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Abstract: This study evaluated the effectiveness of spectroscopy and imaging tools, using a previously-unexplored (0.2- 1.4) terahertz

range, for investigating tumors in human tissue and distinguishing between malignant and benign cancer cells. One advantage of this

technique is that terahertz radiation in this frequency range passes through human tissue without causing ionization or any negative

effects To assess the effectiveness of this band of frequencies, THz data were collected from 10 different fresh breast tissue samples,

extracted directly after excision. The optical properties were investigated at a range of low frequencies and THz imaging revealed good

contrast between the different types of fresh tissue. Observations indicated that the optical and electrical properties in the low-frequency

(0.3-0.5) range provided accurate information about breast cancer tissue. These results demonstrated the effectiveness of the technique

up to 0.5 THz for ex vivo studies in medical applications.
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1. Introduction

This Terahertz spectroscopy and imaging technique was
used to produce two- or three-dimensional images of an
object, using THz radiation (0.1 to 10THz) beamed directly or
reflected through the samples, thus providing highly
accurate information about tissues inaccessible to other
technologies (Gong et al., 2020). Terahertz radiation is non-
ionized (Peter et al., 2013) and harmless to the objects tested
(Yu et al., 2012). Terahertz radiation, in the low-millimeter
waveband, is highly absorbed in the water in living tissues
(Wilmink & Grundt, 2011). The Terahertz team used a
terahertz technique to visualize and analyze human tissue,
with the aim of detecting and identifying different types of
cancer tumors and comparing these images with the results
of laboratory analysis by a medical oncology team. Previous
studies asserted that terahertz imaging facilitated early
cancer detection in tissues, before it became visible,
widespread, or sensitive to any other technique. Moreover,
in samples exposed to terahertz radiation, diseased tissues
were readily distinguished from healthy tissues, making this
technique an effective tool for future medical applications (
Cassar et al., 2018). In particular, the absorption and
refraction coefficients of tumor tissues were higher than
those of healthy tissues (Wahaia et al., 2020). Differences
between tissue regions had previously been studied
between 500 and 600 GHz (Al-lbadi et al., 2017). The
distinction, variation, and differences in physical
characteristics between tissues are due to the presence of
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water and changes in the composition of the infected tissue,
such as higher cell and protein density and increased water
content (Sun et al., 2013). Access to all information relating
to the tissue is through exposure to terahertz radiation
within a specified range of frequencies and the formation of
adequate images of areas with confirmed or suspected
tumors that distinguish them from healthy regions (Cassar et
al., 2018). Previous research confirmed that cancer tumors
had higher absorption and refraction factors than healthy
tissues within a given frequency range (Fan et al., 2014).
Terahertz spectroscopy is highly effective at distinguishing
tumors from healthy tissues (EI-Shenawee et al., 2019), thus
helping surgeons remove tumors more precisely and avoid
cutting out too much healthy tissue. The assurance of leaving
no cancerous tissue in the patient's body minimizes the need
for extensive removal of healthy tissue around the tumor,
which is considered a safety precaution, but is prejudicial to
patients and significantly extends recovery time, as well as
avoiding repeated operations in the future. Recent research
and studies suggest that the terahertz imaging technique is
capable of distinguishing between infected and healthy
tissue and provides valuable tissue-related diagnostic
information that cannot be obtained using currently-
available imaging techniques (Al-lbadi et al., 2017).

Cancer is the second leading cause of death in the world,
with outcomes exacerbated by late onset of symptoms and
widespread lack of diagnostic and therapeutic services. Cells
in malignant tumors (cancer) grow and divide rapidly and
uncontrollably, leading to invasion and damage of natural
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tissue (WHO, 2017). The main diagnostic steps of examining
the identifying cells,
distinguishing them from healthy tissue, and delivering the

tissue from patient, infected
result may take at least 10 days. The diagnosis may be
inaccurate, potentially leading to repeated excisions of
infected tissue surrounded by insufficient amounts of intact
tissue, which has not only physical, but also psychological
and financial implications for the patient.

Cancer is not defined by one type or specific, persistent
symptoms, since cancer cells continue unlimited division,
accompanied by changes in their synthesis, functional and
behavioral characteristics (Wang et al., 2014). Terahertz rays
used to detect cancer and determine the degree of
proliferation penetrate the tissue without causing any
biological changes (Hejmadi, 2010).

The aim of this study on breast cancer was to identify the
different regions in excised biological tissue and examine
their physical their
properties, using terahertz imaging and spectroscopy to

properties, especially dielectric
tissue. THz

radiation is produced by centering ultrafast (100fs) laser light

discriminate between tumors and normal

on the space between the electrodes at near infrared
wavelengths (a Ti:Sapphire laser with a central wavelength
of 800 nm). Free-carrier acceleration results in the figuration
of the transverse photoreceptor connected with an antenna,
producing a wide band of frequencies between 100 GHz and
3 THz. Coherent photoconductor detection is achieved using
a photonic antenna similar to the emitter. The signal-to-
noise ratio is around 4000: 1, limited by the thermal noise of
the antenna.

THz emitter

Femtosecond laser:

| —

Sample

Femtosecond laser:

THz detector

Figure 1. Schematic of Teraview system

2. Experimental Method

These
commercially-available TeraView 3000
Cambridge, UK, 2001) with a reflection system (Figure.1) to

experiments were conducted using a

(Teraview Ltd,

determine the complex dielectric properties of fresh tissues,
initially to qualify the setup and data processing. A set of 10
fresh tissue samples were surgically removed from women’s
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breasts (age range: 40-60 years) for cancer analysis. The
standard operating procedure was followed at the Bergonié
Institute in Bordeaux (France) to obtain human tissue
sections containing breast cancer. The sapphire substrate
was chosen to avoid bio-impact. The sample was fixed on the
motor to scan THz pulse reflectivity. Step size and acquisition
time depended on sample size. The system was purged of
water particles by injecting dry air. Spatial resolution was
determined by our system setup and the frequency used in
this work. The samples were fixed between two 1 mm-thick
quartz plates with slight pressure to avoid air gaps between
the tissue and the quartz surface (Figure 2). The reflected THz
pulse was measured with and without the sample to extract
data on the frequency-dependent physical properties of the
sample, detected by the second reflected pulse (from the
sapphire-sample interface). The optical properties of these
samples in the 0.2-1.4 THz range are presented in Figure 4.
THz spectroscopy was also used in reflective mode, focusing
on the acquisition of images to determine breast cancer.
Analysis of processed THz images in the time and frequency
domain presented in Figure 3 and their optical properties
were used to distinguish between tumors and healthy tissues
with high accuracy. These THz images were highly correlated
with the histopathological images.

sapphire
(/— —xﬂ) THz out
sapphire | di 4 4
| \
. |
THz in THz out

Figure 2. Schematic of the study sample (yellow) between two
sapphire (white) windows with thickness (d). The two main
reflex peaks. The bottom peak (THz out) reflected from the

sapphire-air interface (without sample) and from the sapphire-

sample interface (with sample).

2.1 Breast tissue sample preparation

After surgery, the tissues were prepared in accordance
with standard laboratory methods for tissue collection,
preparation, and fixation, for examination by pathologists at
the Bergonié institute in Bordeaux (France). All samples were
studies

taken during breast

histologically confirmed by a pathologist. Additionally, a

surgery and all were
pathologist identified diseased and healthy tissue in all
samples for THz imaging. Appropriate healthy and infected
tissues were determined by comparison with samples
examined using the terahertz technique.
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Figure 3. a) Optical image of the tissue studied, b and c) Automatic extraction of the different THz images based on the time-

frequency domain, in order of mathematical operations, respectively, from left to right: Diff, Div, derivative, energy-entropy,

FWHM [0-max] down, FWHM [0-max] up, FWHM [min-max] up, max, mean, min, mult, entropy-Shannon, and sum operation

processes.

2.2 Data acquisition

The THz pulses were focused on a 3 mm-thick sample
placed flat between the sapphire substrates at an incident
angle of 10 deg. THz images were measured by a raster
reflection scanning system, where the sample stage was
moved two-dimensionally (2D) in an x-y plane on exposure
to the THz waves with step size 0.2 mm, to measure the THz
signals reflected in each pixel area. All reflection signals from
the recorded samples scanned produced 4096 data points,
giving a three-dimensional THz image. A two-dimensional
image of the amplified signal through the THz scanning beam
was created in each pixel of the image (Figure 4).

2.3 Image processing

After THz collection and processing, the data on the
relevant frequency range was sufficiently accurate for
feature detection. A number of challenges potentially
accounted for error in our measurements, such as variations
in biological tissue, including less-homogenous composition,
uneven surfaces, changes through measurements, and
aging. In the THz system, the curvature of the imaging
window, irregular connection with the sample, and multiple
reflections of THz pulses were also potential sources of error.
For these reasons, mathematical operations, such as peak
intensity and peak to peak intensity, were selected to obtain
THz images based on the time-frequency domain (Ballacey et
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al., 2016). Processing thus determined the intensity level of
each pixel in the image, to ensure that the THz images would
provide accurate data on the amplitude of the THz signal
reflected from the fresh tissue in various positions, over a
range of frequencies, as shown in Figure 4a.

2.4 Data processing

Data processing was applied to the THz images and the
optical properties of the samples. This involved removing
background noise by averaging each pixel signal. These
signals were then isolated from the dataset, using a zero-
padding algorithm to improve the second peak interface of
the remaining signal (Fan et al., 2016). The information
related to the application of the time domain in the fast
Fourier transform process (FFT) was converted to the
frequency domain. Analytical data were processed using
MATLAB code.

3. Results

Different THz images of the 0.2 mm-thick fresh tissue
samples on a sapphire window, recorded at 0.8 THz in
reflection mode, were obtained by automatic processing,
using mathematical operations in both time and frequency
domains, and distinguished between cancerous (abnormal)
and fatty (healthy) regions, see Figure 3. The imaging results
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Figure 4. a) Absorption coefficients of infected (cancerous) and healthy tissue, b) Image of a 3 micrometer-thick stained tissue sample, c)
image of a 3 millimeter-thick sample of the same tissue at a frequency of 1.4 THz.

varied depending on the different mathematical operations,
but this method provided rapid identification of cancer
tissues compared with standard clinical reports. Tumors
were clearly delineated in the THz images in the frequency
and time domain, compared with histopathology images,
showing the distribution of cancer cells within the fatty
regions. Additionally, good agreement was observed
between fatty and cancer tissue in both techniques. The
variation in image contrast in the time-frequency domain
may be explained by differences in biological composition
between fat and cancer tissues.

Figure 4 (b & c) shows the close match between the 1.4
THz image and that of the 3 um-thick tissue sample
embedded in a paraffin block, where the infected region
shows more variation than the healthy region. In terms of
physical analysis, the results confirmed that identification of
the cancer region was more effective than the healthy
region, as shown in Figure 4a, comparing the average
normal tissue. Significant

amplitude of tumors and

differences in amplitude were clearly observed at

frequencies ranging from 0.2 to 1.4 THz. Figure 4a illustrates

the behavior of THz pulses progressing through each region
of fresh breast tissue.

The average values for tumors and healthy tissues at 1 THz
were 44.6 (a.u.) £+ 0.23 and 40.3 + 0.20, respectively. Thus,
the fatty tissue exhibited less frequency-dependent
amplitude, which may explain the increased THz reflection
pulses on the THz detector, while the cancer tissue exhibited
higher amplitude. In addition, Figure 4a shows that
amplitudes for the normal and cancer tissues decreased at
1.4 THz, possibly suggesting that the THz signals reflected
from the sample fell to the noise floor. Different regions of
the sample are clearly distinguished and there was good
correspondence  between the THz images and
histopathology slides.

The THz data was processed to extract refractive indices,
absorption coefficients and averages of biological tissues
from different regions, as reported in Table 1. The results
revealed that, in the 0.3- 0.5 THz range, the optical
properties (refractive indices and absorption coefficients) of
normal tissue were lower than those of abnormal tissue

(cancer). In addition, the dielectric properties of normal and
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Table 1. Parameters of water by the Double Debye model and measured data in the 0.3 to over 0.5 THz range. (Rl, a, 6 and €) are the
refractive index, absorption coefficient, conductivity, and permittivity of water and human tissue, respectively.

Material 0.3 THz 0.4 THz 0.5THz
RI v} [ £ RI o o £ RI ] 4] £
Water-

Debye model 2.7 103 4.3 | 6.5 2.6 118 4 |63 2.5 136 32| 6
Water from our 2.9 129 5.8 | 8.6 2.7 149 5 |77 2.6 170 4.2 | 6.9
measurements
Abnormal tissue 2.6+4.9% 99+5% 4.9 7.3 | 25+4.8% | 107+5.4% | 3.3 | 6.7 | 2.4+4.7% 128+6% 3 |61
Normal tissue 24+1.7% 75+1.2% | 3 6.3 |23+1.6% | 91+1.5% |[2.7 |58 | 2.241.5% | 109+3.3% (2.4 |54

abnormal tissues were calculated using a Debye double-
relaxation model (Pashkin et al., 2003). Furthermore, a water
reference was measured before the tissue samples were
processed to correct variations in data extraction using
Equation 1. A detailed description of the extraction of the
refractive index and absorption coefficient is given in the
article cited (Pashkin et al., 2003):

€1—€x

€51
8 — g —s -1
¢ + 1+iwt,

*® 7 1+iwty €

Where &; is the dielectric function, £z is the dielectric
constant at high frequencies, &; is the static dielectric
constant, &; is the dielectric function of the long and fast
relaxation process, occurring over t; and 1, respectively, at
pulsation w. These results indicated that the dielectric
properties (conductivity (¢) and permittivity (€)) (Joyce et
al., 2016) of normal tissue were lower than those of
abnormal tissue. The refractive index n(w) and absorption
coefficient a(w) of the sample were calculated using the
equation.

For data analysis, the frequency-dependent absorption
coefficient and refractive index were obtained using
equations 2 and 2, respectively, giving values of Osample, and
Nsample- A detailed description of the extraction of the
refractive index and absorption coefficient is given in the
article cited (Fan et al., 2016).

ng =real (fis(w)) (2)
a, = 2w k(w)) (3)

c
These results showed that the optical properties of fresh
tissue, especially the refractive index (RI) and absorption
coefficients (a), measured ex- vivo by spectral analysis in the
0.3-0.5 THz range, were systematically higher in tumors than
in healthy tissue. In addition, the measured complex

dielectric properties of the tissues increased, so we

21

compared the conductivity and permittivity of abnormal and
normal tissue with those of water. Consequently, the
interaction of THz radiation with fresh tissue provided
valuable information for quantifying the dielectric properties
of breast tissue in the THz range. Moreover, the measured
dielectric properties of the different breast tissues differed
from the extracted data, depending on their optical
properties. The significant difference between normal breast
and cancerous tissue revealed that analysis of THz reflection
parameters had the potential to differentiate between
tumors and healthy tissues. Details of these THz properties
are presented with average values and standard errors in
Table 1. In conclusion, THz reflection spectroscopy is capable
of measuring the dielectric coefficients of tumor and healthy
tissue, and differentiating between them, due to their
different structures. In addition, the identification of
cancerous and healthy tissue in each sample was verified by
a histopathologist, who provided information on the tissue
types for evaluating the accuracy of the reflected THz
spectroscopy measurements.

5. Conclusions

A comparison of terahertz radiation imaging with classic,
slide-based tissue samples confirmed that this technique has
the potential to provide reliable detection of cancer tumors.
The accuracy of the THz technique varied among the
different types of complex excised breast tissues and
substrate materials used in this study, possibly due to
scattering effects or the interaction of THz radiation with
samples and substrates, as shown in Figure 3.
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