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Abstract

Currently, there is an increasing demand for the diagnostic techniques that provide func-
tional and morphological information with early cancer detection capability. Novel modern
medical imaging systems driven by the recent advancements in technology such as tera-
hertz (THz) and infrared radiation-based imaging technologies which are complementary
to conventional modalities are being developed, investigated, and validated. The THz can-
cer imaging techniques offer novel opportunities for label free, non-ionizing, non-invasive
and early cancer detection. The observed image contrast in THz cancer imaging studies
has been mostly attributed to higher refractive index, absorption coefficient and dielectric
properties in cancer tissue than that in the normal tissue due the local increase of the water
molecule content in tissue and increased blood supply to the cancer affected tissue. Addi-
tional image contrast parameters and cancer biomarkers that have been reported to contrib-
ute to THz image contrast include cell structural changes, molecular density, interactions
between agents (e.g., contrast agents and embedding agents) and biological tissue as well
as tissue substances like proteins, fiber and fat etc. In this paper, we have presented a sys-
tematic and comprehensive review of the advancements in the technological development
of THz technology for cancer imaging applications. Initially, the fundamentals principles
and techniques for THz radiation generation and detection, imaging and spectroscopy are
introduced. Further, the application of THz imaging for detection of various cancers tissues
are presented, with more focus on the in vivo imaging of skin cancer. The data processing
techniques for THz data are briefly discussed. Also, we identify the advantages and exist-
ing challenges in THz based cancer detection and report the performance improvement
techniques. The recent advancements towards THz systems which are optimized and min-
iaturized are also reported. Finally, the integration of THz systems with artificial intelligent
(AI), internet of things (IoT), cloud computing, big data analytics, robotics etc. for more
sophisticated systems is proposed. This will facilitate the large-scale clinical applications
of THz for smart and connected next generation healthcare systems and provide a roadmap
for future research.
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1 Introduction

Early diagnosis, timely treatment and regular monitoring contribute significantly to
reducing cancer caused mortality rates (Siegel et al. 2020; Viale 2020). The modern
diagnosis techniques motivated by advances in technology which are capable of pro-
viding functional and morphological information for early, label free and non-invasive
cancer detection have been investigated and validated and are complementary to the
conventional ones (Peng et al. 2021a, 2020a; Fu et al. 2022). The modern techniques
are THz imaging, infrared imaging, ultrasonic imaging, photo-acoustic and scanning
near-field microscopy, coherent Raman scattering spectroscopic imaging, Raman scat-
tering microscopy, digital holography microscopy, optical coherence tomography, super
resolved imaging techniques, second harmonic generation imaging and two photon fluo-
rescence. Recently, the improvement of THz sources and detectors, device portability
and flexibility have stimulated the realization of potential and capability of THz radia-
tion based technology to detect the slight changes in early stage cancer cells among
other biomedical applications (Gong et al. 2020). The salient features of THz radia-
tion make it a viable imaging tool such as having low photon energy (4 meV at 1THz)
which is not sufficient for tissue atom ionization unlike y-rays and X-rays. Due to low
THz wave electron energy, no obvious damage is caused to the biological tissue and
the hydration state can be observed under physiological state. Also, the energy level
coincides with energy of molecular rotational and vibrational modes as well as inter-
molecular vibrations like hydrogen bonds. The THz radiation high sensitivity to polar
molecules like water etc. is the most commonly used endogenous marker for tissue con-
trast caused by increased vascularity in the cancer and tumor (Danciu et al. 2019). Even
though the high THz absorption by water limits its penetration depth from tens to hun-
dreds of microns of tissue, it is adequate for visualizing epithelial tissue for example
skin and superficial layers in vivo. The low frequency motions enable molecular identi-
fication through their spectral signatures in the THz region, therefore it is attractive for
early cancer detection.

The THz pulsed imaging (TPI) based on coherent detection enables, the THz elec-
tric field profile to be recorded such that its phase and amplitude can be estimated and
based on these parameters, the broadband optical parameters i.e., the refractive index
and absorption coefficient parameters are obtained. As a result, the TPI enables both
the functional and morphological information to be obtained (D’arco et al. 2020). The
identification of cancer characteristic spectral lines through the use of THz pulsed spec-
troscopy has enabled early stage monitoring of slight cancer cell changes (Gong et al.
2020). The differences in tissue’s optical properties have been mostly attributed to the
increased availability of less bound and free water molecules in cancer and tumor due
to increased vascularity, edema and increased metabolism. Firstly, the relaxation pro-
cesses and water molecules intracellular vibration modes ranging within sub-picosec-
ond and picosecond resonate with the THz range. Therefore, the dielectric response
of tissue cells has been shown by THz spectroscopy to reflect water dynamics (Zhang
et al. 2019). Secondly, the evaluation of tumor cells hydration can be achieved by THz
spectroscopy without cryogenic treatment or hydrogenation. Additional image contrast
parameters and cancer biomarkers that have been reported to contribute to THz image
contrast include but are not limited, to increased blood supply to the cancer affected
tissue, cell structural changes, molecular density, interactions between agents (e.g., con-
trast agents and embedding agents) and biological tissue as well as tissue substances
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like proteins, fiber and fat etc. and more are still being explored (Peng et al. 2021a,
2020a; Fu et al. 2022). Here, we provide a broad review of the advancements in the
technological development of THz technology for cancer imaging applications.

As shown in Fig. 1, the paper is structured as follows: firstly, the fundamentals, prin-
ciples and techniques for THz radiation generation and detection, imaging and spec-
troscopy are introduced. Second, the application of THz imaging for the detection of
various cancers is presented, with more focus on the in vivo imaging of skin cancer. The
various methods and recent advances towards THz systems that are optimized and min-
iaturized are also reported. Lastly, the open research challenges are discussed and the
integration of THz systems with novel technologies are proposed. This will facilitate the
large-scale clinical applications of THz for smart and connected next generation health-
care systems and provide a roadmap for future research.

Terahertz technology for cancer detection.

THz sources
and detectors

THz system:
spectroscopy

THz cancer
imaging
applications

System
optimization

challenges

Fig. 1 Structure of this paper
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« Continuous wave.
« Incoherent thermal.

« Pulsed wave THz imaging and spectroscopy.
« Continuous wave THz imaging and spectroscopy.

* Breast, gastric, cervical, ovarian cancer etc.
» THz in vivo imaging for skin cancer.

* Tissue preparation methods.

* Enhancing agents.

* Miniaturization, real operational convenience,
reduced power consumption and integrated
platforms.

* Data analysis.

* Standardization.
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1.1 Related work

An overview of the state and applications of continuous wave THz (CW THz) imaging
methods for biomedical samples are discussed in Zhang et al. 2021a, with a presentation
of the principle and conditions of CW THz point-by-point scanning methods. Zhang
et al. (2021a) have reported the characteristics of CW THz 3-dimensional imaging tech-
niques, features and applications of CW THz full field imaging with its biological appli-
cations. The research status, progress, advantages and limitations that hinder the THz
technological development for clinical adoption and future developments in CW THz
are also summarized. This reported study is limited to CW THz imaging technology and
its application for biomedical samples.

The potential application of THz radiation based technology as a useful tool in medi-
cine emerging from advancements in THz technology have been extensively reviewed
in D’arco et al. (2020) and the THz pulsed radiation detection techniques based on TPI
and their biomedical applications are outlined. The advantages of THz pulsed radiation-
based imaging are summarized, with illustration of the commercially available sources
of pulsed THz radiation and corresponding coherent and incoherent detectors as well
as schematic layouts for transmission and reflection TPI operating modes are also pre-
sented. Example application studies of TPI for in vivo and ex vivo cancer observations
through the THz radiation properties are discussed. Further, the limitations associated
with THz imaging technology for enhancement of penetration depth and sensing capa-
bilities for biomedical applications are addressed. D’arco et.al. (2020) also pointed out
the rapid developments in THz imaging technology and its increasing potential as a
medical imaging modality, however more attention was stated to be required in the use
of penetration enhancing agents (PEAs) and more technological developments required
for clinical adoption of TPI systems.

The recent developments in THz imaging technology and its application for breast
tumor identification is reported by Wang (2021) and exploited the potential application
of THz imaging and spectroscopy systems for breast cancer detection, with a discus-
sion of the breast tissue’s dielectric properties within THz range, THz radiation sources,
and imaging with spectroscopy. The methods for improvement of data collection, pro-
cessing and resolution based on chemometrics are summarized. In addition, the future
research scope to address challenges in the direction of THz breast cancer imaging are
also explored.

The potential biomedical application of THz technology, imaging and spectroscopy
specifically for cancer, based on the features exhibited by THz radiation including low
ionization energy and ability to identify biomolecules using their spectral fingerprints
are reviewed in Peng et al. (2020b). Further, they reported the recent THz imaging and
spectroscopy progress in the diagnosis of cancer, with its potential to assist doctors
and researchers to achieve an insight of cancer infected tissue area. They regarded THz
spectroscopy efficient to identify biomarkers of cancer through component analysis.
They also discussed the advantages and disadvantages of THz technology for cancer and
auxiliary techniques for signal to noise ratio (SNR) improvement.

The THz technology—THz imaging and THz spectroscopy has been introduced in
Yu et al. (2012) with a short overview of THz technology advances and its applica-
tion for cancer diagnosis. Being located between the microwave and infrared region,
the THz waves are strongly sensitive to and attenuated by water through strong absorp-
tion. The characteristic properties of THz radiation such as low photon energy implying
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nonionizing hazard on biological tissue cause the technology to be interesting for bio-
logical applications. The image contrast between cancerous- and healthy-tissue has been
attributed to the local increase of blood supply and water content as well as the tissue’s
structural differences (Yu et al. 2012). Further, Son et al. (2019) have reviewed the THz
biomedical state-of-the-art techniques, methodologies and applicable potential tech-
niques that could revolutionize the healthcare. They surveyed some techniques for wet
tissue penetration depth enhancement where they discussed methods for reaching inter-
nal organs like endoscopy and otoscopy. Further, they explained the principles of opera-
tion of some THz based sensors with diabetes, breathing conditions and blood disorders
sensing examples. Much of the THz biomedical applications are reported to be in cancer
imaging including in detection of oral, skin, gastric, brain and breast cancers. They also
reported the potential of cancer treatment through demethylation of malignant DNA by
the use of a specific high-power frequency of THz radiation as well as its potential as a
cancer biomarker.

The detection of digestive cancers using THz based technology are reported by Danciu
et al. (2019). A summary of the THz waves characteristics, their various tissue interactions
and the available THz technologies i.e., THz tomography, spectroscopy and endoscopy are
well presented. The review is mainly focused on reporting the research progress in THz
based detection of the digestive cancers—esophageal, oral, gastric, hepatic, colonic and
pancreatic cancer tumors.

The novel applications and future potential of THz sensing have been discussed and the
optimization methods for THz data’s reflectance spectral responses in diagnosis of BCC
(basal cell carcinoma) skin cancer, colon and breast cancers described using various intelli-
gent approaches (Vafapour et al. 2020). Further, the application of THz imaging and spec-
troscopy have been reviewed in Nikitkina et al. (2021), in which both the continuous- and
pulsed—wave techniques were used to diagnose melanoma and non-melanoma of skin tis-
sues, assessment of scars, dysplasia and diabetes. They also highlighted the potential of
THz based imaging and spectroscopy as an instrument for research and therapeutics. In a
related work by Gong et al. (2020), the applications of the biological effects of THz in bio-
medicine and the characterization techniques of THz in detection of cancer, protein, amino
acids & polypeptides, DNA etc. are reported.

The mechanisms and biological effects of THz waves on molecular level nervous sys-
tem, organisms and cells are investigated in Zhang et al. (2021b). The future perspec-
tives and application of THz in neuroscience highlighted and the nerve cell membranes,
cytokines and gene expressions to be affected by THz radiation are presented (Zhang et al.
2021b).

Further, the review of THz technology for various biomedical applications have been
extensively reported in (Gong et al. 2020; Wang 2021; Cheon et al. 2017; Son et al. 2013;
Zhang et al. 2021c) and the recently reported review of THz technology for biomedical
applications are presented in Table 1.

1.2 Motivation

Currently, there is need for efficiency improvement of cancer diagnostic and surgical pro-
cedures. The delayed cancer diagnosis and inaccurate tumor excisions result in increased
cancer caused morbidities. The existing medical imaging modalities are not yet capable of
detecting cancer cells at an early stage for example, X-ray and computed tomography (CT),
moreover, they are based on ionizing radiation which is not tissue friendly for repeated
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assessments. The application of THz based cancer imaging could significantly contribute
to the reduced mortality rates as it’s capable of early, non-invasive and non-ionizing cancer
diagnosis, with clear margins for definitive excisions and therapies.

A technology is needed that assists surgeons with intra-operational and real-time detec-
tion of tumorous tissue margins precisely, in order to eliminate the need for repeated sur-
geries when remaining malignant tissue is identified post-surgery. The American Society
for Radiation Oncology stated that “Negative margins (no ink on tumor) optimize ipsi-
lateral breast tumor recurrence. The wider margins widths do not significantly lower this
risk” (Schnitt et al. 2015). Thus, an accurate margin assessment is needed to still maintain
excision of tissue (El-Shenawee et al. 2019). The THz based scanning’s ability to differen-
tiate between different molecules based on their water content renders it of great potential
for early tumor detection, repeated assessments, for monitoring patients and patient follow
up (Danciu et al. 2019). Much focus in the THz imaging and sensing studies has been on
the improvement of the instrumentation for example antenna (Poorgholam-Khanjari and
Zarrabi 2021; Apriono 2021; Kazemi 2021; Yadav et al. 2021), biosensors (Yang et al.
2021a; Azab 2021; Liu 2021; Zhan 2021; Li 2021; Lin et al. 2021) detectors (Habib et al.
2021) and probes (Chan and Ramer 2018). However, significantly less work has been done
for acquired images quality improvement and clinical decision support improvement.

1.3 Contribution

In this work, we have presented a broad overview of the advancements in the technologi-
cal development of THz technology for cancer applications. The techniques used in THz
radiation generation and detection, and their principle of operation are reviewed. From the
analysis of reported THz cancer image investigations, we deduce the suitability of THz
imaging for in vivo imaging of skin cancer. The authors contributions are summarized as
follows.

e We have presented a brief overview of the fundamentals, principles and techniques for
THz radiation-based technology, generation and detection, imaging and spectroscopy.

e The application of THz imaging for the detection of various cancerous biological tis-
sues is presented, with more focus on the in vivo imaging of skin cancer.

Data processing techniques for THz data are briefly reported.
Further, we identify the advantages with existing challenges in THz based cancer detec-
tion and report the performance improvement techniques.

e The recent advancements towards THz systems that are optimized and miniaturized are
also presented.

e Moreover, the integration of THz systems with artificial intelligent (Al), internet of
things (IoT), cloud computing, big data analytics, robotics etc. for more sophisticated
systems is proposed. This will facilitate the large-scale clinical applications of THz for
next generation healthcare systems and provide a roadmap for future research direction.

1.4 Organization

The remainder of the work is organized in the next sections as follows: in Section II, an
overview of THz sources and detectors is presented. The THz spectroscopy and imaging
techniques are reported in Section III and the applications of THz technology for cancer
detection are summarized in Section IV. In Section V, the aspects of THz opportunities,
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limitations, performance improvement approaches and recent advances in THz technology
development are discussed. Finally, the summary of this work is given in Section VI.

2 THz sources and detectors

There is rapid development of techniques for generation and detecting THz radiation to
come up with equipment for THz spectroscopy and THz imaging (Nikitkina et al. 2021).
The THz instrumentation schemes are broadly categorized based on the type of THz radia-
tion generated, pulsed wave THz and continuous THz wave radiations.

Based on the THz radiation generated, the two broad categories of THz radiation gen-
eration schemes as shown in Fig. 2 are the continuous wave (CW) and the pulsed wave.
The sources of THz radiation include CW THz sources, incoherent thermal THz sources
and pulsed THz sources. As the names suggest, in CW, the THz generated is a continuous
waveform (i.e., producing single or separate discrete frequencies) while in the pulsed, there
are pulses of THz radiation (with broadband frequency output). The pulsed THz sources
include photoconductive antennas (PCA) which uses transient current, pulsed photo-mix-
ing and optical rectification (OR). The CW THz sources include nonlinear optical sources,
photonic sources, electronic sources and photo-mixing in biased semiconductors (Wang
2021). The most common sources for generating CW THz radiation are diodes, quantum
cascade lasers (QCLs) and high-speed transistors. Through the photo-mixing and fre-
quency multiplication, parametric conversion and backward wave oscillators, tunable CW

Fig.2 THz radiation generation
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THz waves are obtained, while for broadband CW radiation, globars and mercury lamps
are used. The most common detectors are Golay cell or Li-He bolometers, pyroelectric
detectors as well as emitters and detectors which are solid state based where for instance
grapheme is used (Nikitkina et al. 2021).

The terahertz pulsed imaging (TPI) uses a coherent detection method in which the THz
signal’s amplitude and phase values are measured, enabling refractive index, absorption
coefficient parameters to be obtained. In TPI systems there are several techniques used
for the detection and generation of THz radiation characterized by output of broadband
frequencies (ranging tens—hundreds GHz to several THz). The mostly used sources for
generation of pulsed THz radiation are based on optical rectification (OR) using nonlin-
ear optical crystals (NLO), biased photoconductive antennas (PCAs), carrier tunneling and
plasma in the air. Most commonly used approaches are based on PCA and OR where the
infrared (IR) femtosecond lasers which emit in near infrared (NIR) are used. In PCA, the
principle of operation is such that a beam of pulsed laser illuminates a PCA gap composed
of thin semiconductor film of high resistance with two contact pads of electrical property.
When the bias voltage and laser beam are applied, there is in turn generation of a photo-
current and free carriers are accelerated by the static bias field thereby producing broad-
band THz frequency to the free space (Malhotra and Singh 2021; Malhotra et al. 2018). In
OR, NLO centrosymmetric crystals are used to generate THz broadband from 0.1THz to
more than 40THz. The NLO based crystals include organic NLO, 4-N, N-dimethylamino-
4’-N’-methyl-stilbazolium tosylate (DAST) and 4-N, N-dimethylamino -4’-N’-methyl-stil-
bazolium 2,4,6-trimethylbenzenesulfonate (DSTMS). The principle of OR based sources
is that intense beams of NIR laser are propagated through crystals, non-linear effects of
second order occur thereby low frequency of DC polarization is developed leading to an
electromagnetic single cycle pulse radiation with broad frequency spectrum (from 0 Hz to
a particular maximum value). Alternatively, the charges acceleration can lead to radiation
of electromagnetic waves, and when certain conditions are reached, the produced electro-
magnetic waves lie in THz range. The acceleration of electrons can be achieved in vacuum,
air or semiconductors by using application of bias voltage over the gap, or by laser beam’s
second harmonic and fundamental frequencies nonlinear four wave mixing in various gases
or in air or using an intense pulse of laser. Another technique for THz pulsed radiation gen-
eration is surge whereby when bias voltage is applied on the semiconductor quantum wells
(QWs), the THz radiation is produced through mechanism of polarized electron hole pairs
production (D’arco et al. 2020).

Table 2 shows the performances of the commonly used THz detectors (D’arco et al.
2020). For detection of THz pulses, an incoherent and coherent (heterodyne) detec-
tor schemes are used. Incoherent detection techniques use power to signal transduc-
ers for example bolometers, Golay cells, Schottky diodes, pyroelectric detectors and low

Table 2 Performance of THz Detectors

Detector Bandwidth (Hz) THz Coverage (THz) NEP (W/Hz'?)
Golay cell 10 - 10? 0.01 — 20! 10710

0.01 — 700?
Cryogenic bolometer 102 - 10° 0.1-30 1074 - 10712
Pyro-electric 10 — 108 0.1-10 10710 —107°
Schottky diode 102 — 10° 0.1-2 1074 — 107!
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sensitivity thermopiles (the resistive temperature sensors and bolometers commercially
available and used in THz spectrum are cryogenic) coherent detection enables the phase,
frequency spectral and power information of the signal to be obtained. Examples of detec-
tors used in coherent detection are Schottky diodes, NLO crystals (or through the electro
optical (EO) effect of nonlinear crystals) and PCA. The good performance of the devices
is evaluated in terms of high noise equivalence powers (NEP), high sensitivity, good THz
coverage and bandwidth of detector (D’arco et al. 2020).

3 THz spectroscopy and imaging techniques

The broad category of THz technology is based on the nature of THz radiation generated.
As shown in Fig. 3, the technology is further categorized into THz spectroscopy and THz
imaging. THz spectroscopy principle is that the low frequency motion of most biomol-
ecules for example rotation, vibration, van der Waals forces and hydrogen bonds have fin-
gerprint characteristics in the THz spectrum. The analysis of the differences in reflection
and absorption parameters enables identification of biomolecular samples using equipment
such as the THz time domain spectroscopy (THz-TDS). Depending on THz sources work-
ing modes, the THz imaging is categorized into CW THz and TPI. In the next subsections,
the detailed overview of THz imaging methods is presented.

3.1 Continuous wave THz imaging and spectroscopy

The THz wave scattering effect whereby intensity distribution is detected, the sources
power output is higher in CW THz and the systems are compact and operate in real time.
The sources used in CW THz are quantum cascade lasers (QCL), THz gas lasers, back-
ward wave oscillators and Gunn diodes. The most common detectors are the Golay cell
and Schottky diodes, pyro-electric cameras and arrays of micro bolometers (Zhang et al.
2021a). The CW THz imaging technologies are described as follows:

THz Technology

Continuous wave THz Pulsed wave THz
I ] 1 I
CW THz Imaging CW THz Spectroscopy || THz TDS and TPI

* CW THz single point . FTS (Reflection/Transmission geometry)
scanning +  Photo-mixing » TPS 3000/4000
(Reflection/Transmission spectroscopy * Near field imaging
geometry) * Far field imaging

+ CW THz ATR * Tomography

* CW THz full field * Endoscopy
imaging

* CW THz tomography

Fig.3 THz instrumentation summary block diagram
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Fig.4 CW THz single point scanning imaging system in transmission mode (Zhang et al. 2021a)

3.1.1 CWTHz single point scanning imaging

The imaging system-based CW THz single point scanning offer advantages of high res-
olution, high SNR and simple detection principle. The transmission mode geometries of
CW THz single point scanning system are shown in Fig. 4.

In the transmission mode, the imaging system of CW THz transmission single point
scanning uses two-dimensional (along X-Y direction) translation to do pixel-by-pixel
scanning of thin sample (that has a weak THz absorption) placed on incident beam’s
focal point. A single point detection is used, and the resolution determined by focal
beam size incident on sample plane. The example arrangement is shown in Fig. 4 and
a leaf can be used for the system performance evaluation. For the reflection mode the
geometry for CW THz reflection single point scanning (Zhang et al. 2021a) can either
have normal incidence of THz radiation where Golay cell is used as the detector, or the
oblique incidence that has elliptic focal spot. The reflection mode is more suitable for
the fresh tissues due to high THz wave sensitivity to water. The other THz techniques
that use CW THz single point scanning are the CW THz near-filed microscopy imaging
and CW THz single point phase contrast imaging.

3.1.2 CW THz polarization single point scanning imaging

This is whereby a polarized laser beam is used incident on a sample and two images
may be obtained through co-and cross-polarized detection.

3.1.3 CW THz attenuated total reflection imaging

The CW THz attenuated total reflection (ATR) imaging and spectroscopy systems
mainly use properties of the evanescent wave that results from total internal reflection
(TIR). To satisfy the condition of TIR i.e., to realize ATR, the THz beam is guided from
a denser medium (higher refractive index) to an absorptive less medium (less refractive
index) at an angle greater than the critical angle. The detailed principle and geometry of
THz ATR has been reported in Zhang et al. (2021c).
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3.1.4 CWTHzfull field imaging

An image acquisition in CW THz full field imaging is faster due to the requirement of
lesser optical components as compared to the THz scanning techniques. Based on this,
the CW THz ptychography and CW THz digital holography (CW TDH) are being devel-
oped. The CW TDH is time two-dimensional approach based on quantitative phase con-
trast whereby the amplitude and wave distributions can be obtained without scanning and
there is high spatial resolution. A numerical digital computation is used for reconstruction.
The two variations of CW TDH are off-axis and in-line TDH based on the angle of refer-
ence and object beam (Zhang et al. 2021a). The CW THz ptychography is a phase contrast
method that does not use lenses, has large field-of-view (FOV) and is based on coherent
diffraction. Using the ptygraphical iterative engine (ePIE), the sample’s probe and trans-
mittance functions are retrieved.

3.1.5 CW THz tomography imaging

The CW THz computed tomography (THz-CT) imaging method is a three-dimensional
(3D) imaging and nondestructive detection approach emanating from X-ray and computed
tomography (CT) scan. Due to poor penetration capabilities of THz radiation compared to
X-ray, more biological sample contrast and reflection of internal structure can be achieved.
The THz CT scan detects the incident beam’s one-dimensional Fourier transform over dif-
ferent angles of projection and then the Fourier transform for each projection to construct
the cross-sectional image’s two-dimensional Fourier transform. The filter back projection
(FBP method is the main algorithm used for data processing.

3.1.6 Continuous wave THz spectroscopy

The phase and amplitude information of samples are obtained using the THz spectroscopic
instrument, the information of phase and amplitude are then used to obtain optical parame-
ters i.e., the absorption coefficient and refractive index. The three main types of spectrosco-
pies are photo-mixing spectrometer, Fourier transform spectroscopy (FTS) and THz-TDS.
The FTS is commonly used to study molecular resonance and possesses wide spectral cov-
erage of 100 GHz to 5THz with higher spatial and spectral resolution even though it’s still
limited with poor SNR. It utilizes broadband pulsed or CW sources and Michelson inter-
ferometer scheme. The photo-mixing spectrometer uses GaAs photoconductor that uses
metal electrodes having the frequency offset lasers to generate CW THz. It is made up of
two photo-mixers for transmitter & receiver and has resolution of 500 MHz depending on
frequency step.

3.2 Pulsed wave THz imaging and spectroscopy

The pulsed wave THz imaging and spectroscopy systems can be interchanged by switching
the scanning mechanism i.e., through movement (lateral translation) of the sample with
the illumination beam stationary so as to perform point to point collection of the signal.
In the spectroscopy, the beam is moved using stages or piezoelectric rotators and/or galvo
mirrors. For imaging, the THz beam illuminates surface of the object, sampled by discrete
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Fig.5 THz pulsed spectroscopy
system Bias voltage
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emitter \ g’
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stage

grid and continuously scanned or pixel-by-pixel scanned in the raster mode. The acquired
information is obtained from the data acquisition card (DAQ), quantized to bits for further
image processing (D’arco et al. 2020).

For the biological samples, the imaging THz based on pulsed radiation like THz pulsed
spectroscopy (TPS) shown in Fig. 5 has been preferred over CW since it results in broader
information. The photoconductive antennas (PCA) are mostly used emitters while conven-
tionally they were based on optical plasma rectification and generation. The principle for
generation and detection of THz signal in TPI and TPS is such that the PCA emitters gen-
erate short THz pulses of sub-picosecond and few THz cycles through the photoconductiv-
ity effect followed by femtosecond laser beam. The THz signal of THz radiation mixed
with femtosecond laser beam (probe) is then detected by a PCA detector. The imaging in
TPS is done through performing sample surface raster scanning using a THz beam focused
on the sample surface and can be in either transmission or reflection configurations. The
use of holographic and multi-pixel camera-based imaging has also been explored.

3.2.1 Fundamentals of THzimaging

As previously explained, the TPI extends from the THz TDS technique, to obtain objects’
images, raster scanning of 2-dimensional point-to-point is performed together with a coher-
ent detection. Thereby recording the temporal information of each one of the point pixels.
One dimensional data of frequency domain or time domain are extracted then converted to
some physical parameters. The normalization enhances contrast of the image and can be
summarized as follows (D’arco et al. 2020):
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3.2.1.1 Time Domain

¢ Amplitude of Electric field at fixed time: E, (z,)
¢ Main peak normalized amplitude: max{|E, (1)} /max{|E,®)|}
¢ Main peak time delay with respect to reference: t(max{|E, ,(1)|}) — t(max{|Ey(1)|})

3.2.1.2 Frequency Domain

e Spectral amplitude at fixed frequency: E, ,(v,)
e Phase: ¢, ,(v))

For the time domain, when the THz pulse interacts with a sample, there can a delay,
broadening or attenuation of the pulse signal relative to reference. The amplitude of electric
field corresponds to modality of contrast used for normalizing the image. Also, the main
peak’s normalized amplitude (ratio of sample’s maxima and reference electric field) gives
the absorption, reflection / the scattering information of the scanned object. The main peak
time delay value relative to reference provides thickness or contrast information through
optical changes mapping such that time-of-flight (ToF) method can determine through esti-
mation the target’s dielectric information. When the THz pulse is incident on a sample,
the measurement of reflected echo is performed in terms of the amplitude and/or phase.
The echo pulse ToF gives information of boundaries etc. along the THz path of propaga-
tion which enables extraction of 1D depth profile. When 2D scanning is performed, a 3D
image is visualized. The spectrum amplitude and phase information are obtained through
the application of the Fourier transform on the temporal electric pulse where the ampli-
tude indicates losses and phase relates to refractive index. When the frequency is fixed,
the amplitude and phase images can be visualized in frequency domain thereby offering
better contrast due to distinct refractive indices than losses. Thus, in the short extraction
of THz wave amplitude and phase is enabled in THz TDS. The Fresnel coefficients enable
parameters of complex refractive index, the absorption coefficient is obtained in term of
the complex permittivity (D’arco et al. 2020). The differences in refractive indices of dif-
ferent tissues could depend on the pathological status of tissue.

Using the THz TDS system, for example, the commonly used system is the TPS 3000,
the spectra and images of samples can be acquired simultaneously using information of
amplitude and phase. The three main ways to obtain images from a THz TDS system are
raster scanning the sample in transmission mode to produce a 2D image whereby each
pulse is placed focused on a focal plane (2 lenses) so as to obtain time domain information
and then transformed using Fourier transform to obtain the image’s spectral information.
This can be visualized as an electric field as a time domain function in which dynamics of
picosecond level irradiance are explained. The second method whereby an image is formed
due to high absorption, scattering and reflection at the sample boundary is through normal-
ization of the time domain maximum peak through the use of the reference function (Wang
et al. 2022). Lastly, the commonly used method is whereby the main peak time delay is
mapped with respect to reference to permit changes in optical path on mapped sample
and thus providing information of contrast for the material or thickness. Using the Fourier
transform, the phase and amplitude information are determined. The beam splitter splits
the laser beam, followed by THz pulse generation through the emitter by photoconductivity
when a bias voltage is applied, then the pulse advances to interact and carry information
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of the sample at focal plane. While this process takes place, the movement of optical delay
line causes a constant time difference of detection pulse & optical pump to enable coherent
detection of THz pulse. The SNR determines maximum absorption coefficient which is in
turn determined by accuracy of signal’s amplitude and phase rather than samples. In the
biomedical applications, reflection mode of THz TDS is commonly preferred over trans-
mission due to water’s high absorption of THz radiation which constraints the transmission
spectrum of the system (Wang et al. 2022).

3.2.2 Far-field TPI systems

The far-field TPI systems typically involves a pump and probe set up and they are deemed
as extended THz TDS system. The femtosecond laser powers the TPI system, first, the
laser beam is split using a beam splitter into pump and probe beams. The pump beam is
modulated through modulating the bias voltage of THz emitter or using optical or mechan-
ical chopper, then focused on THz emitter. The THz pulse generated is collimated and it’s
then focused to illuminate the sample, causing transmission or reflection of a THz pulse
train or electric field which are then collimated again and refocused to the THz detector
that uses pair of lenses or parabolic mirrors. The signal conditioning (filtering and detec-
tion) of electrical signal is performed by the lock in amplifier whose analog output is in
turn collected and digitized using the DAQ. The temporal sampling of the electric signal is
achieved by a delay line such that for every pulse in the signal detected, there are different
phase and amplitude information measured. For equal probe and pump optical paths, meas-
urement of the electrical field is performed one instant at a time such that for the whole
THz signal to be samples, a delay line is introduced for delaying the beams of probes and
pumps (D’arco et al. 2020).

3.2.3 Near-field TPl systems

The diffraction of propagating waves results in wavelength limited resolution and this chal-
lenge can be countered by near field (NF) collection of THz pulses i.e., collecting them
with sample at a distance comparable to wavelength such that evanescent waves can be
detected. The techniques that enable sub wavelength imaging in THz have been explored
and various shaped detectors and sources can be used (Malhotra and Singh 2021a).

3.2.4 THz-TDS based computed tomography

The THz Computed Tomography (THz CT) is capable of capturing and reconstructing
projected images from various angles thereby obtaining three dimensional (3D) visualiza-
tions through point-by-point scanning. The non-mechanical delays like the electronically
controlled optical sampling (ECOPS) and asynchronous optical sampling (ASOPS) can be
used to reduce scan time, while SNR can be improved by integrating multiple scans and
tomosynthesis (Wang et al. 2022).

3.2.5 Near-field THz-TDS
The near-field measurements can address far field diffraction limit, with light mass cou-

pling enhancement and sub wavelength resolution at THz frequency. The near field in dif-
fraction optics is defined as, for a plane incident light wave, the field of light falling outside
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focal spot of Rayleigh length is the near field. The Rayleigh criterion is used to obtain
the spatial resolution. The detection schemes for near field include scattering probes, elec-
tro-optic probes metallic aperture probes of sub-wavelength and mixture of THz photonic
device and miniaturized photoconductive detectors. The types of near field imaging are
aperture based and apertureless (Wang et al. 2022).

3.2.6 THz endoscopy

The endoscopy is an effective detection method for in vivo carcinoma diagnosis since THz
penetration depth is limited and adequate for epithelial tissues lining either inside the body
or outside. For cancers in internal tissues like digestive organs; colon, gastric, stomach can-
cers which are located near the mucous membrane surface, THz endoscopy would be the
effective method. The technique is associated with challenges like signal attenuation which
can be overcome by adopting THz TDS coupled with fiber for THz generation and detec-
tion as designed and discussed in Cheon et al. (2017).

4 THz imaging and spectroscopy for cancer applications

THz imaging and spectroscopy are based on non-ionizing radiation which is considered
safe for human tissue and repeated assessments. The application of THz imaging and THz
spectroscopy technology for various cancer detection have been reported including and not
limited to the ones in Table 3.

Table 3 summarizes the reported THz technology experimental studies in cancer appli-
cations. All the studies support the potential of THz technology as a clinical tool for can-
cer imaging with salient features and tissue friendliness. The application of THz technol-
ogy has also been reported to have great potential in applications like diabetes diagnosis,
COVID-19, dental, tracing of internal scar healing and monitoring the hydration levels
in vivo (Nikitkina et al. 2021; Taylor et al. 2020; Rao 2020).

5 Invivo THz imaging for skin cancer

Even though there is strong THz waves absorption by the water, implying high THz sig-
nal attenuation and limited tissue penetration depth (tens to hundreds of microns) which
impose difficulties to detect deep tumours, it is adequate for visualizing epithelial tissue,
for example, the skin and superficial layers in vivo. Therefore, due to its superficial and
accessible location, the skin tissue is most ideal THz imaging target. The THz pulsed radia-
tion based imaging (THz pulsed spectroscopy (TPS) and TPI) has been used for the major-
ity of the THz cancer studies relative to CW imaging because of yielding broader informa-
tion (Nikitkina et al. 2021; Lindley-Hatcher et al. 2021).

The THz radiation interaction with biological dynamics of skin tissue for example tissue
water, separated cells, less polar biomolecules, tissue structure etc. are the basis of image
contrast in THz imaging and spectroscopy. The sample features are observed through
time domain or frequency domain data of the TPS waveform, for example, the refractive
and absorption coefficient over a broad frequency. Some image contrast enhancement
approaches based on mathematical analysis, for example, the principal component analy-
sis (PCA), integration technique, signal complexity analysis or linear discriminant analysis
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can be applied for performance improvement of THz imaging and spectroscopy (Nikitkina
et al. 2021; Lindley-Hatcher et al. 2021).

The investigation of various skin cancer types using THz imaging and spectroscopy
has been performed in many studies. In one of the studies (Wu et al. 2019), highly sensi-
tive skin cancer detection was done through the use of a water and THz based Metamate-
rial (MM) semiconductor film. The reflection geometry TPI for skin tissue & skin related
cancers were applied. The proposed device’s refractive index (RI) sensing application was
shown by introducing the sensing materials in the design of the biosensor. To measure
the sensitivity of the designed biosensor on detection of Basal Cell Carcinoma (BCC) of
the skin and healthy skin was achieved through the change of the effective RI. A MM was
developed made up from the semiconductor film i.e., the indium antimony, InSb and water.
They firstly showed the potential of potential of the MM for ultra-sensitive refractive index
bio sensing applications like sensing BCC and normal skin. The sensitivity of the biosensor
was approximately 117 pm/RIU. The skin cancer was detected using TPI by comparison of
the THz electromagnetic wave’s reflecting spectra from the surface of cancer and normal
skin. They also suggested use of the water-based MM device for control of gene expression
by placing the device on skin. For this, the incident light was made to shine perpendicular
to the device in 1-1.5THz range, then simulate the reflective light for both healthy and
BCC cases. The resonance frequency of the reflection spectrum was about 1.38THz when
the bio-detector designed on normal skin and 1.382 THz when BCC is placed below the
bio-detector and thus the MM design can be used for cancer detection. The use of TPI for
BCC have also revealed a significant contrast between healthy and tumorous tissue due to
the reflected pulse from anticipated changes in the reflection and RI. The finite difference
time domain (FDTD) technique are used for reflected wave differences calculation of nor-
mal tissue compared to BCC (Keshavarz and Vafapour 2019).

In (Hakeem and Hassoun 2020), the authors have used TPI to detect skin cancer, they
applied image processing and Artificial Neural Networks (ANN) to classify (into normal
and abnormal) and detect skin cancer in acquired images where preprocessing and Gabor
features based feature extraction are performed. The ANN algorithm had an accuracy of
94.117%.

Figure 6 presents the images extracted from Hakeem and Hassoun (2020), of skin tissue
captured by using TPI. The diseased tissue shows increased intensity as a result of THz
property changes due to increased blood concentration in cancer tissue relative to that of
the normal tissue. The dielectric response of skin tissue at THz radiation are described
using the double Debye (DD) model owing the higher water content of skin tumors than
that of normal skin (Li et al. 2020). The presented model describes THz radiation with
water molecules within human tissue and simulate the Debye relaxation process (reflect-
ing external electric field impact on the water molecules) through the DD equations which
are for fitting the dielectric permittivity of the water within the 0.1-THz range. The DD is
based on the frequency dependent dielectric function and presented as:

£,—& £y — Eq

SO = ot T o T T4 jr, @
where €, and €, the low and frequency static permittivity respectively. €, is intermediate
dielectric constant between two relaxation processes. €, — €., and g, — &, are dispersion in
amplitude for fast and slow relaxation processes respectively. The molecules are suggested
to be in tetrahedral structure in liquid water. As the water gets excited by THz radiation, the
structure become perturbed, and it re-orients as a result of the breaking of the tetrahedral
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Fig.6 The skin images with a
abnormal tissue b normal tissue
(Hakeem and Hassoun 2020)

(b)

structure. The breaking of the four hydrogen bonds is a slow process (7,) and after 7,, sin-
gle water molecules are reoriented and move to a new tetrahedral site (fast process (7,))
(Truong et al. 2015).

The schematic in Fig. 7, shows that the optical parameters (absorption coefficient,
refractive index) are increased in melanoma as compared to that of the normal skin under a
THz spectroscopy as reported in Li et al. (2020). Further, Nikitkina et al. (2021) have pre-
sented an overview of the THz spectroscopy and THz imaging whereby both the continu-
ous wave-and pulsed wave-techniques were used for skin melanoma and non-melanoma
diagnosis, scars, diabetic conditions and dysplasia based on optical properties analysis of
THz waves. The potential use of spectroscopy and imaging based on THz for therapy was
also highlighted. The cancerous skin tissues and normal tissues were recognized in THz
frequency range using a newly designed antenna with higher gain and bandwidth—the
Vivaldi antenna in Poorgholam-Khanjari and Zarrabi (2021).
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Fig.7 Melanoma and normal
skin parameters a refractive
index and b absorption coef-
ficient (Li et al. 2020)

Fig.8 The real component of
complex dielectric permittivity
in different skin tissues (Yu et al.
2019a)
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Significant optical property differences are also shown in Fig. 8, with clear differ-
ences between the dielectric permittivity parameters in healthy, dysplastic and non-dys-
plastic skin tissues demonstrating the high potential for THz skin diagnostic potential.
The reflection geometry is preferred for THz based imaging on thin tissue slices relative
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to transmission configuration because of transmission geometry is greatly affected by
tissue morphology and hydration level thus compromising measurements. Most of the
studies that have been investigated for THz imaging and spectroscopy application for
skin cancer detection are shown in Table 4. The THz spectroscopy was investigated in
other skin tissue studies including differentiating muscle and skin tissue, scar healing
tracing, skin structure identification (Nikitkina et al. 2021; Li et al. 2020) and diabetic
foot syndrome (Hernandez-Cardoso et al. 2022).

6 Discussion

The THz imaging shows great biomedical research as well as clinical potential through
its unique spectral features, for example, the non-ionizing, non-invasiveness and label
free medical imaging and cell detection. The ability of a medical imaging tool accu-
rately and rapidly detect cancer is critical for early diagnosis, early care and monitoring
progress of treatment. The existing technologies like X-ray and computed tomography
use ionizing radiation and biological or chemical labelling like use of nuclides. These
can adversely affect biological tissue, cell functions and activities thus limiting them
to molecular resolution. The significant research on THz imaging and spectroscopy for
cancer detection has been investigated for breast, digestive systems, brain, colorectal,
cervical, skin and ovarian cancer etc. The experimental studies mostly involved ex-vivo
and in-vitro THz imaging of freshly excised human tissue, animal e.g., rat tissue and the
use of phantoms. From our analysis, we note the suitability of THz based cancer imag-
ing for the noninvasive and in-vivo detection of cancer at the epithelial tissue layers e.g.,
skin cancer.

Nonionizing and noninvasive
imaging

I Offers structural and conformational
Measuring the transient phenomena

(o)
information of images

Much less scattering loss compared to l
visible and near-infrared spectra ®

.\
— -\ [ -
Proper confidence vibrational, \ /

High sensitivity to polar
molecules

rotational excitations of biological
molecules and intermolecular
vibrations

Spectral fingerprinting

Direct extraction of refractive index and
absorption coefficients of samples

Fig.9 Attractive features of THz radiation-based cancer imaging

@ Springer



151 Page280f38 M. Gezimati, G. Singh

6.1 Advantages of THz imaging for cancer

The attractive characteristics and features of THz imaging for cancer imaging applications
have been deduced from the reported studies and are presented in Fig. 9.

Figure 9 shows some of the attractive characteristics and features of THz radiation-
based imaging for cancer cells. The detection of cancer cells based on THz radiation is
non-ionizing (since its photon energy of 0.4—41 meV is below ionizing radiation) and the
non-invasive imaging capability could enable real time, in vivo diagnosis (Danciu et al.
2019). Thus, the THz imaging is tissue friendly for biological tissues proves to be very
attractive for repeated scans, treatment follow ups as well as patient monitoring. Being
strongly sensitive to the polar molecules like water, the THz waves precisely provide con-
trast with clear margins between the healthy tissue and cancerous tissue which is a poten-
tial tool for early cancer tumor detection (Yan et al. 2022)

The absence of Rayleigh scattering because of cell size being smaller than THz wave-
length provides potential for increased image resolution. Also, the frequencies in the THz
spectrum show an improved fatty tissue transmittance (Wilmink and Grundt 2011), thus
better resolution over Infrared based techniques. The THz imaging is capable of recogniz-
ing the specific spectral signatures of molecules in THz range, hence suitable for biomedi-
cal applications since tissues from most organs have characteristic absorption in the fre-
quency ranges within THz spectrum (Peng et al. 2020b). These features and characteristics
prove the potential of THz technology to become a unique modality that complements the
existing medical imaging modalities.

6.2 Open research challenges

Despite the shown massive clinical potential of THz based imaging, the technology devel-
opment is still at the early stage and still associated with a lot of limitations. The existing
challenges and performance improvement approaches will pave the way for future research.
The common limitations of THz imaging technology including slow acquisition speed due
to raster scanning, poor SNR, low diffraction limited spatial resolution, limited tissue pen-
etration depth have been identified. For the spectral studies, the researchers are still face
challenges of extracting target spectral fingerprints out of interfering signals and complex
backgrounds through Fourier transforms, which may be realized by future development of
high sensitivity and specificity sensors like meta-materials and plasmonic antennas (Yu
et al. 2019b).

Due to THz ability to resonate with water and biomolecule vibrational motion on
picosecond and sub-picosecond, the THz imaging is able to contrast between pathologi-
cal, healthy, burned and dehydrated tissues. This enables measurements of the refractive
index and absorption coefficient resulting in phase and amplitude information measure-
ments. However, the water highly absorbs THz wave i.e., absorption of 300 cm™ at fre-
quency 1.5 THz for the real operational convenience. Further, to become a clinical and next
generation competent imaging modality, THz imaging systems should be developed to be
interoperable, capable of in vivo imaging of the whole body and provide real operational
convenience.

Further, to address continuing limitations including, the more work also needs to be
done in THz cancer imaging such as:

e Time consuming sample preparation approaches.
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e Lack of methodology and operating procedure standards, strict storage conditions, slice
thickness, instrumentation, high water content effects etc.

e Lack of standardization of THz based measurements, processes or models for compara-
bility, reproducibility and possibly clinical adoption.

e Lack of established databases or repositories to facilitate data centered academic
research.

e High signal loss. Lack of computational modelling for data management, interpretation
and analysis for decision support.

6.3 System optimization techniques in THz imaging

Approaches for performance improvement of THz imaging systems have been previously
studied to counter some of the previously stated limitations such as.

6.3.1 Tissue preparation methods

The THz radiation is highly sensitive to water content, thus exhibits strong absorption
(D’arco et al. 2020) and results in limited depth of THz penetration such that in fresh tis-
sues, the penetration depth is only tens to hundreds microns (in tissue of human skin).
These limitations are overcome in research by using thin and/or fixed tissue samples as well
as the proper geometry. The challenges associated with keeping the tissues which compro-
mises the measurements include saline uptake, hydration level changes, humidity, scatter-
ing effects and temperature changes. For the fresh tissues, when left exposed they dehy-
drate leading to reduced contrast features on acquisition. Thus, the methods of conserving
samples are important. The techniques for tissue sample preparations have been investi-
gated on the excised and fixed tissue such as (Pickwell-Macpherson 2016) (Cheon et al.
2017): (1) Dehydration, (2) Alcohol perfusion, (3) Formalin fixing, (4) Gelatin embedding,
(5) Lyophilizing, (6) Freezing, (7) Paraffin embedding, and (8) Paraffin emulsion.

The paraffin embedding is achieved by substituting water with paraffin and enable tissue
preservation for a long time without translations of tissue morphology and thereby elimi-
nating water effects (Cheon et al. 2017). The paraffin embedding of tissues increases the
THz radiation penetration depth so as to observe the structure and functions of tissue in
THz images and can be used for accurate cancer imaging ex vivo. The Formalin fixing is
a histopathological diagnosis routine and tissue dehydrating process used to fix and pre-
serve excised tissues by replacing the tissue water with formalin. Lyophilizing is similarly
effective for tissue structural preservation and water removal that overcomes limitations
associated with variability in THz bandwidth dynamics and thickness of sample. Freezing
samples have been applied for penetration depth improvement of THz radiation in tissues,
even though it might cause necrosis.

The paraffin embedding requires long preprocessing time and is not usable in vivo, an
alternative method for penetration depth improvement is the freezing method whereby the
ice reduces THz absorption by water molecules due to vibrational modes that are trans-
lated with changes in water state. Thus, like paraffin embedding, the effects of freezing
are to reduce water molecule’s influence in samples and since freezing does not require
sectioning and staining, it can result in faster diagnosis based on THz imaging compared to
methods based on frozen biopsy sectioning. Cheon et al. (2017) used this technique to dis-
tinguish oral cancer, its ability was also demonstrated for metastatic lymph nodes effective
imaging and its potential for in vivo tumor detection of skin or superficial layer. another
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approaches for example using Oleic acid and gelatin embedding have also been used to
maintain tissue moisture content (Pickwell-Macpherson 2016).

6.3.2 Penetration enhancing agents

The major drawback for freezing technique is the requirement for additional freezing equip-
ment and processing and is restricted to excised samples. The THz penetration enhancing
agents (THz PEAs) are good alternatives for increased penetration depth and enhanced
contrast (Cheon et al. 2017). Good THz PEAs such as Glycerol have less THz absorption
as compared to water and have good tissue permeability and should be biocompatible.

6.3.3 SNR enhancing agents

As previously mentioned, the high THz absorption by water in cancer tissues leads to poor
SNR of the resulting spectra. Also, since the biological samples contain a variety of sub-
stances like water, fat, proteins and fiber, the SNR of the absorption peaks of target sub-
stances will be small, making it hard to identify the target substances (Peng et al. 2020a).
Several methods have been proposed and applied so as to enhance SNR of THz spectra.
The use of nanoparticles as contrast agents have been reported, the use of gold nanorods
(GNRs) and super paramagnetic iron oxide (SPIOs) are proposed as a method to increase
THz waves reflection in water and onion like carbon (OLC) in nanoscale was proposed for
ductal carcinoma (Shi et al. 2020).

The use of optical clearing agents has also been reported for spectral SNR improvement
and contrast enhancement like polyethylene glycol, propylene glycol, dimethyl sulfoxide
and ethylene glycol, fluorinated oil (Shi et al. 2020). The use of biosensors based on anti-
bodies has been used in cancer detection including a biosensor that included some aptam-
ers coated silicon dioxide layer whereby the antibody only binds to surface of cell protein
related to cancer thereby varying the THz radiation absorption of cancer cells compared to
normal cells. Biosensors based on meta materials and the use of THz ATR have also been
proposed for enhancing SNR spectrum (Peng et al. 2020a; Shi et al. 2020).

6.3.4 Methods for scanning time improvement

The efforts are being made in the THz TDS technologies development for rapidly improv-
ing the rate of scanning. The THz TDS imaging is characterized by long raster scan times
caused by single pixel detector and mechanical linear motion of the optical delay line.
Some techniques being used for scanning time improvement and avoid optical delay line
mechanical motions include the use of fast optical delay lines, electronically controlled
optical sampling (ECOPS), cavity tuning, asynchronous optical sampling (ASOPS), effi-
cient data collection methods for example 2D THz TDS, implementation of 2D electro
optic sampling (EOS), nonmechanical time domain sampling, photoconductive antenna
(PCA) integration and optical rectification are also useful for acceleration of THz pulses
acquisition. The advent of near field imaging and tomography in THz TDS is also signifi-
cantly contributing to saving time and offering commercial potential (Wang et al. 2022).
Recent works have also investigated computational imaging, focal plane arrays, com-
pressed sensing based techniques (Castro-Camus et al. 1999).
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6.3.5 Data processing techniques

When using TPS systems, data processing is very important. From the power spectrum
measurements, the Kramers—Kronig relations can be used to obtain complex refractive
index or complex dielectric permittivity, however this is not required in TPS since the
phase and amplitude in frequency domain will be known (Xie et al. 2013). In THz CT,
the filtered back projection algorithm has been used for reconstruction and the combi-
nation of compressed sensing and inverse Fresnel diffraction has been investigated for
image reconstruction (Shang et al. 2019). The data processing steps in TPS involve sig-
nal preprocessing, denoising, apodization and deconvolution. The final processing steps
involve statistical analysis, dimensionality reduction and machine learning approaches.
The machine learning approaches for THz data preprocessing, processing and analy-
sis have been investigated for example in Park and Son (1186); Wang et al. 2021) but
not yet fully explored. Recently, the deep learning algorithms have been found to be
attractive for noise removal in measurements, discrimination of regions, enhance resolu-
tion, image reconstruction and characterization (Valusis et al. 2021; Gezimati and Singh
2022b).

6.3.6 Recent advances in THz technology

The conventional THz imaging and spectroscopy systems have been mainly driven by
optoelectronic THz TDS systems which are bulky, and laboratory use oriented. Recent
advances are making efforts to improve various aspects of THz imaging technology
including reduced power and enhanced functionality to provide increased convenience,
technology implementation and adoption in real operational environments i.e., through
miniaturization and optimization.

This has realized the development of compact, room temperature operating and high
THz power output THz emitter solutions including sources based on fiber femtosec-
ond lasers, mid-IR and room temperature operating & plasmonic QCLs, Silicon nano-
transistors, hetero-junction field-effect transistors (HFETs) or high electron mobility
transistors (HMETS), resonant tunneling diodes (RTDs) and vacuum electronic sources.
Rapid evolution has also been noted towards compact room temperature detectors and
arrays including detectors based on FETs, Diode based sensing and Microbolometers
for example micro-electromechanical systems (MEMS).

Further, highly integrated platforms are being developed through computational
imaging (CI) allowing the connectedness of advanced optics, modern sensing devices
and post-acquisition signal processing for improved system performance that enable
faster acquisition and such systems include THz compressed sensing, THz holography,
THz Fourier Imaging, 3D-THz imaging and THz super resolution imaging like THz near
field imaging and super resolution orthogonal deterministic imaging (SODI). The recent
advances in THz nanoscopy and nano-imaging include scattering type scanning near-
field optical microscopy (s-SNOM), Nano slits and THz scanning tunneling microscopy
(THz-STM). There have been developments in specialized THz imaging techniques for
example light field method, phase sensitive interferometry and homodyne spectroscopy,
room temperature THz comb spectroscopy, passive THz imaging and modulated contin-
uous wave (MCW) THz imaging which entails radar-based techniques like the synthetic
aperture radar (SAR) imaging.
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Further, other advances have been realized in THz technology for example, beam
forming & diffractive optical components which have realized the miniaturization of
passive optical components including gratings, lenses, beam splitters, mirrors etc.
and the use of antireflective optical elements or printed passive beam guiding, optical
graphite features and meta-materials. System-on-chip solutions for THz imaging can be
achieved through integration of on-chip sensing and emitting elements for hybrid THz
systems using the CMOS (Complementary Metal Oxide Semiconductor) technology.
Spatial filtering in THz range has been realized using dark field imaging and phase con-
trast and artificial intelligence (AI) enabled THz systems have also been realized (Yan
et al. 2022; Valusis et al. 2021; Castro-Camus et al. 1999; Gezimati and Singh 2022a,
2022b, 2022c).

7 Conclusion

As shown from this work, the THz technology’s great potential and impressive progress
as a novel and innovative modality for the evolution of healthcare, particularly the medi-
cal diagnosis of cancer has been investigated. THz technology exhibits great potential to
revolutionize healthcare technology towards cancer early diagnosis, treatment and patient
care through the THz radiation salient properties such as low photon energy—noninva-
sive, non-destructive and nonionizing and unmatched sensing. THz technology has been
investigated through experimental studies for cancer applications (for the types of cancer
including but not limited to breast, lung, brain, digestive, skin and prostate cancers as well
as great potential in cancer treatment.) and shows potential as a medical imaging modality
that complements the conventional techniques like X-Ray and MRI. Although the advance-
ment of THz based detection has been remarkable through the continuous improvement of
the THz instrumentation including equipment, miniaturization, reconstruction algorithms,
sources and detectors etc., the development of the imaging technology is still not yet
mature and further developments are required for widespread commercial and technologi-
cal viable application of THz and for clinical adoption. Some of the common limitations
of THz imaging include very high cost of commercially available THz equipment, unavail-
ability of standardized tools and methods for enabling results comparison and reproducibil-
ity, long scanning speed etc. THz radiation is highly absorbed by water and water contain-
ing fluids under tissue of interest causing limited penetration depth. Also, the technology
is still associated with lack of discriminative precision, data interpretation, data availability
and analysis, low resolution, low SNR, long scanning time, effects of environmental condi-
tions on tissue samples (shape, fluid content etc.). This implies that there is still vast need
to explore and expand the THz technology through research and development to address
the aforementioned limitations. In future communication, we would like to report on the
improvement of the diagnosis accuracy and analysis of the acquired THz cancer images
through development of computer aided diagnosis (CAD) system based on machine learn-
ing. Further, the future research will investigate the integration of THz technology with Al,
IoT, cloud computing, big data analytics, robotics etc. for more sophisticated systems. This
will facilitate the large-scale clinical applications of THz and suitability for next generation
healthcare that should be smart and connected. The investigations of THz radiation impact
on biological tissues can be explored, development of cost effective, compact and sensi-
tive THz imaging systems that can be standardized for clinical trials should be scope for
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future studies. Also, the establishment of labelled and shared THz cancer image datasets
will facilitate data centric studies and support academic research.
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