then the tissue
reflected the THz wave. The first peak of THz wave is the
reflective signal of paraffin on the surface of the sample,
i.e., E1 and the second peak is the reflective signal of tissue
at the interface between the paraffin and the cutaneous
tissue, i.e., E,. We therefore selected the maximum
electrical field of the second peak for imaging. A total of
877 points of the sample were tested and each point had a
step of 0.3 mm. Figure 4(a) shows the sample scanning
area and Fig. 4(b) shows the imaging result. The result was
shown in pseudo color in order to remove observer bias in
classifying information. As shown in Fig. 4, comparison of
the pseudo color image and the dehydrated cutaneous
tissue before embedding showed similar spatial distribu-
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Fig. 3 Schematic diagram of light propagating. E is the incident
light; E; is the reflective signal of paraffin on the surface of the
sample; E, is the reflective signal of tissue at the interface between
the paraffin and the cutaneous tissue

60

40

y/mm

20

x/mm

(b)

Fig. 4 Scanning aera and imaging result of tissue section of
human cutaneous malignant melanoma. (a) Scanning aera of
dehydrated tissue section before embedding; (b) pseudo-color
image of the reflective time-domain signal of tissue at the interface
between the paraffin and the cutaneous tissue

tion. The blue area corresponds to fatty tissue. The red and
green areas roughly corresponded to the cutaneous tissue
tumor and the infiltrated areas.

3 Edge detection and analysis of results
3.1 [Edge detection

Greyscale distribution in biomedical images is determined
by the differences in the characteristic parameters of
human tissues. Since the differences were so slight, the
image contrast is low. In this study, multi-scale, multi-
azimuth and multi-structural element mathematical mor-
phology [18] was used to detect edge of image. The
different structural elements have specific effects on the
edge sensitivity and the structural elements with different
scales and azimuths have inhibiting effects on noise. With
large-scale structural elements, global information con-
cerning edges can be obtained, while detailed information
can be obtained using small-scale structural elements [18].
The final edge image can be obtained by weighting and
integrating the edge information at different scales and
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azimuths according to their adaptive weight. In this study, a
3 x 3 diamond structural element and 4 x 4 rectangular
structural element were selected to extract the TPI of
cutaneous tissues from 6 angles, i.e., 0°, 30°, 45°, 60°, 90°,
and 135°. Figure 5 shows an extracted edge of the image
from Fig. 4(b). It can be seen that the extracted edge can be
used to distinguish the different regions with different
colors.

3.2 Analysis of results

We analyzed the total of 877 points of the sample. Here we
take only one example to present the results. A polyline
was selected and are shown in Fig. 5, including seven
specific points, 1(cancer), 2(cancer), 3(cancer), 4(cancer),
S(cancer), 6(infiltration), and 7(fat) including the different
information of normal and abnormal parts of tissue. The
time-domain signals of these points are Fourier-trans-
formed to obtain the frequency spectrum of the corre-
sponding points, as shown in Fig. 6. In Fig. 6, the black
solid line is the spectrum of paraffin. The spectral curves of
the cutaneous tissues and paraffin intersect at about 0.53
THz. The areas with high degree of cancerous malignant
melanoma tissue showed higher frequency-domain ampli-
tude than normal tissues such as fat. The closer to the
cancerous tissue areas the point was, the higher the
amplitude was at the low-frequency area. This conclusion
is consistent with the result of the literature [6]. The
refractive indices and the absorption coefficients of the
tested samples can be extracted according to the frequency
spectrum.

The method [23] to extract the complex refractive index
of cutaneous tissue was used in this work. During the
application of the method, silica glass was converted to
paraffin and water was converted to cutaneous tissues.
Figures 7(a) and 7(b) show the refractive index and the
absorption coefficient of the 7 specific points on the
polyline, respectively. The results show following char-
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Fig. 5 Extracted edge of the image from Fig. 4(b) and specific
points in different image regions including the different informa-
tion of fat, infiltration and cancer

paraffin

—_—

amplitude/a.u.

—

0.4 0.8 1
frequency/THz

Fig. 6 Fourier-transformed spectrum of specific points on tissue
section of human cutaneous malignant melanoma

acteristics: 1) Refractive index: the refractive index of
normal and cancerous tissues decreases with increasing
frequency and tends toward 1.2, showing anomalous
dispersion. The refractive index of cancerous tissues
(points 1-6) fluctuates greatly within the low frequency
0f 0.2-0.7 THz, but fatty tissues (point 7) remain near 1.2.
2) Absorption coefficient: the absorption of normal and
fatty tissues is low but that of cancerous tissues is high,
showing a maximum at 0.37 THz. The results of
calculation indicate an obvious difference between the
refractive index and absorption coefficient of normal and
cancerous tissues at some specific frequencies.

From the perspective of histopathology: Typical CMM
appears brown or gray-black, nodular or plaque, and the
lesions appear coarse, taking on a fine granular shape or
flake desquamation. Its edge is irregular and the diameter is
greater than 6 mm. All these characteristics are consistent
with ABCDE standards [10]. Therefore, the tissues
conformed to ABCDE standard are regarded as highly
suspected CMM. Figure 8(a) is a typically clinical CMM
photo [24]. Under a microscope, a CMM pathological
section shows abnormal hyperplasia of melanocytes. This
leads to cell nests in the epidermis or the boundaries
between epidermis and dermis. These cell nests differ in
size and can mix together. There are several degrees of
variation among the size and shapes of melanocytes in the
nest and of its nucleus. Mitosis is very common and there
are pigment granules in the cytoplasm of tumor cells. In
invasive CMM, tumor cells invade the dermis and
subcutaneous tissue [25,26]. Figure 8(b) is the case of
propagation along the surface of melanoma pathological
conditions [27]. As shown in Fig. 8(b), the pigment
particles in the melanin cell cytoplasm disperse like dust.
The cutaneous tissue samples in this study were invasive
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Fig. 7 Refractive index and absorption coefficient of different specific points on Polyline I. (a) Refractive index; (b) absorption

coefficient
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Fig. 8 Clinical manifestations of cutaneous malignant melanoma. (a) Cutaneous malignant melanoma with brown plaques [24]; (b) cell
nests formation in the epidermis and dermis [27]; (c) immunohistochemical expression of NRP2 [31]

CMM; From the perspective of immunohistochemistry,
proteins found in CMM cells, such as CD10 [28], P16 [29],
Ki-67 [30], and NRP2 [31], showed some degree of
positive expression. Figure 8(c) is the case of NRP2
melanoma positive expression [31]. These analyses
indicates that when tissues get cancerous, the structure
and composition of the tissues and the cells in the tissue
changes. This changes the refractive index of representable
structure and the absorption coefficient of representable
composition. If changes in the refractive index and
absorption coefficient are detected, the changes in the
structure and composition of the tissues or the cells can be
assessed to determine whether the tissue sample is
cancerous or not.

4 Conclusions

Terahertz pulse imaging was performed on the dehydrated
tissue section of cutaneous malignant melanoma based on
multi-scale, multi-azimuth and multi-structural element
mathematical morphology to reduce the interference of
noise on the edge detection and to facilitate relatively
accurate determination of the areas of normal and
cancerous tissues. By calculating the refractive index and
the absorption coefficient of cutaneous malignant mela-
noma at different locations, the following conclusions can
be drawn: the refractive index of both normal and
cancerous tissues have shown a law of anomalous
dispersion. The refractive index of cancerous tissues
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fluctuated considerably in low frequency while that of
normal and fat tissues remained roughly the same. Normal
and fatty tissues showed only slight absorption, but
cancerous tissues showed much higher absorption than
the normal one, with a maximum of about 0.37 THz. With
THz band and the conclusion that there is an obvious
difference between the refractive indexes and the absorp-
tion coefficients of normal and cancerous tissues, the areas
of normal and abnormal tissues can be distinguished using
THz pulse imaging combined with mathematical morphol-
ogy. The method for extracting edge of CMM image of this
study can provide a reference for surgical removal of
malignant tumors.
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