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Abstract

Over the past few decades, significant attention has been paid to the biomedical applications of
terahertz (THz) technology. Nowadays, THz spectroscopy and imaging have allowed numerous
demanding problems in the biological, medical, food, plant and pharmaceutical sciences to be solved.
Among the biomedical applications, the label-free diagnosis of malignant and benign neoplasms
represents one of the most attractive branches of THz technology. Despite this attractiveness, THz
diagnosis methods are still far from being ready for use in medical practice. In this review, we
consider modern research results in the THz diagnosis of malignant and benign neoplasms, along with
the topical research and engineering problems which restrain the translation of THz technology to
clinics. We start by analyzing the common models of THz-wave-tissue interactions and the effects of
tissue exposure to THz waves. Then, we discuss the existing modalities of THz spectroscopic and
imaging systems, which have either already been applied in medical imaging, or hold strong potential.
We summarize the earlier-reported and original results of the THz measurements of neoplasms with
different nosology and localization. We pay attention to the origin of contrast between healthy and
pathological tissues in the THz spectra and images, and discuss the prospects of THz technology in
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non-invasive, minimally invasive and intraoperative diagnosis, as well as in aiding histology. Finally,
we review the challenging problems of THz diagnosis, as well as attempts to solve them, which
should bring THz technology much closer to medical practice. This review allows one to objectively
uncover the benefits and weaknesses of THz technology in the diagnosis of malignant and benign

neoplasms.

Keywords: terahertz technology, terahertz biophotonics, terahertz spectroscopy and imaging,
diagnosis of malignancies, sub-wavelength resolution, terahertz waveguides, fibers, endoscopes,

terahertz radiation—biotissue interaction

(Some figures may appear in colour only in the online journal)

The development of novel methods for the early non-inva-
sive, minimally invasive and intraoperative diagnosis of
malignant and benign neoplasms with different localization
and nosology remains a challenging problem of modern
medicine, applied physics and engineering sciences, which is
confirmed by the statistics on morbidity and mortality of the
population [1-5]. The non-invasive and minimally invasive
diagnosis of malignancies at early stages is a key factor for
efficient treatment. As an example, we consider the problem
of the early non-invasive diagnosis of skin cancers (which are
by far the most common form of all cancers) [2, 6], and, in
particular, of melanoma (which totals only about 1% of all
skin cancers, but is reportedly the most dangerous) [7]. The
lifetime risk of getting a melanoma is in the range of about
0.1%-2.5%. The diagnosis of melanoma at the stage of
dysplastic nevi or at early stages, accompanied by the
appropriate treatment, provides a much better prognosis of
patient survival, as compared to its detection at late stages [8].
Furthermore, we should stress the importance of the intrao-
perative diagnosis of malignant and benign neoplasms, where
rapid and accurate delineation of their margins is required in
order to ensure total removal. For example, a gross-total
resection is among the most important prognostic factors in
the treatment of human brain gliomas [9], i.e. the most
common type of primary tumor of the brain, representing
about 26% of all primary tumors and about 81% of malignant
primary tumors of the brain [3]. However, because of the
unclear margins of gliomas due to their infiltrative character,
gross-total resection is almost impossible, even for a highly
experienced surgeon. This has stimulated the further devel-
opment of novel intraoperative brain imaging modalities [10].

In order to mitigate the challenging problems posed by the
diagnosis of malignant and benign neoplasms, the different
modalities of tissue spectroscopy and imaging have rapidly
developed recently, with their unique sets of advantages and
drawbacks [11-13]. Among the modern instruments of diag-
nosis, we would like to particularly mention: magnetic reso-
nance imaging (MRI) [14, 15]; white-light and multi-spectral
imaging and microscopy [16-18]; polarization-sensitive ima-
ging [19-22]; fluorescence spectroscopy and imaging, relying
on either endogenous or exogenous fluorophores [23-26];
optical coherence tomography (OCT) [27-30], diffuse-light-
scattering and photon migration spectroscopy [31-33]; con-
focal laser-scanning microscopy [34]; infrared (IR) imaging
and thermography [35-37]; Raman scattering spectroscopy and

imaging [38-40]; ultrasonography [41] and photoacoustic
measurements [42—44]; and Brillouin-light-scattering micro-
scopy [45]. Despite such a wide variability of novel tissue
imaging modalities, the majority of them are still considered as
laboratory research tools; thus, it would take a certain amount
of time to transfer them to clinical practice. Most of these
techniques rely on the exogenous labels of pathological tissues
and cells, which makes the diagnosis process invasive and
expensive. Furthermore, each of them provides high accuracy,
sensitivity and specificity of diagnosis for a set of neoplasms of
particular nosologies and localizations. This justifies the
importance of further developing novel instruments for the
diagnosis of malignant and benign neoplasms.

Novel prospective methods of malignancy diagnosis can
be based on the label-free spectroscopy and imaging of tissues
in the THz range [46], which spans frequencies between 0.1
and 3.0 THz, or wavelengths between 3 mm and 100 pm,
correspondingly; see figure 1. Since the pilot observations
of THz waves by Rubens and Nichols, who were the first to
measure the THz radiation of black bodies at the end of the
19th century [47], THz technology has attracted considerable
attention in fundamental and applied physics [46]. The research
by Auston [48] on photoswitching/photoconductivity in
semiconductors, excited by ultrashort laser pulses in the visible
or near-infrared (NIR) ranges, has stimulated rapid progress in
the generation and detection of THz pulses, as well as in THz
pulsed spectroscopy (TPS) and THz pulsed imaging (TPI),
observed at the end of the 20th and the beginning of the 21st
centuries [46]. During the past few decades, TPS and TPI have
been extensively developed and applications found in biology
and medicine, thanks to their well-developed component base,
the flexibility of their design, as well as the ability to fabricate
portable and ergonomic systems [49, 50].

One of the most attractive and socially important bran-
ches of THz biophotonics is the label-free diagnosis of
malignant and benign neoplasms, which is justified by the
annually increasing number of research items in this area,
according to Scopus and the Web of Science databases; see
figure 2. THz radiation is non-ionizing in nature; therefore,
low-power THz beams are harmless to humans. THz waves
are strongly absorbed by water molecules, which limits their
penetration into tissues by hundreds or even tens of microns,
depending on the tissue type and the electromagnetic wave
frequency. On the one hand, strong THz wave absorption by
water limits the capabilities of THz diagnosis by probing only
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Figure 1. The THz range of the electromagnetic spectrum, where v
and ) stand for the electromagnetic wave frequency and wavelength,
respectively. Courtesy of K I Zaytsev.
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Figure 2. The annual number of publications (from 2000 to 2019)
related to the terahertz diagnosis of malignancies, retrieved from the
query (‘terahertz’ or “THz’) and (‘malignancy’ or ‘cancer’ or ‘tumor’)
from the Scopus and Web of Science databases; search request dated
May 6, 2019. Courtesy of A A Gavdush and K I Zaytsev.

the superficial layers of biological liquids and tissues in vivo.
On the other hand, the high sensitivity of THz waves to water
content in tissues makes THz technology attractive for label-
free differentiation between healthy tissues and malignancies
using water as an endogenous marker (malignant tissues
usually feature increased water content owing to abnormal
microvascularity and edema) [50]. Despite the attractiveness
of THz technology, it is still a rather novel research direction,
far from clinical application due to the restrictions of many
scientific and technical problems.

In this review, we summarize the modern results in the
area of the THz diagnosis of malignant and benign neoplasms
as well as the related research and engineering branches. We
discuss the existing models describing the THz-wave-tissue
interactions, as well as the biological effects of tissue exposure
to THz waves. We consider the common THz instruments and
the related methods of signal processing and inverse problem
solutions, which have either already been applied in THz bio-
photonics and medical imaging, or still hold strong potential.
We summarize the earlier-reported results of the THz mea-
surements of malignant and benign neoplasms with different
nosology and localization, paying attention to the origin of the
observed contrasts. We discuss the prospects of THz technol-
ogy in non-invasive, minimally invasive and intraoperative
diagnosis, as well as in aiding histology. We review the chal-
lenging problems of THz diagnosis and their possible

solutions, which should bring THz technology much closer to
use in clinical practice. This review allows one to objectively
uncover the strengths and weaknesses of THz technology for
the diagnosis of neoplasms.

The paper is organized as follows. In section 1, we describe
the modern research results in the area of THz-wave-tissue
interactions in the context of tissue diagnosis and exposure. We
consider the effective medium theory, which is widely applied
for describing THz-wave propagation in homogeneous isotropic
tissues, the problem of accounting for the THz-wave scattering
in tissues, which remains unaddressed, and the effects of tissue
exposure to THz waves, which are of crucial importance for
defining the safe limits in THz diagnosis and therapy. In
section 2, we describe the modern instruments and methods
of THz technology with strong emphasis on TPS and TPI, which
are widely applied in THz biophotonics. In section 3, we discuss
the recent advantages of THz diagnosis in malignant and benign
neoplasms with different nosology and localization by classify-
ing the existing methods into four distinct types: non-invasive,
minimally invasive and intraoperative THz diagnosis, as well
as THz aiding histology. Furthermore, we briefly consider the
origin of the label-free contrast observed between intact (heal-
thy) and pathological tissues in THz spectra and images. In
section 4, we consider the challenging problems of THz tech-
nologies, restraining their transfer to clinical practice: the
demand for novel THz optical materials; the absence of wave-
guides for THz-wave delivery to difficult-to-access tissue; the
importance of boosting the performance of modern THz emitters
and detectors; the diffraction-limited spatial resolution of
conventional THz optical systems; and the limited depth of THz-
wave penetration in biological tissues and liquids. Additionally,
we consider the modern approaches to mitigating these chal-
lenges. In section 5, we summarize the discussed results high-
lighting the prospects of THz in medical diagnosis.

1. Terahertz-radiation—-tissue interactions

In this section, we start with a description of THz-wave-tissue
interactions, relying on the effective medium theory and an
assumption of the homogeneous and isotropic character of
tissues at the scale posed by THz wavelengths. Due to the
relative simplicity, this approach is conventional for THz
biophotonics. Next, we consider the problem of accounting
for the THz-wave scattering effects in tissues, which has not
received enough attention previously, and which might be
inherent for a large number of tissues. Finally, we briefly
discuss the effects of tissue exposure to THz waves, which is
important for defining the safe limits in THz diagnosis.

1.1. Assumption of a homogeneous medium with relaxation
dynamics of terahertz dielectric response

In figure 3, the dimensions of the typical structural elements
of tissues (such as microfibrils, separate cells, cell organels
[51]) are compared with an electromagnetic wavelength of
300 pm, which corresponds to 1.0 THz. With a vertical red
solid line, we show the Abbe diffraction limit for the spatial
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Figure 3. Structural elements of biological tissues at the scale posed by THz wavelengths; here, for simplicity the typical dimension of the
structural components of the tissue § are normalized by the wavelength of Ay = 300 pm corresponding to vy = 1.0 THz; the vertical solid red
line stands for the \/2-Abbe diffraction limit. Courtesy of I N Dolganova and K I Zaytsev.

resolution of lens- and mirror-based THz optical systems.
From figure 3, we notice that the structural components of
tissues are much smaller as compared to the defined THz
wavelength. This leads to the Rayleigh scattering of THz
waves in such tissues [12] and to a conventional assumption
of homogeneous and isotropic medium [50].

THz waves strongly interact with polar molecules; thus,
they are absorbed by liquid water (either free or bound) and
tissue with a high water content [50, 52]. In order to justify
the high impact of water on THz-radiation—tissue interaction,
one should pay attention to the significantly higher THz
refractive index and absorption coefficient of fibrous con-
nective tissue (which features a volume water content of
about 60%—75%), as compared to that of fat tissue of the
breast (which normally contains less than 10% water [53]);
the THz optical properties for these types of breast tissue were
studied in [54]. We were also able to compare the THz
response of hydrated tissues in vivo or ex vivo with that of
completely dehydrated ones (for example, tissues embedded
in paraffin), with the latter featuring a much smaller THz
refractive index and absorption coefficient [55].

The majority of biological systems feature strong THz-wave
absorption caused by a high water content; this limits the depth
of THz-wave penetration into tissues by hundreds or even tens
of microns, depending on the tissue type and the frequency [50].
Therefore, THz technology is only reliable for probing the
superficial properties of tissues, while only the reflection-mode
measurement schemes are reliable for the THz measurements of
hydrated tissues in vivo or ex vivo [56, 57].

The above-mentioned assumption of the homogeneous and
isotropic character of tissues allows the THz-wave-tissue inter-
action to be described in the framework of effective medium
theory. Thus, similarly to the THz dielectric response of liquid
water, water solutions and biological liquids [50], the THz
response of the tissues features no resonant absorption peaks and
can be defined by the relaxation models of the complex di-
electric permittivity &, such as the double-Debye model [58—65]

AEl AEz
1 + iwn 1+ iwn ’

(1

€ =€y +

where € is a constant dielectric permittivity at a high-frequency
limit; 7; and 7, stand for the times of the ‘slow’ and ‘fast’
relaxations; Ae; and Ag, represent the contributions of the slow
and fast relaxation processes in the dielectric permittivity; and
w=2mv is a circular electromagnetic wave frequency. For
example, in table 1, we summarize the literature data on the
double-Debye model parameters for water and several types of
biological tissues, including healthy and pathological ones. The
complex dielectric permittivity

E=¢ —ig", 2)

with its real &’ and imaginary e’ parts, is related to the complex
refractive index 7 as

—in"=n-—i—a=z, (3)

where n’ = n and n'’ stand for the real and imaginary parts of 7,
c=~3 x 10®m s is the speed of light in a free space, and « is
the amplitude absorption coefficient in [cm '],
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Table 1. The parameters of the double-Debye model for water and tissues.

# Object €0 Agy Ag, T1, PS T2, PS Source
1 Water 33 75 1.9 8.5 0.17 [66]
2 Water 35 73.5 1.4 8.2 0.18 [67]
3 Water 4.1 72.2 2.5 10.6 0.18 [58]
4 Water 3.2 73.6 1.6 8.0 0.18 [63]
5 Water 3.42 74.16 1.38 7.87 0.18 [68]
6 Segregated water 220£0.10 1.17+£0.10 044 +0.10 720+£0.05 0.12+£0.05 [69]
7 Healthy skin in vitro 289 +0.14 2034 +£254 174+0.16 3.82+049 0.114+001  [64]
8 Healthy skin in vivo 3.0 56.4 0.6 10.0 0.20 [58]
9 Healthy skin ex vivo 2.58 10.54 1.58 1.45 0.061 1 [59]
10 Healthy skin in vitro 2.8593 25.696 1.76 4.8037 0.103 [70]
11 Epidermis in vivo 3 54.4 0.6 9.4 0.18 [61]
12 BCC in vitro 290 £ 0.15 28.53 £ 548 1.9+£020 435+0.67 0.11 £0.01 [64]
13 BCC ex vivo 2.58 13.37 1.58 1.55 0.0614 [59]
14 BCC in vitro 3.0217 72.246 1.95 11.0195 0.1277 [70]
15 Fibrous breast tissue ex vivo 2.1 72.6 1.8 10.3 0.07 [63]
16 Breast tumor ex vivo 25 73.6 2.8 9.1 0.08 [63]

In figure 4, we show (a) real £’ and (b) imaginary €’ parts . Water | Epidermis
of the complex dielectric permittivity for water and epidermis 107 Double-Debye model ——-
of the skin, which rely on the double-Debye model para- = Slow relaxation, 7, —_— ——-
meters from [58]: for water, ¥ = 4.1, Ag™ =722, - Fast relaxation, z, — ——-
Ay = 2.5, 7™ = 10.6 ps, 75" = 0.18 ps, and for the 10'E
epidermis of the skin ex vivo, eSPdemis — 3.0, Aggpidermis — - F
56.4, Acgidemis — 0,6, r{PeemE = 10,0 ps, 7™ = 0.2 ps.  ©
From figure 4, we noticed that the imaginary part of the o'k
double-Debye model is comprised of two broad absorption SR
bands, one of which corresponds to the slow Debye relaxation r
term and is centered far below the THz range at the inverse -
relaxation time 7, !, while another is attributed to the fast e
Debye relaxation, being centered at the high frequency edge 10 TPS
of the THz range at 75 . In turn, the real part of the double- = =
Debye complex dielectric permittivity decays with frequency. r 2 2

When considering equation (1) for free bulk water, slow 10'E
Debye relaxation with 7; ~ 10 ps describes the cooperative - F T e
reorganization of water molecules connected by hydrogen  © [
bonds, while fast Debye relaxation with 7, ~ 0.1 ps describes o'k B
the vibrational motion of water molecules, free from hydro- E o0 epiderms
gen bonds [71]. The hydration of biological molecules in
aqueous solutions and tissue might lead to the more complex -
relaxation dynamics of their dielectric response [72, 73]. The 10" e e 161 Lo

electric charges of biological molecules create an electric field
that orients the dipole water molecules and forms layers
(shells) of hydrated water. For example, in 1906, Morozov
proposed the existence of three hydrated shells in such
complexes in addition to free water [74]. The first shell is
comprised of a monolayer of water molecules, which is
attached to the hydrophilic parts of biomolecules via hydro-
gen bonds, and features a relaxation time of 7 ~ 10~ s. The
second shell (the intermediate one) is called the melting zone,
in which water molecules are slightly disturbed by the dipoles
of the water molecules from the first shell, and feature a
relaxation time of 7 ~ 107°—107'% s. In the third shell, the

v, THz

Figure 4. A comparison of the double-Debye models of complex
dielectric permittivity for water and the epidermis of the skin ex vivo
reported in [58]. Here, the gray colored area represents the spectral
range of TPS sensitivity, used in [58]. Courtesy of A A Gavdush and
K I Zaytsev.

tetrahedral structure of pure bulk water is maintained, where
the formation and disruption of hydrogen bonds occur with a
relaxation time of 7 ~ 107! s [75]. Water in the third layer
around the molecule represents bulk water, which is not
influenced by the solute molecules and has the same physical
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properties as pure bulk water. The methods of THz dielectric
spectroscopy are sensitive to the picosecond relaxation
dynamics in the media [76] and thus allow one to probe the
state of water in the third hydrated shell, weakly connected to
the biomolecules and associated with fast Debye relaxation
[77]. Therefore, both the content and the state of water in a
solution of biological molecules and tissue play an important
role in the formation of their electodipole response at THz
frequencies [78].

For example, THz spectroscopy allows the hydration
state of sugar solutions to be characterized. It was demon-
strated that the hydration state is closely related to the number
of hydrophilic groups and the steric configuration of hydroxyl
groups in sugar molecules [79]. The complex dielectric
permittivity at the THz frequencies yields information about
the presence of unassociated water molecules with picose-
cond relaxation times in a biological medium and about the
amount of water replaced by the hydrated one with slower
relaxation times [76]. In [80], about a 10% reduction in the
amplitude of the first Debye relaxation term Aey, as compared
to that of pure bulk water, was reported for the water solution
of a mixture containing bovine serum albumin (BSA) and
fructose. Incubation of BSA with fructose is accompanied by
the formation of covalent bonds between the sugar carbonyl
groups and protein amino groups [81], which decreases the
portion of fructose molecules with the associated water
molecules. As a result, the imaginary part of the permittivity
increases, and the THz-wave transmission through the mix-
ture decreases after 96 hours of incubation [80]. Nevertheless,
a detailed review of the modern research status in the area of
understanding the THz dielectric response of pure bulk water,
water solutions of biomolecules, segregated water and tissues
is far beyond the scope of the present review. The reader can
find an in-depth analysis of this problem in [50, 78].

Despite the double-Debye model forming a conventional
approach for describing the picosecond relaxation dynamics
in biological systems, we should notice that using this model
is not physically rigorous, since it implies a fit of the exper-
imental data with the two broad absorption peaks, centered
either beyond or at the edge of the THz range. Thus, the
extraction of the double-Debye model parameters is an
extrapolation of the experimental data. However, in the case
of taking appropriate initial conditions during the fitting
procedure, the double-Debye model can provide a very con-
venient parametrization of the data using only five indepen-
dent coefficients: e, Aey, Aey, 71 and 7,, which makes it
quite attractive in THz biophotonics.

Along with the Debye model, other numerous semi-
empirical relaxation models of complex dielectric permittivity
exist and could be applied to fit the THz spectroscopy data.
Among them are the Cole—Cole [82, 83], Davison—Cole [84]
and Havriliak-Negami [85] models, which imply more
parameters in order to take into account the possible asym-
metry of the discussed broad absorption bands.

The knowledge of a complex dielectric permittivity or a
complex refractive index allows us to describe completely
the THz-wave-tissue interaction in the framework of classical
electrodynamics. In particular, it provides us the ability to:

* Model the THz-wave interaction with layered media
using a plane-wave approximation along with the Fresnel
equations (for describing the THz-wave transmission and
reflection at interfaces between media), and the modified
Bouguer-Lambert-Beer law (for describing the THz-
wave phase shifts and absorption in a bulk medium) [58];
Simulate numerically the THz-wave interaction with
biological objects of a complex shape using methods of
computational electrodynamics or statistical Monte-Carlo
approaches [12];
* Use the double-Debye model parameters as physical
principal components for discriminating between differ-
ent types of tissue [64].

Finally, we should stress that there is an increasing
number of works dedicated to the theoretical and exper-
imental studies of a resonant (or quasi-resonant) dielectric
response of biological media at THz frequencies, such as
biological molecules in a crystal state and in different con-
formations [86, 87, 87—-104], as well as biological tissues
[105-108]. In particular, the sharp spectral fingerprints of
cancer cells were reported in [106, 107], where the authors
introduced a high-resolution THz resonance spectroscopy of
biological tissues, combined with numerical analysis of the
experimental data based on molecular dynamics, and studied
a few samples of epithelial ovarian cancer, which allows us to
highlight the potential of the proposed technique in early
cancer diagnosis. Despite taking a significant amount of time
to demonstrate the reproducibility of these results, involving
an increase in the amount of samples, and examining the
applicability of these techniques for cancers with different
nosology and localization, novel opportunities may be opened
up for the THz molecular diagnosis. A detailed analysis of the
resonant features in the THz dielectric response of biological
systems is out of the scope of this paper; in our opinion, this
topic deserves a separate full-blown review paper.

1.2. The problem of accounting for terahertz-wave scattering in
tissues

The simplicity of the aforementioned approach, which is
based on the assumption of the homogeneous and isotropic
character of tissues and the straightforward effective medium
theory, makes it widely applied in THz biophotonics. How-
ever, a lot of biological objects and tissues possess structural
inhomogeneities with dimensions comparable to the THz
wavelengths; some of them are presented in figure 3.

As a representative example of such tissues, in figure 5,
we show (a) the THz image and (b) the histological data for
fat cells and their agglomerates embedded into the connective
fibrous tissues of the breast. This THz image of a human
breast specimen ex vivo was collected at A = 500 pum using
0.15 A-resolution THz solid immersion microscopy [109].
This technique, described below in section 4.3.2, allows fat cells
and their agglomerates with dimensions of about 50-150 pm to
be imaged. For such types of tissue, where inhomogeneities are
no longer negligibly small particles compared to the wavelength
(average size/wavelength ratio d/XA > 0.1), the Mie scattering
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Figure 5. A THz image of the connective fibrous tissues of the breast
ex vivo (a), compared to the histological optical image (b). The THz
image was collected using 0.15 A-resolution THz solid immersion
microscopy at the wavelength of A = 500 um. Here, the THz image
reveals sub-wavelength single fat cells and their agglomerates
embedded into the connective fibrous tissues of the breast ex vivo.
Reprinted from [109], with the permission of AIP Publishing.

Table 2. The THz optical properties of fat and connective fibrous
tissues of the breast from [54], which were used in the calculation of
the data from figure 6. Reprinted with permission from [54]. © The
Optical Society of America.

Fat tissue Fibrous tissue
v, THz n a, cm ™! n «, cm ™!
0.5 1.58 36 2.05 129
1.0 1.57 60 1.95 200
2.0 1.56 81 1.89 260

effects would take place. This would push further research into
the realm of the development of novel approaches for
describing the THz-wave-tissue interactions, which takes into
account both the dispersion and absorption properties of tissue
components, as well as the structural properties of tissues. This
approach would rely on radiation transfer theory, which is
widely used for describing the electromagnetic response of
tissues in the visible and IR spectral ranges [12]. The basis of
radiation transfer theory is a radiation transfer equation, which
defines the radiance I (r, §) at a point (radius vector) r in the
direction §

ol(r,§) . AN A Ay ,
i~ —u I (r, §) + LW I(r, $"p($, §HdQ2

+ I(r, §), “

where p and i are the scattering and total (absorption and
scattering) coefficients, p($, §’) is the scattering phase function,
' is the unit solid angle around §’ and I)(r, ) is the radiance
of internal sources. The scattering phase function describes the
anisotropy of the scattering properties of tissues and accounts
for the characteristic angular distribution of the Mie scattering.

If we consider the above-mentioned example of breast
tissues from figure 5 and apply the Mie theory in the THz range
for the single fat cell of various diameters d surrounded by the
fibrous connective tissues, we can observe the changing
behavior of the scattering parameters, i.e. the differential
scattering cross-section o (), the total scattering cross-sections
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Figure 6. The Mie scattering properties of the single spherical fat cell
surrounded by the homogeneous fibrous tissues of the breast with
optical properties from table 2: (a)—(c) a normalized differential
scattering cross-section o(6) for various diameters of fat cells

(d = 50, 100, 150, 200 and 250 pm) and frequencies of the
electromagnetic wave (v = 0.5, 1.0 and 1.5 THz); (d) a model of the
spherical fat cell embedded into the connective fibrous tissues of the
breast; (e) a total scattering cross-section o, as a function of d and v;
(e) a mean cosine (i.e. a scattering anisotropy factor) cos(f) as a
function of d and v. Here, 6 is the scattering angle between the
directions § and §’. Unpolarized incident THz radiation is consid-
ered. Courtesy of I N Dolganova.

o, and the scattering anisotropy factor ¢os (#)—as shown in
figure 6 for depolarized light. Here, 6 is the scattering angle
between directions § and §’. The dielectric parameters of the
connective and fat tissues of the breast for three radiation
frequencies 0.5, 1.0 and 1.5 THz are used in the calculations
in accordance with the data from [54]; see table 2. Depending
on the ratio between the particle diameter d and the wavelength
A, one can expect strong forward or backward scattering,
as well as the diffuse scattering of incident radiation. Respec-
tively, such results can impact the THz imaging and spectro-
scopic measurements of tissues, and possibly lead to a wrong
interpretation of enhanced absorption/reflection, reducing
the efficiency of THz diagnosis. Note that these calculations
do not account for the possible increased water content in
adipose cells.

Furthermore, to justify THz radiation scattering in tissue,
we can also consider the results of polarization-sensitive THz
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imaging [110-112], which were reported to provide useful
information for the differentiation between healthy tissue and
cancers of the skin ex vivo. Such changes in the THz-wave
polarization could not, in principle, be predicted using the
above-mentioned approach based on the effective medium
theory, justifying the necessity of using radiation transfer
theory in THz biophotonics. Nevertheless, this problem
remains unaddressed.

1.3. Biological effects of tissue exposure to terahertz waves

The appearance of contemporary THz sources and detectors
has stimulated the rapid development of medical applications
and caused the exposure of the human population to THz
waves to increase, arousing anxiety concerning the possible
risks. At the same time, the biological effects of THz radiation
remain insufficiently investigated. This raises the question on
the response of biological systems to THz exposure with
different physical parameters, as well as on the evaluation of
the adverse health effect threshold. The International Com-
mission on Non-Ionizing Radiation Protection ICNIRP) sets
safe limits of the power density of 2 mWcm 2 for the
exposure of the population in the range of 2 to 300 GHz for
the duration of 6 min [113]. Under an exposure of 30 min,
this limit is equal to 1 mW cm 2. The safety limits are based
on the estimated changes of body temperature during irra-
diation; thus, they rely on the thermal mechanisms of
the THz-wave-biological-object interaction. No limits have
been established for the exposure of a human to electro-
magnetic waves with frequencies above 300 GHz. Further-
more, the data extrapolation from the neighboring spectral
ranges cannot be used to adopt scientifically substantiated
standards [114].

Determination of the adverse health effect threshold is
impossible without knowledge of the mechanisms of inter-
action between THz radiation and biological objects. Nowa-
days, these are the two most widespread hypotheses:

* The first hypothesis considers THz radiation to cause the
heating of an object due to the strong THz-wave
absorption by water, which is predominantly observed
in work with continuous-wave THz radiation [115-118].
The second hypothesis considers the non-thermal
mechanisms of the interaction. Frohlich [119] reported
(on the theoretical basis) that the excitation of quantum
modes of vibration in contact with a thermal reservoir
may lead to the steady states, ‘Frohlich condensate’,
where under a rather high rate of energy supply, only
specific low-frequency modes of vibration are strongly
excited. This non-linear phenomenon was predicted to
occur in biomolecular systems, which are known to
exhibit complex vibrational spectral properties, especially
in the THz range [120].

In addition, it was demonstrated that either linear or non-
linear resonant interaction between THz radiation and deox-
yribonucleic acid (DNA) is possible. Under certain condi-
tions, this causes substantial changes in molecular dynamics
and might lead to the local rupture of hydrogen bonds in

double-stranded DNA chains, as well as to changes in gene
expression [121, 122]. This statement is especially applicable
to the use of THz pulsed radiation [123], whose average
power is usually rather low (uW or mW), though the peak
power can reach 1 MW and even higher [124-126], being
sufficient for THz radiation to pass through cytoplasm and
nuclear membranes [127, 128].

It was suggested that the coiled portion of a sweat duct in
the upper skin layer could be regarded as a helical antenna in
the sub-THz band [129-132]. Experimentally, it was shown
that the reflectance of the human skin in the sub-THz region
depends on the intensity of perspiration. One must consider
the implications of human immersion in electromagnetic
noise, caused by devices working at the very same fre-
quencies as those to which the sweat duct (as a helical
antenna) is most attuned. The authors warn that it is necessary
to study the possible consequences for human health before
unlimited use of sub-THz technologies for communica-
tions [133].

Some reviews have demonstrated the effect of THz
radiation on conformations of biopolymer (proteins and
DNA) [49, 115, 134, 135], genes and cells [115, 136] and the
entire organism [115, 134, 137]. For instance, the exposure of
mice to THz radiation with the frequency of 3.68 THz and
the irradiance of 40 mW cm 2 for 30 min was reported to
cause unfavorable effects on the behavior of animals: the
escape response, the shift of motion activity and the anxiety
state, which does not disappear within 24 hours after the
exposure [138]. For the exposure of drosophila to pulsed
broadband THz radiation featuring the spectral range of
0.1-2.2 THz, the pulse duration of 1 ps, the peak power of
8.5 mW, the repetition rate of 76 MHz and the exposure time
of 30 min, it was established that THz radiation affects the
lifetime of adults and the first-generation progeny, the dura-
tion of the period within which adulthood is achieved by
individuals of the first generation, and the ratio of female to
male individuals. These facts provide evidence of changes in
the system signs, and this process may involve epigenetic
gene regulation and various intercellular signaling path-
ways [139].

In [140], it was shown that the exposure of rats with a
grafted Guerin carcinoma (a fast-growing malignant tumor)
to THz radiation with the frequency of 0.89 THz and the
irradiance of 1.6 mW cm ™2 (two exposures of 1 cm” area in
3days, with the energy dose of 1.44Jcm ?) leads to a
decrease in the tumor size, reliably almost to the same extent
provided by x-ray irradiation. After the second exposure, a
decrease in tumor growth by 26.5% and 36.2% was observed
after 20 days for THz and x-ray exposures, respectively [141].
There is a significant difference between the two mechanisms:
the x-rays destroy both tumor cells and normal cells that get
into the irradiation zone, while the THz radiation stimulates
the immune system, and thus causes selective damage of the
tumor cells only. In turn, the everyday 7-day-duration regime
of tumor exposure to THz waves (0.89 THz, 400 uW cmfz)
accelerates its growth [141], highlighting the importance of
accurately selecting the THz exposure regimes.
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Figure 7. The quality of the THz-related data read out from 33
investigations: (a) in vitro experiments; (b) in vivo experiments.
Here, the blue bars stand for no response while the red bars stand for
a response employing the listed quality characteristics (y-axis). The
spider net diagrams on the right present the percentage of
investigations as a function of the quality characteristics. Reprinted
from Springer Nature: Journal of Infrared, Millimeter and Terahertz
Waves [143], 2018. With permission of Springer.

However, some studies did not reveal any THz radiation
effects. According to the data described in the review
embracing the works of 37 research groups all over the world,
starting from the 1970s [142], it was demonstrated that:

* 43% of works did not detect any effects;

* 29% of works detected negative effects;

* 14% of works detected positive effects,

¢ 14% of works resulted in multidirectional effects in the
studies of the same biological object.

This diversity of experimental data is explained by differences
in the applied radiation sources (pulsed or continuous wave
(CW)), the exposure time, the organism arrangement level,
and the initial functional state of the biological object under
investigation. Correspondingly, a thorough evaluation of the
specificity of the biological effect caused by THz radiation
requires an account of each of the above-mentioned aspects.
Indeed, experimental studies aimed at investigating the THz
radiation effects need adequate dosimetry, object temperature
control, the use of sham exposure, positive control and
blinded analysis in order to obtain reproducible results [143].
In figure 7, we show the analysis of the data reported in 33
published works from [143]. This summarizes the results of
numerous in vitro and in vivo studies of various biological
systems exposed to THz waves, demonstrating that not all of
these studies provide the necessary controls; therefore, these
results are not completely credible [143].

The study of THz exposure effects implies several
aspects:

* Safety within diagnostic procedures. For this purpose, it is
necessary to develop standardized conditions for determin-
ing the limitations of THz source applicability in medical
diagnostics systems during sufficient time intervals, such
as 10-20 min. When working in this direction, it is
convenient to deal with cells and cell cultures.

* The capabilities of THz waves to participate in program-
ming cell growth and development, its effect on the
functional state, proliferation, and intercellular interac-
tions, which may be urgent for tissue engineering. In this
case, it is necessary to exclude the damage of the genetic
apparatus of cells.

Investigation of the long-term consequences (delayed
effects) on the functions of complicated multicellular
organisms. It is critically important to determine the
threshold values of the THz radiation energy parameters,
within which the action turns out to be reversible and safe
for further vital activity of the biological objects.

One should keep in mind the impact of the applied
analysis approaches on the obtained results when studying the
biological response, since they can affect the revealed specific
structural or functional changes at one level of biological
system organization or another. This circumstance also
strongly hinders the correct comparison of the data obtained
by different authors [142, 143]. There is great significance in
the studies of THz radiation effects belonging to new genome
technologies, which allow us to determine the DNA damage
in cells, as well as to analyze the expression of certain genes
and the synthesis of specific proteins [136, 144]. The most
simple and rapid method, which allows one to detect the
damage and changes in the structure of DNA in cells, is the
molecular gene toxicology comet test, i.e. the DNA comet
method or the electrophoresis of individual cells in agarose
gel. This method was successfully used in a number of studies
[115, 116, 134, 136, 137, 142]. The authors of [145] carried
out an investigation in order to determine the safe thresholds
of THz radiation energies using a set of THz pulsed systems
and the DNA comet method, considering THz-wave-induced
damages of blood leukocyte DNA. Calculations of the
temperature change within the chosen irradiation modes were
carried out. They demonstrate that the action of THz-pulsed
radiation, spanning the frequency range of 0.1 to 6.5 THz, on
blood leukocytes does not induce DNA damage after irra-
diation for 20 min, even in cases where the maximal irra-
diance reaches 200 uW cm ?; the electromagnetic-wave-
induced heating of the sample does not exceed 1°C. For
comparison, it was demonstrated in [146] that exposure of
blood samples from healthy donors to THz-pulsed radiation,
which spans the frequency range of 0.12 and 0.13 THz, does
not cause genetic changes in blood leukocytes and does not
affect the kinetics of the cell cycle for THz-wave irradiance in
the range of 30-250 xWem 2 and for the exposure duration
of 20 min. An increase in the intensity of THz-pulsed radia-
tion to 2 mW cm 2 is able to induce DNA damage [147]. In
turn, irradiation of 30 min duration with a CW source of THz
radiation, featuring the output frequency of 3.68 THz and the
irradiance of about 40 mW cm_z, causes a decrease in the
number of vital cells, while irradiation for 90 min leads to a
further decrease of twice as much in the number of living
cells [140].

At the same time, the exposure of human blood leuko-
cytes to 0.1 THz CW radiation with the irradiance of
31 uWem 2 and the duration of 2 and 24 hours causes an
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Table 3. Effects of cell exposure to THz radiation; here, CW and P stand for the continuous-wave and pulsed emitters.

Irradiance, Exposure
#  Emitter type Frequency, THz Cell type mW cm 2 time, min Effects Source
1 Ccw 0.12-0.18 Rat glioma cells, 3.2 1-5 Dose-dependent cytotoxic effect [148]
lone C6
2 Ccw 252 Jurkat cells 636 30-50 Up-regulation of the expression of genes of chaperones, transcrip-  [149, 150]
tional activators, cellular growth regulators and inflammatory
cytokines
3 CwW 2.52 Jurkat cells 227 5-40 Decrease in cell viability [137]
4 Cw 3.68 Human blood 40 30, 90 Decrease in cell viability [140]
lymphocytes
5 CwW 0.1 Human blood 0.031 120, 1440 Genomic instability (increase in asynchronous replication) [151]
lymphocytes
6 P 0.1-0.15 Human blood 2,5 20 DNA damage [147]
lymphocytes
7 P 0.002-0.3 Human blood 2 6 None [113]
lymphocytes
8 P 0.002-0.3 Human blood 1 30 None [113]
lymphocytes
9 P 0.5-6.5 Human blood 0.008 20 None [145]
leukocytes
10 P 0.1-2.0 Human blood 0.125 20 None [145]
leukocytes
11 P 0.1-1.0 Human blood 0.2 20 None [145]
leukocytes
12 P 0.1-0.15 Human blood 0.03-0.25 20 None [146]
lymphocytes
13 CW 0.1 Human blood 0.031 60 None [151]
lymphocytes
14 P 0.2-3.0 Primary human 0.001 10-30 None [137]
keratinocytes
15 Ccw 0.106 Human dermal 0.04-2.0 120, 480 None [152]
fibroblasts
16 Ccw 0.07-0.3 Human dermal <0.001 180, 4200, 5760 None [153]
fibroblasts
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increase in the aneuploidy of chromosomes 11 and 17 during
cell division, which causes genome instability and could lead
to the development of cancer [151]. Exposure of a culture of
human T-lymphocytes to 2.52 THz CW radiation with the
irradiance of 636 yWem 2 and the duration of 30-50 min
was accompanied by sample heating by 3°C [154]. The
effects of THz radiation and of heating to the equal temper-
ature were compared; it was shown that THz irradiation
causes the activation of 75% of genes, encoding (among
others) the proteins of the plasmatic membrane and the pro-
teins of the intracellular signaling pathways, as compared
with 55%-activation as a result of heating. The same authors
also demonstrated that after irradiation (4 hours Ilater),
increased expression is exhibited by the genes of heat shock
proteins, transcriptional regulators, cell growth factors and
anti-inflammatory cytokines [149]. The authors concluded
that THz radiation may affect gene expression, and this effect
is not connected with an increase in cell temperature [150].

Human epidermal keratinocytes and dermal fibroblasts
within artificial multilayer human skin tissue were exposed to
broadband THz radiation, with the frequency range of
0.1-2.5 THz, the irradiance of 5.7 and 57.0 mW cm 2 and
the duration of 10 min; for comparison, the cells were also
irradiated by pulsed violet radiation with the wavelength of
400 nm for the exposure time of 2 min [155, 156]. The results
of this investigation showed that THz radiation causes a
selective decrease in the expression of genes associated with
the development of skin diseases, such as psoriasis, atopic
dermatitis and other inflammatory diseases, as well as the
genes of proteins participating in apoptosis [155]. As far as
the genes of carcinogenesis are concerned, it was demon-
strated that THz radiation suppresses the activity of the genes
of proteins enhancing the proliferation of tumor cells, tumor
growth and metastasis, and stimulating the expression of
proteins suppressing tumor growth [155, 156]. Relying on
these results, the authors propose using THz radiation for
therapeutic purposes in order to normalize the functions of
genes associated with the development of skin diseases.

In [157], murine keratinocytes within the dorsal skin
were exposed in vivo to broadband THz radiation with
the spectral range of 0.1-2.6 THz, the irradiance of
0.32 mW cm 2 for the duration of 1 hour. After exposure (24
hours later), the activation of 149 genes was demonstrated.
These genes are responsible for such biological functions as
healing, tissue growth, organogenesis and cell migration. The
pattern of gene expression of the cells exposed to THz waves
was different from the pattern characteristic of those exposed
to ultraviolet or neutron radiation [157]. The authors assume
that THz radiation causes a decrease in skin hydration, and
this leads to changes in the activity of the intracellular sig-
naling pathways.

In [158], the cultures of human keratinocytes were
exposed for 20 min to THz CW radiation with three fre-
quencies of 1.4, 2.52 and 3.11 THz, while the irradiance was
442 mW cm 2. Analysis of mRNA, carried out 4 hours later,
showed that the expressed genes turned out to be almost
unique for irradiation at one or another frequency. The
authors concluded that the irradiation of cell cultures with
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different THz frequencies may lead to unique biochemical
and cell reactions. Thus, it is necessary to choose the fre-
quency carefully when THz radiation is used as a potential
tool to stimulate specific cell properties [158]. A brief over-
view of the data is given in table 3.

From table 3, we notice that radiation doses below the
established safe limits of about 1-2 mW cm ™2 do not lead to
morphological or genotoxic disturbances in cells. Genomic
instability, which can lead to the development of cancer, is
observed with a low intensity of radiation, but with a long-
term duration [151, 159]. A number of cells, such as fibro-
blasts, do not show changes in the genes at intensities that
exceed the threshold values. Perhaps there is a certain amount
of cellular and tissue selectivity in the THz radiation. It should
be noted that the effects on healthy and diseased cells may
differ.

Summarizing all the above-mentioned results, there are
still many questions regarding the effects of THz radiation on
biological objects to be addressed before applying THz
technologies in a clinical practice for diagnosis and ther-
apeutic purposes.

2. Modern instruments of terahertz biophotonics

Since the 1980s, the development of laser-based THz tech-
nologies has entailed the appearance of various imaging and
spectroscopic techniques in the THz range. Among them are
systems employing pulsed and CW radiation, featuring a
rather large variety of output parameters, dimensions, cap-
abilities and cost. All of them have been applied to biopho-
tonic tasks to a greater or lesser extent, studying the properties
of biological tissues and processes, and developing novel
diagnostic tools of different diseases. In this section, we
outline the present problems of applying THz radiation to
spectroscopy and imaging of tissues. Then, we briefly
describe the most common techniques and instruments, with a
strong emphasis on the methods that use pulsed THz
radiation.

2.1. The problem of tissue measurements at terahertz
frequencies

When measuring the physical properties of tissue at THz
frequencies, one must deal with the severe problem of the
small penetration depth in freshly excised specimens ex vivo
or tissues in vivo caused by strong THz-wave absorption by
free and bound water, whose concentration in biological tis-
sues is rather high [160]. Thus, in transmission mode mea-
surements, one should use sliced thin samples with parallel
sides and a thickness of <100 pm [161]. The exact sample
thickness has to be known with high precision since the
thickness parameter is explicitly included in the equations
used for determining both the refractive index and the
absorption coefficient of a sample. Unfortunately, the prep-
aration of thin sample specimens with parallel sides and exact
thicknesses is rarely possible, thus, reflection mode is more
common for the THz measurements of tissues. However, the
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reflection mode involves stronger requirements for aligning
the optical components and the sample position, as well as
their maintenance during the experiment [57].

Meanwhile, the problem of strong THz-wave absorption
by water can be solved by dehydration of a tissue sample (see
section 3.4), which allows the morphological properties of
tissues to be measured. However, in such measurements a
huge amount of information about tissue properties related to
water content is lost within the dehydrated layers. Both the
reflection and transmission modes are applied to the dehy-
drated sample. Nevertheless, the choice of measurement
modality and the appropriate setup depend on the particular
tasks and conditions.

Today the range of THz measurement approaches is
rather wide [50]. Besides the transmission and reflection
arrangements, it comprises schemes for pulsed and CW
spectroscopy as well as schemes for the measurement of
optical properties at a single THz frequency. Both can be
applied to single-point measurements or imaging, and the
latter is implemented via raster-scanning of a sample. Several
examples of imaging arrangements are shown in figure 8.
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For in vivo measurements, the next urgent problem is the
delivery of THz radiation to the site of interest, particularly to
the difficult-to-access tissues and internal organs, since unlike
the visible and NIR ranges, there are no commercially-
available low-cost and effective THz waveguides. However,
recent developments will allow one to have a solution in the
near future, as we mention below in section 4.2. Therefore,
the location of the target tissue in the measurement schemes
plays an important role and often restricts the experimental
arrangement.

2.2. Instruments of terahertz spectroscopy and imaging for
tissue diagnosis

The whole set of THz sources, detectors and various mea-
surement schemes available today cover a wide spectral range
from far-IR up to sub-millimeter and millimeter waves [46].
In this paragraph, we will give a short description of the most
common instruments of THz spectroscopy and imaging,
already applied in THz biophotonics.
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Fourier transform infrared (FTIR) spectrometers are
widely used in the IR range, but some of the modifications
can operate at far-IR and even THz frequencies, capturing the
short-wave part of the THz range. They are mostly based on
the Michelson interferometer scheme, where the inverse
Fourier transform of the recorded interferogram represents the
spectral flux of interest. In these instruments, the radiation of
a broadband CW thermal source (often mercury lamps and
globars) with a blackbody-like spectrum is detected by means
of either cryogenic bolometer or pyroelectric detectors, such
as deuterated triglycine sulfate (DTGS) or lithium tantalate
[162—-164]. The latter features low sensitivity and dynamic
range at low frequencies. Due to the high complexity of
cryogenic detectors, only a few FTIR spectrometers operate
below 1.0 THz [165].

It is rather common to perform ultra-broadband spec-
troscopic measurements combining FTIR with TPS, which
typically covers a range from 0.1 to 4.5 THz [166-168].
However, TPS is often applied without FTIR, since it pro-
vides important broadband spectral information. TPS
employs THz pulsed radiation converted from the ultrashort
laser pulses of sub-picosecond duration to probe a sample of
interest. The most common technique for the generation and
detection of THz pulses is the application of photoconductive
antennas (PCAs) [48, 169-171]. However, other options are
also available, for example, the generation and detection
of THz pulses via optical rectification and electro-optical
sampling, respectively [46, 172]. In typical TPS, the laser
beam is divided by the beamsplitter in the pump and probe
beams, which proceed to the PCA-emitter and PCA-detector,
respectively, with the difference in the optical path obtained
by adding a time delay to the probing path. THz detection is
implemented by mixing the THz and laser pulses in the PCA-
detector. The photocurrent in the PCA-detector is propor-
tional to the THz electric field and provides the detected THz
signal. By changing the temporal delay one can register
the THz waveform, after its transmission through a sample or
reflection from it. The TPS signal is a sequence of pulses with
the possible appearance of Fabry—Perot resonances in the
frequency domain, when the corresponding pulses of multiple
reflections are not excluded from the analyzed time-domain
interval. Thus, specific post-processing procedures should be
carefully applied for the reconstruction of the pulse response
or optical properties of the sample [173].

Today, TPS systems have overcome the limitation of
being cumbersome laboratory equipment, and they are
extensively applied in THz biphotonics. In our opinion, the
widespread use of TPS and related imaging modalities has
been caused by:

* The ability for the simultaneous detection of both frequency-
dependent amplitude and the phase of the THz wave in a
broad spectral range, as a result of a single measurement.
Such comprehensive information about the THz wave yields
an analysis of the dielectric response of a sample without
applying the Kramers—Kronig relations [174-177], thus,
providing complete characterization of tissues in the
framework of the effective medium theory (see section 1.1).
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* The ability to analyze tissue response either in the time or
in the frequency domains, which opens up wide
opportunities in processing the TPS data.

¢ The well-developed component base of TPS and TPI and
the opportunity to produce portable handheld and
ergonomic THz systems for clinical applications
[178, 179].

* The existence of numerous methods for processing the
data and for solving the inverse ill-posed problems of
TPS for accurate tissue characterization [180—187].

Along with FTIR and TPS, the methods of CW THz
spectroscopy based on backward-wave oscillators (BWOs)
have been extensively applied in fundamental research [188].
BWO came from the millimeter and sub-millimeter ranges
[189], being a sort of electro-vacuum tube that emits coherent
quasi-monochromatic radiation with a linewidth of 107> v
and admitting frequency tuning in the typical band of
10 cm ™' by changing the cathode voltage. BWO provides a
rather high radiation power, up to several tens of milliwatts. A
combination of several BWOs allows high-resolution
spectroscopy [190, 191] and imaging [109, 192] to be per-
formed in the wide frequency range of 30 GHz to 1.5 THz.
Such devices need a magnetic field to focus the electron beam
and power-supply unit. The detection in BWO spectrometers
is usually implemented by pyroelectric and opto-acoustic
(Golay cell) detectors, or even by cooled bolometers; the
choice depends on the desired sensitivity and performance.

Another arrangement, which uses CW THz radiation, is
based on the application of solid-state oscillators and ampli-
fiers. Among them are Gunn diodes, impact ionization ava-
lanche transit time (IMPATT) diodes, and tunnel injection
transit time (TUNNETT) diodes [193]. These devices are
used as sources of sub-millimeter frequencies with a narrow
band, but could be included in heterodyne detection schemes
as local oscillators; moreover, another arrangement for
detection is based on zero-biased Schottky diodes. Operating
at room temperature, they demonstrate a significant decrease
of output power of ~1/ 1 from approximately 100 mW at
100 GHz to less than 100 W at 1.0 THz [46, 194]. In our
opinion, due to the small frequency band, the spectroscopic
measurements of relaxation dynamics in condensed matter are
almost impossible; nevertheless, such sources are fine for
resonance spectroscopy [106, 107], or for imaging at part-
icular wavelengths: for example, for monitoring water content
in sclera and cornea ex vivo [195] and in vivo [196, 197].

PCAs enable not only THz pulsed generation but CW as
well. For this aim, two CW laser sources with slightly shifted
frequencies are applied for the excitation of PCA, while the
latter serves as a photomixer and generates radiation at a
difference frequency [46, 194]. The application of a tunable
optical source allows one to build a spectroscopic system
[198], which enables a high spectral resolution, required for
molecular spectroscopy, gas analysis, etc [199]. Photomixing
enables spectroscopy within the range of about 0.5 to
2.0 THz, while another spectroscopic scheme based on the
parametric conversion of a laser pump in non-linear optical
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crystal (typically, LiNbO; or MgO:LiNbO3) expands this
range up to 3.0 THz [200].

One more THz CW source is the quantum cascade laser
(QCL). QCLs have developed rapidly in the past two decades,
since they provide coherent and rather powerful CW radiation
(up to 100 mW) at frequencies above 1.0 THz with high
stability and polarization control [201, 202]. Such devices are
based on intersubband transitions in a modular semiconductor
heterostructure. Despite being compact, they operate at tem-
peratures below 200 K and mostly need helium cooling.
However, attempts to develop THz QCLs, operating close to
room temperature, have been successfully made very recently
[203]. Moreover, the holographic imaging of tissues with
signal amplitude and phase reconstruction is possible using
QCL [204].

2.3. Data processing in terahertz pulsed spectroscopy

It is clear from a brief overview of measurement instruments
that there are various schemes for the analysis and imaging of
biological samples in the THz range. However, one should
pay strong attention to implementing the data processing,
especially while using TPS principles. The basic sequence of
data processing assumes preprocessing techniques for raw
signals, data deconvolution, reconstruction of the sample di-
electric properties, fitting of the reconstructed dielectric
response to the theoretical models, statistical analysis and
dimensionality reduction of the observed data. The applied
TPS scheme and the method of further data processing mainly
determines the choice of the preprocessing technique. The
most common ones are signal apodization (windowing) and
wavelet-domain denoising, which aim to distinguish between
the useful part of the signal and random or systematic noises
[205, 206].

Originating from FTIR spectroscopy, [207] apodization
of the time-domain signal can be expressed in a general form

Eﬁllered(t) = Eraw(t)H(t - t/)’ (5)

where E .y and Egjereq represent TPS waveforms before and
after the apodization, correspondingly, while H (+ — t') stands
for a time-domain window (apodization) filter centered at ¢'.
This procedure allows random noise to be suppressed in the
considered time-domain data regions, reducing the Gibbs
effect/noise in the frequency-domain data and filtering out
the contribution of unaccounted satellite THz pulses that can
form unnecessary modulations in the Fourier domain. How-
ever, one has to choose the apodization window, which
depends on the type of TPS measurements and the object
under study [208-210], since optimal apodization improves
the effective frequency range and increases the dynamic range
of the measurements, which is important for the correct
reconstruction of the dielectric response of a sample. The
most common windows are Norton—Beer [211], Hamming or
the different term Blackman—Harris [207] and Tukey [212].
Wavelet-domain denoising is based on the decomposi-
tion of the waveform using the particular wavelet basis and
suppression of the decomposition coefficients that are below
the defined threshold [213-218]. Selection of the optimal
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wavelet basis and threshold is rather challenging. For this
purpose, one can use different criteria such as the wavelet
basis efficiency index (WBEI), pulse spectral relative entropy
(PSRE) and pulse spectral cumulative error (PSCE)
[213, 216]. Alternatively, denoising can be implemented with
the algorithms based on the Hilbert—-Huang transform [219],
such as the mean estimation empirical mode decomposition
method (ME-EMD) [220], with no need to choose the
decomposition basis. Denoising techniques accompany the
analysis of raw THz pulses in the algorithms of malignancy
diagnosis as well [221].

Signal deconvolution is often aimed at differentiating
between various object classes, for instance, malignant,
benign and healthy tissues [61, 222]. It usually operates with
two TPS waveforms—the reference E, (¢) and sample E,(t)—
and implies the calculation of the pulse response function
R() [214, 223]

(6)

RG) = j_.l[fy[ES(r)]]

FE:(1)]

where 7,[...] and F,'[...] stand for the direct and inverse
Fourier transform operators, respectively. Deconvolution, in
general, includes additional denoising techniques, commonly
implemented for the analyzed transfer function in the fre-
quency-domain. For example, one can apply a double
Gaussian filter to the suppression of high- and low-frequency
noises [214], or Wiener filtering [224], which can be sup-
plemented with the additional wavelet-domain filtering of a
pulse response function [214]. This method is quite simple
and with adequate filtering, provides a good contrast between
tissues in combination with a high processing rate [214, 221,
225-227]. It is rather common for the study of neoplasms; see
for example [228].

However, the results of the TPS data analysis relying on the
pulse response function R() strongly depend on the TPS spectral
operation range and on the parameters of the data processing
routine. From this point of view, R(f) seems to be a sub-optimal
characteristic for differentiating between normal and pathologi-
cal tissues. This problem can be solved by reconstructing
the THz dielectric response of a tissue—i.e. the frequency-
dependent complex dielectric permittivity € or complex refrac-
tive index 77 [54, 182, 229, 230]. Reconstructing & or 7i relying
on the TPS waveforms implies solving an ill-posed inverse
spectroscopy problem, based on the minimization of a dis-
crepancy between the experimental data and the theoretical
model. Numerous approaches for solving inverse problems
with THz pulsed spectroscopy have been introduced recently,
considering either transmission- [69, 231, 232] or reflection-
mode [233] measurement geometry, the normal angle of THz
beam incidence on a sample surface [57] or off-axial measure-
ments with a pair of parabolic mirrors [173], and even highly
sensitive measurements using the total internal reflection con-
figuration [234, 235], which has been attracting increasing
interest in THz biophotonics, thanks to its ability to be used in
the study of the dielectric permittivity of very thin biological
objects, such as the monolayer of cells [236]. One should notice
that reflection-mode TPS measurements are often less sensitive
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and require some specific preprocessing, especially when
accounting for the phase changes in received signals [57, 182].

In contrast to the aforementioned pulse response function
R(t), the complex dielectric permittivity & and the complex
refractive index 7i are almost independent from the TPS setup
properties and the parameters of the data-processing proce-
dures. Only the apodization filter smooths the frequency-
domain data, suppresses Gibbs noise and limits the spectral
resolution to Av = Tl, where 7T is the width of the apodi-
zation filter. Therefore, € or 7, obtained by different TPS
systems, measurement geometries, or even other THz spec-
troscopic techniques, can be directly compared. These phy-
sical characteristics provide a complete description of tissues
in the framework of classical electrodynamics, obviously,
when the effective medium theory is applicable, and with the
assumption that the homogeneous and isotropic character of
the tissues is valid; see section 1.1. In our opinion, a fre-
quency-dependent representation of the TPS data via the & or
7 functions seems to present much more unified character-
istics when analyzing the physical response and discriminat-
ing between various classes of tissues.

In figure 9, we illustrate the ability to use both the fre-
quency domain information (represented by the refractive
index n and the absorption coefficient «; see figures 9(a) and
(b), respectively) and the time domain data (represented by
the TPS waveform E(¢); see figure 9(c)), for differentiating
between healthy skin and basal cell carcinomas (BCCs)
ex vivo; this data is adapted from [59]. Despite both fre-
quency-domain and time-domain data revealing statistical
differences between healthy and abnormal tissues, one should
mention that while the time-domain data provide better dif-
ferentiation between these two particular tissue classes, the
optical properties can be directly compared, even when dif-
ferent modalities of THz spectroscopy are applied, as well as
allowing one to model THz-wave—tissue interactions and
predict the performance of tissue spectroscopy, reflectometry
and imaging using pulsed or CW THz waves.

Finally, we should stress that processing the TPS and TPI
data often includes statistical analysis of either the pulse or
dielectric responses accompanied by a reduction in the
dimensionality of the experimental data [50, 237, 238]. Such
a significant variety of TPS and TPI data processing methods
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opens wide possibilities in their application for the diagnosis
of malignant and benign neoplasms. Nevertheless, one should
accurately choose the appropriate approach depending on the
final intended aim. A further in-depth review of the existing
methods of TPS data analysis and the inverse ill-posed pro-
blem solution seems to be an important topic for a separate
comprehensive review paper.

3. Terahertz spectroscopy and imaging in diagnosis
of malignant and benign neoplasms

During the past few decades, THz technology has attracted
considerable attention in the diagnosis of malignant and
benign neoplasms thanks to the high social importance of this
problem [49, 50, 239, 240]. Statistically distinguishable label-
free differences in the THz optical constants of healthy and
pathological tissues have been reported for neoplasms with
different nosology and localization in both in vivo and ex vivo
experiments, revealing the prospect of their non-invasive,
minimally invasive and intraoperative diagnosis using mod-
ern modalities of THz spectroscopy and imaging [50]. Rea-
sonably, much more attention has been paid to malignant
neoplasms. The small depth of THz-wave penetration into
tissue (see section 1.1) restricts the capabilities of THz sys-
tems to probing only the superficial tissue properties, while
only the reflection-mode THz measurements are reliable for
in vivo applications [56, 57] (see section 2.1).

A contrast between healthy and pathological tissues in
the THz range reportedly originates from the differences in
content and state (free or bound) of tissue water, as well as
from structural variations in tissues [50]. As a result of
abundant vascularity and edema, neoplasms can contain more
water, and thus possess a higher refractive index and
absorption coefficient at THz frequencies [173, 241, 242]. In
turn, microscopic and large-scale variations of tissue structure
and optical properties, caused by variational tissue micro-
environments, deteriorative cellular morphology, variation of
cell density, presence of mutative biomolecules, changes in
the protein or ion concentration, and (in certain cases) the
presence of necrotic debris [55, 243-248], can also contribute
to the contrast between healthy tissues and neoplasms in
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their THz spectra and images; however the impact of these
factors is smaller than that of water [55]. We should mention
that all these factors can also alter the quality and decrease the
reproducibility of the measured THz data, especially when
operating at high frequencies—above ~1.0 THz [233]—
where the Mie scattering effects become sufficient; see
section 1.2. At the same time, in [110, 249-251], changes
in THz beam polarization owing to Mie scattering on tissue
inhomogeneities were reported as a source of useful infor-
mation for the delineation of cancer margins.

The majority of THz systems for biomedical research rely
on the principles of TPS and TPI (see section 2); the latter
implies point-by-point scanning of the sample surface with a
focused beam of TPS with further processing of the collected
three-dimensional data set [178]. A typical configuration of
TPS and TPI systems relies on diffraction-limited lens- or
mirror-based optical systems; see section 2. This optical
system does not allow the structural components of tissues to
be resolved and yields the determination of the effective
physical response of tissues, averaged within the area of
the THz beam spot, i.e. the effective values of the pulsed
response, dielectric properties, or reflectivity of tissue, either
in single-point-measurement or raster-scan imaging mod-
alities [50]. Therefore, in this section, we will address the
results of diffraction-limited THz spectroscopy and the ima-
ging of tissues.

Let us review the modern research status in the area of
the THz diagnosis of neoplasms, with an emphasis on
malignant ones, by classifying them into four distinct classes,
depending on the type of medical diagnosis:

* Non-invasive diagnosis;
* Minimally invasive diagnosis;
* Intraoperative diagnosis;
* Accompanying histopathology.

3.1. Non-invasive diagnosis

Here, we consider a medical procedure to be non-invasive
when it does not imply a break in tissues, such as the skin and
the mucosa, and it does not involve the use of artificial body
cavities, which are beyond natural orifices. From this view-
point, malignant and benign neoplasms of the skin represent
prospective objects of THz diagnosis, and can be non-inva-
sively studied using reflection-mode THz measurements. In
most research works in the area of non-invasive THz diag-
nosis of the skin, the latter is assumed to be homogeneous and
isotropic. This allows the THz-radiation—skin interactions to
be modeled and experimentally studied, defining the skin as a
multilayer object (see figure 3) comprised of several layers:

e Stratum corneum (the outermost layer of the epidermis,
consisting of dead cells),

* Epidermis,

¢ Dermis,

* Hypodermis (adipose tissue).

The THz dielectric response of the skin varies sig-
nificantly in the human body due to both fluctuations of the
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Figure 10. The reflection-mode TPI of the BCC in vivo: (a) a clinical
photo; (b) a THz parametric image, in which the pixels represent the
minimal amplitude of the THz pulse min,[E (¢)], reflected from the
sample; this representation of the TPI image shows the surface
features of the tissues; (c) a THz parametric image, in which the
pixels represent the normalized amplitude of the THz pulse
corresponding to a time-delay of ¢ = 2.8 ps; the latter reveals the
depth features of the tissues. [222] John Wiley & Sons. Copyright ©
2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

dielectric properties of tissues (caused by changes in water
content and pigmentation), changes in the thickness of the
skin layers and the presence of THz-wave scatterers (such as
hair follicles and sweat glands) [57, 252-259]. The depth
of THz wave penetration into the skin in vivo is limited within
a few hundred microns. Such a small penetration depth allows
THz waves to probe only the superficial layer of the skin, i.e.
the stratum corneum and epidermis. In turn, the thickness of
the stratum corneum is usually small, as compared to the THz
wavelengths; thus, the stratum corneum normally does not
affect the THz characterization of the skin, and thus is
neglected during data processing. Therefore, one usually
deals with characterization of the epidermis during the THz
measurements of the skin.

During the past few decades, statistical differences
between intact (healthy) and malignant tissues in the THz
spectra and images have been demonstrated for non-mela-
noma cancers of the skin, such as BCCs and squamous cell
carcinomas (SCCs) [110, 222, 250, 251, 260-263]. Non-
melanoma skin cancers in vivo and in vitro feature a higher
refractive index, absorption coefficient and dispersion than
those of healthy skin tissues [59, 222, 261], thus leading to
the higher THz reflectivity of cancerous tissues. In figure 9,
we have already reprinted the time-domain pulse response
and the frequency-domain THz optical properties of healthy
tissues and BCCs of the skin ex vivo, which were detected in
[59] using TPS. Notice that both the time and frequency
domains of the THz data representation reveal statistical dif-
ferences between the THz responses of healthy and malignant
tissues. In turn, in figure 10 we show representative examples
of the TPI of non-melanoma skin cancer in vivo, which were
reprinted from [222] and collected using the TPI. The authors
of [222] proposed two distinct approaches for processing the
three-dimensional data of TPI, which allow THz images to be
obtained revealing either the surface or depth features of
tissues. Finally, in figure 11, we illustrate another THz
imaging modality applied to non-melanoma skin cancer
diagnosis: CW reflection-mode polarization-sensitive THz
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Figure 11. Reflection-mode polarization-sensitive THz imaging of
tissue specimen ex vivo with infiltrative BCC: (a) a co-polarized THz
image; (b) a cross-polarized THz image; (c) a H&E-stained histology
of the 5-mm thick frozen tissue section; (d) a cross-polarized optical
image; (e) a co-polarized optical image. [110] John Wiley & Sons.
Copyright © 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

imaging, i.e. we reprinted the data of the THz imaging of an
infiltrative BCC ex vivo from [110], where the differences
between the scattering properties of the tissues were reported
as an alternative source of physical information for tissue
diagnosis.

Figures 10 and 11 illustrate that either the time- and
frequency-domain data of TPS and TPI (which are sensitive
to the effective dielectric response of tissues) or the data of
CW polarization THz imaging (which is sensitive to the
scattering properties of tissues) can provide useful informa-
tion for differentiating between intact tissues and non-mela-
noma cancers of the skin in order to detect margins and
ensure the total resection of a cancer. The THz detection of
non-melanoma skin cancer margins can be applied either to
planning the surgery (i.e. measurements in vivo), or during
Moh’s micrographic surgery, accompanying the complete
removal of malignant tissues with maximal preservation of
the surrounding healthy ones [264, 265].

Along with the diagnosis of non-melanoma cancers of
the skin, THz spectroscopy and imaging are reported to be
promising instruments for non-invasively differentiating
between ordinary and displastic nevi (moles) of the skin
[233, 257, 266]. The problem of rapid discrimination between
ordinary and dysplastic nevi is of crucial social importance,
since the dysplastic nevus is considered to be a precursor or
an initial stage of the development of a melanoma [267]; in
turn, the latter is reportedly the most dangerous cancer of the
skin [7]. Despite THz technology being able to yield the early
non-invasive diagnosis of dysplastic skin nevi and melano-
mas in situ, a comprehensive full-blown study involving a
large amount of tissue samples is still to be performed in order
to objectively uncover the strengths and weaknesses of THz
technology, as compared to other rapidly developing techni-
ques of the dysplastic skin nevi screening [17, 268-270].

Although many works have been dedicated to the THz
diagnosis of skin cancers, applications of THz technology can
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Figure 12. The THz refractive index n and absorption coefficient
of normal mucosa and oral cancer ex vivo (mucoepidermoid
carcinoma and squamous cell carcinoma (SCC)), averaged for six
oral samples and measured at the temperatures of 20 °C (a), (b) and
—20°C (c), (d). Here, the dots represent the average values, while
the error bars stand for the 95% confidential interval. Reprinted with
permission from [271]. © The Optical Society of America.

also be found in the diagnosis of malignancies of the mucosa.
For example, the authors of [271] demonstrate the differences
between the THz response of a freshly excised healthy and
cancerous tissues (two samples of mucoepidermoid carci-
noma and five samples of SCC) of the oral mucosa at the
ambient temperature of 20 °C. Moreover, they proposed the
ability to improve this contrast by freezing tissue down to
—20°C; see figure 12, adapted from [271]. Nevertheless, in
our opinion, the potential of using THz technology in the
diagnosis of malignancies of the mucosa has not been studied
appropriately yet, since it requires further collection and sta-
tistical analysis of the THz response of healthy and patholo-
gical tissues, either ex vivo or in vivo.

3.2. Minimally invasive diagnosis

Applications of THz technologies can be found in the mini-
mally invasive diagnosis of malignancies. Here, as for a
minimally invasive medical procedure, we consider those that
encompass minimally invasive surgical techniques, such as
endoscopic or laparoscopic surgery (commonly called key-
hole surgery). The latter surgical technique uses natural ori-
fices or limits the size of incisions and thus reduces the time
of wound healing, pain and risk of infection [272].

In particular, a contrast in the THz response of healthy
and pathological tissues ex vivo has been reported for cancers
of the colon [249, 273-275], gastric [276, 277] and liver
[278-280]. For example, in figure 13, we reprint from [273]
the TPI images of a freshly excised colon specimen, con-
taining regions of healthy, dysplastic and cancerous tissues. In
turn, in figure 14 we show the results of the polarization-
sensitive CW THz imaging of healthy tissues and cancers of
the colon. The observed results demonstrate that both TPI and
polarization-sensitive CW THz imaging have the potential to
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Figure 13. The reflection-mode TPS and TPI of colon cancers

ex vivo: (a) the mean refractive index n and (b) absorption coefficient
a of healthy tissues and cancers (carcinoma) of the colon; (c) a TPI
image of the colon cancer, each pixel of which shows a minimal
amplitude of the THz waveform min,[E (¢)] reflected by tissues;

(d) results of the tissue histology overlapping the visible image;

(e) results of the tissue histology overlapping the THz image.

(e) Regions A and B correspond to the normal tissues, while C and D
stand for the dysplastic and cancerous tissues, respectively. The
authors studied different types of cancers by averaging their THz
response. Reproduced from [273]. © IOP Publishing Ltd. All rights
reserved.
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Figure 14. The reflection-mode cross-polarized THz imaging of a
colorectal cancer ex vivo: (a), (b) and (c), (d) are the two data sets
corresponding to different tissue samples. The type of cancer was not
specified by the authors. Reproduced from [249]. CC BY 3.0.

aid oncosurgery of the colon or other internal organs of
the body.

Nevertheless, the considered results of the THz imaging
of a colon cancer allow us to highlight the prospect of using
THz technology in the diagnosis of internal organs. These
measurements were performed using predominantly ex vivo
tissue specimens, while such measurements in vivo remain
impossible due to the problem of THz-wave delivery to/from
the objects of interest, associated with the absence of com-
mercially available hard THz waveguides, flexible fibers and
endoscopic systems [281, 282]. Possible solutions to this
problem and recent developments in the area of THz wave-
guiding are considered below, in section 4.2. At this stage
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Figure 15. The reflection-mode TPS and TPI of human breast tumors
ex vivo: (a), (b) the mean refractive index n and absorption
coefficient « of the tumor, fibrous and fat tissues, averaged within
several specimens of the breast tissues, where the error bars represent
a 95% confidential interval of measurements; (c)—(e) TPI images
based on the maximal amplitude of the THz pulse max,[E (¢)] and
the normalized amplitude max,[E (t)] / min,[E (¢)], as well as results
of histology. The ductal and lobular carcinomas of the breast were
studied by the authors. Reprinted with permission from [54]. © The
Optical Society of America.

of THz technology development, the analysis of its potential
in minimally invasive diagnosis, and an objective comparison
of THz technology with the existing instruments of minimally
invasive diagnosis seem to be quite a daunting task.

3.3. Intraoperative diagnosis

Besides the non-invasive and minimally invasive diagnosis of
malignancies, THz technologies are reliable for intraoperative
studies of tissues, particularly when the rapid and accurate
delineation of malignancy margins is required. Here, for the
intraoperative procedure, we consider one which is performed
during surgery, requiring open access to the internal tissues
and organs of the body, and thus implying imminent tissue
damage.

In [54, 283-287], the ability to use THz waves in the
diagnosis of breast tumors (mainly ductal and lobular carci-
nomas) has been considered. From figures 15(a) and (b), we
notice that significant contrast is observed between the THz
optical properties of three tissue types—tumor, fibrous and fat
tissues [54]. This contrast shows the difference between
healthy tissues and tumors of the breast. In figures 15(c)—(e),
we show the results of the TPI of freshly excised breast tumor
reprinted from [54]: (c) and (d) represent the THz parametric
images calculated via two different approaches of THz
waveform processing, while (e) shows the results of H&E-
stained histology. The origin of the contrast in the THz ima-
ges is primarily associated with the higher water content in
the abnormal tissues [286]. Good agreement between the data
of THz imaging and H&E-stained histology indicates
that THz instruments can be applied to the intraoperative
mapping of breast tumors in order to maximally preserve
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Figure 16. A comparison of visual, THz and MR images of freshly
excised whole rat brain tissues with (a)—(c) and without (d) tumors.
The dimensions of the THz images are 4 x 3 cmz, while the
scanning resolution is 250 pym. An orthotopic glioma model from
rats with clear tumor margins is used. Reprinted with permission
from [55]. © The Optical Society of America.

healthy tissue from resection, and thus to reduce the cosmetic
harm caused during the surgical treatment of a breast tumor.

Most recently, the potential of THz technology in
intraoperative neurodiagosis, including the diagnosis of brain
tumors, has been highlighted by several research papers
[55, 173, 288-292]. Among them, we would particularly like
to mention [55], where a pilot study of both freshly excised
and paraffin-embedded orthotopic glioma models in a whole
rat brain was performed using the reflection-mode TPI. As
shown in figure 16, the observed results reveal a contrast
between the normal tissues and tumors, showing good cor-
relation between the visual images, THz images and MRI
data. By comparing the results of the THz imaging of freshly
excised and paraffin-embedded tissues, the difference
between the normal and tumorous tissues of the rat brain are
attributed to the increased water content in a tumor (which is
caused both by the newly generated blood vessels and by the
body fluids of necrotic debris [293]), as well as to changes in
the density of cells in a tumor. It is essential to note that the
impact of water content in tissues is reportedly several times
higher than that of other factors. Furthermore, in [55], the
difference between the THz responses of the gray matter and
the white matter of the brain was observed, originating from
the higher content of myelin in the white matter; however,
this difference does not obstruct the THz differentiation
between intact tissues and tumors. Next, in [289] a
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comprehensive analysis of the THz optical properties of par-
affin-embedded brain glioma models from mice was per-
formed by means of the TPS, revealing the optimal spectral
bands and features for the differentiation between paraffin-
embedded healthy tissues and tumors of the brain. A few
years later, in [290, 291] the potential of THz reflectometry
and imaging in intraoperative neurodiagnosis was high-
lighted, involving both glioma models from mice and rats,
ex vivo and in vivo, and a few pilot samples of human brain
gliomas ex vivo.

Finally, in [173, 292] TPS was applied to the study of
the THz optical properties of gelatin-embedded human brain
gliomas ex vivo, featuring different World Health Organiza-
tion (WHO) grades. In this study, the gelatin embedding of
tissues [294] was applied in order to fix the tissues for THz
measurements after their surgical resection. This tissue fixa-
tion procedure prevents tissues from hydration/dehydration,
and thus keeps the THz response of tissues unaltered for
several hours after surgery, as compared to that of freshly
excised tissues. Statistical analysis of the experimental data,
shown in figure 17, reveals the ability to discriminate between
intact tissues and gliomas of different WHO grades, including
low-grade (I, II) and high-grade (III, IV), while the THz
response of edematous tissues in the perifocal region was
close to that of a tumor, which might lead to false positive
diagnosis results. Thus, the prospects of using THz technol-
ogy in the intraoperative diagnosis of human brain gliomas
has been demonstrated. It is noticeable that the recent results
of the THz imaging of traumatic brain injuries in a mouse
model, reported in [295, 296], also reveal the contrast
between healthy brain tissues and different degrees of brain
injury. This can make THz diagnosis difficult in the presence
of injured brain areas, also leading to false positive diagnosis
results.

The discussed papers show the bright prospects of THz
technology in the intraoperative diagnosis of brain tumors,
where they can yield the label-free rapid detection of unclear
tumor margins [297] in order to ensure the gross-total
resection of a tumor. The latter is one of the most important
prognostic factors of tumor treatment [298]. The intraopera-
tive serodiagnosis of tumors could become a very socially
important application of THz technology, since nowadays it
is difficult to clearly delineate tumor borders during
surgery using conventional instruments of intraoperative
diagnosis [10], such as pre- and intraoperative MRI [14, 15]
and exogenous fluorescence spectroscopy and imaging
[24, 25, 299]. THz technology could compete with modern
rapidly developing instruments of neurodiagnosis, such as
Raman spectroscopy and imaging [39, 40], photoacoustic
imaging [43], optical coherence tomography [28, 217, 300],
etc.

Despite the attractiveness of THz technology in the
intraoperative label-free diagnosis of malignancies of differ-
ent nosology and localization, it is still far from being ready to
use in clinical practice due to the high cost and low ergo-
nomics of THz spectroscopy and imaging systems. For
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Figure 17. The THz refractive index n and absorption coefficient «, as well as representative examples of the H&E-stained histology of
gelatin-embedded human brain gliomas ex vivo of different WHO grades: (a)—(c) grade I; (d)—(f) grade II; (g)—(i) grade III; (j)—(1) grade IV.
The THz optical properties of gliomas are compared with those of intact and edematous tissues. The error bars represent a 95% confidential

interval of measurements. Reproduced from [173]. CC BY 4.0.
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Figure 18. A comparison of the visible microscopic images and the
reflection-mode TPI images of the histopathologic tissue sections (a
hepatocellular carcinoma of the liver ex vivo) fixed in paraffin, water
and paraffin emulsion, respectively, where (a)—(d) correspond to
sample 1 and (e)—(h) correspond to sample 2. Reprinted with
permission from [278]. © The Optical Society of America.

example, the integration of THz reflectometry or spectroscopy
into conventional neurosurgical workflow and neuroprobes
[301, 302] seems to be very challenging at the moment,
considering modern materials and the components of THz
optics.

3.4. Accompanying histopathology

Along with the discussed approaches for non-invasive,
minimally invasive and intraoperative THz diagnosis, which
involve in vivo measurements, THz spectroscopy and imaging
has the potential to aid the histopathological examination of
excised tissues ex vivo [278, 303]. Such THz measurements of
histological samples could be useful both for:
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 The delineation of margins of the skin [222], breast [54]
and brain [173] malignancies during the intraoperative
express-histology of tissues;

* The rapid automatic distinguishing of various types of
tissues in a sample in order to minimize the amount of
tissues to be manually examined by a histopathologist
using conventional visual microscopy [278].

The development of THz methods for aiding histology
requires the optimization of the tissue fixation procedures. As
shown in figure 18, the reflection-mode TPI of a hepatocel-
lular carcinoma of the liver ex vivo, coming from two distinct
patients, provides significantly different contrast when the
samples are immersed in paraffin, water or paraffin emulsion
in water [278], i.e. the contrast between the normal and
malignant tissues in the THz images is higher for the tissue
immersed in the emulsion of water and paraffin.

Recently, numerous approaches to the fixation of tissues
have been considered for use in the THz spectral range;
among them are the following:

 Formalin fixing [304];

¢ Gelatin embedding, which sustains the water content in
tissues and preserves them from hydration/dehydra-
tion [294];

* The dehydration of tissues involving various immersion
agents in order to increase the depth of THz-wave
penetration into tissues and highlight the non-water-
related differences between normal and pathological
tissues [305-310];

* Fixation in paraffin emulsion and paraffin embedding,
which reveal the non-water-related differences between
normal and pathological tissues [278, 289];
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* Tissue freezing, which can increase the tissue probing
depth and reveal the non-water-related features of tissues,
including the quasi-resonant response of DNA methyla-
tion in cancer DNA [105, 271, 311].

THz spectroscopy and imaging thereby have numerous
prospective applications in the diagnosis of malignant and
benign neoplasms, including non-invasive, minimally inva-
sive and intraoperative diagnosis, as well as accompanying
the histological examination of tissues. Despite considerable
progress in the area of THz science and technology, numerous
problems still restrain the transfer of THz technology to
medical clinics and hospitals. Among them are the com-
plexity, cumbersomeness and high cost of THz instruments.
These problems are to be briefly considered in the next
section of this review. Nevertheless, the unique ability of THz
spectroscopy and imaging to discriminate healthy and
malignant tissues quickly, accurately and label-free in a
number of localizations leaves no doubt that applications will
be found in clinical practice in the next few decades,
accompanied by rapid progress in materials, components and
instrumentation.

4, Challenging problems in terahertz diagnosis of
neoplasms

We mention the following problems that restrict the transfer
of THz technology to medical practice:

* As compared to the visible and IR ranges, in which the
study and analysis of the optical properties of tissue have
been extensively performed since the middle of the 20th
century [312], THz biophotonics remains a novel research
direction, in which much fewer data on THz-wave—tissue
interactions have accumulated [50]. Further study of the
optical properties of tissue atTHz frequencies, and
analysis of the physical effects underlying its THz
response are required in order to analyze the advantages
of THz technology over other medical spectroscopy and
imaging instruments.

THz instruments remain rare, cumbersome and expen-
sive. It would take significant research and engineering
effort to develop low-cost, portable and effective THz
components and instruments, required for applications in
a clinical environment. In particular, we should empha-
size the need for novel THz materials for the fabrication
of optical elements, hard and flexible waveguides
for THz-wave delivery to difficult-to-access tissues and
internal organs, as well as THz emitters and detectors
with improved performance.

Most THz instruments possess diffraction-limited spatial
resolution, a moderate signal-to-noise ratio and poor
performance. Enhancement of the spatial resolution
(beyond the diffraction limit) and the performance (up
to the real-time operation) of THz spectroscopy and
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imaging is of crucial importance for THz technology to
compete with the existing modalities of tissue imaging.
Improving the depth of THz-wave penetration into tissues
could broaden the range of THz technology applications
in malignant and benign neoplasm diagnosis. For this
aim, modern methods of immersion and compression
optical clearing of tissues could be adapted from the
visible and IR ranges [312]; however, the capabilities of
these methods at THz frequencies have not been studied
enough [50].

Finally, similarly to other label-free malignancy diagnosis
techniques, significant variability is inherent to the data of
the THz measurements of tissues. In order to improve the
sensitivity and specificity of diagnosis, THz spectroscopy
and imaging could be combined with other label-free
imaging modalities [110].

Below, we briefly discuss existing attempts and prospects for
solving the listed problems.

4.1. Development of novel materials for terahertz optics

Nowadays, significant attention is being paid to the devel-
opment of novel materials for THz optics [46], driven in
particular by the demands of THz biophotonics [50].

A number of polymers (e.g. high-density polyethylene
(HDPE), polytetrauoroethylene, TPX polymethylpentene
(PMP), Mylar, cyclo olefin copolymer (COC), etc), and
crystals (e.g. sapphire, high-resistivity float-zone silicon
(HRFZ-Si), crystalline quartz, MgO, polycrystalline diamond,
etc), are already being applied to the fabrication of THz
optical elements [313, 314]. However, the following list of
disadvantages is inherent to the existing THz materials:

* Despite a favorable ability to produce complex-shaped
polymer THz optical elements, such as lenses and
waveguides, the majority of modern polymers are
characterized by the significant dispersion of optical
properties and a low refractive index at THz frequencies,
as well as poor heat resistance.

High-purity crystalline materials feature low THz-wave
absorption, but they are difficult to manufacture and
process due to their high strength, and in many cases, the
anisotropy of their physical properties [301]; thus, optical
elements based on crystalline media remain rather
expensive.

The limited list of THz materials (as compared to the
visible and IR ranges) reduces optical system optim-
ization capability, i.e. researchers and engineers have a
limited discrete set of materials with unique fixed
refractive indices for the aim of optical system synthesis
and optimization [315].

Very few types of THz material can be employed for
measurements in aggressive environments, i.e. in the
presence of aggressive chemical compounds, in high
irradiance conditions and at high temperatures and
pressures  (especially concerning polymer materi-
als) [316].
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Therefore, searching for novel THz optics materials and
developing novel technologies for their fabrication and
processing seem to be very important topical research
problems.

In our opinion, a prospective approach for the develop-
ment of advanced materials for THz optics is associated with
the use of composite nanostructured media, the optical
properties of which could be tuned in relatively wide limits by
changing their chemical /phase composition, porosity and 3D
structure in order to accommodate the specific needs of THz
applications. In particular, monolithic blocks of porous alu-
mina form a representative example of this concept. In the
past 15 years, the original laboratory technology for growing
highly porous monolithic nanomaterials at the surface of Me—
Al liquid metal alloys (Me = Hg, Ga, In, Bi, Pb) has been
progressively developing [317, 318]. Currently, highly porous
monolithic blocks, comprised of aluminum oxyhydroxide
nanofibrils with a diameter of 4-7 nm and an average length
of 120-250 nm, can be grown with a given cross section
geometry, the cross-section dimension of 1-100 cm?, and the
height of about 20 cm [319, 320]. Annealing these blocks at
the temperatures of 400 °C-1700 °C yields materials with a
density in the range of 0.02 to <3 g cm > and an open por-
osity in the range of 99.3%-25%. The dimensions of the
block decrease isotropically during annealing, while its
integrity and open porosity remain unaltered [317-319]. A
quantitative model of the evolution of a 3D structure in
porous alumina during the annealing process is proposed in
[318]. Rather low THz-wave absorption in «-Al,O3 (sap-
phire) [314], along with a wide tunability of material density,
porosity, and, as a consequence, THz optical properties, make
porous alumina the ideal candidate for applications in THz
optics.

Furthermore, the open porosity of 3D materials consist-
ing of alumina nanofibrils makes it possible to apply various
chemical modification methods in order to create new nano-
composites and hybrid structures to manage their THz optical
properties. The simplest chemical modification method is to
fill the pores of 3D alumina with liquid solutions of salts,
polymers, colloids or suspensions. After impregnation, the
solvent is removed by evaporation and the nanoparticles
precipitate inside. In this way, Al,Os-TiO, (titania nano-
particles in a porous alumina) [321, 322], or alumina-nickel
Al,O3-Ni (obtained by a reduction of NiO nanoparticles
during annealing in hydrogen) [323] nanocomposites were
prepared and studied.

Thus, porous alumina and related nanocomposites have
the ability to vary their THz optical properties in a wide range,
which might make porous Al,O5 the ideal material platform
for expanding the capabilities of THz optical system devel-
opment and fabrication. Nevertheless, the problem of sys-
tematically studying the electrodynamic response of porous
Al,O3 nanostructures at THz frequency remains unaddressed.
Such a study should be performed in order to reveal the
strengths and weaknesses of this material in THz optics.
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4.2. Terahertz-wave delivery to difficult-to-access tissue and
internal organs

Despite considerable progress in THz medical diagnosis (see
section 3), the problem of THz-wave delivery to difficult-to-
access tissues and internal organs of the body remains chal-
lenging due to the absence of commercially available THz
waveguides and endoscopes [316]. This significantly limits
the utility of THz technology for minimally invasive and
intraoperative diagnosis.

The biomedical applications of THz technology pose a
set of unique demands to THz waveguides. In particular, THz
biophotonics require waveguides that:

* Provide high optical performance, including a single- or
few-mode operation regime, low THz-wave propagation
loss and small dispersion over a broad range of
frequencies;

Minimize the variations and instabilities of THz measure-
ments caused by dynamic bending and mechanical loads,
in order to make possible analysis of the absolute values
of the tissue physical properties;

Are made of biofriendly materials, featuring high
chemical resistance and inertness to the in vivo chemical
composition of biological tissues and liquids;

Possess small outer cross-section dimensions, in order to
make possible their use in minimally invasive diagnosis,
endoscopy and laparoscopy.

Furthermore, modern tissue diagnosis and exposure tenden-
cies, which increasingly combine the electromagnetic waves
of different spectral ranges and the various physical principles
of radiation—tissue interactions in a single instrument [265],
require waveguides capable for multimodal and multispectral
operation. Therefore, in this part of our review, we discuss the
latest developments of THz waveguides, with an emphasis on
their applicability in THz biomedical spectroscopy and
imaging.

Various THz waveguiding modalities have been vigor-
ously explored during the past few decades. Here, we briefly
review the existing types of THz waveguides, fabricated using
various materials featuring different cross-section geometries,
and exploiting diverse physical principles of operation. In
table 4, we summarize ten types of practically important THz
waveguides.

The first type is a cylindrical metal tube waveguide [333]
(see table 4, line 1). Electromagnetic modes are confined in a
hollow core due to reflection at the ‘free space—metal’ inter-
face. The finite conductivity of metals that are in direct con-
tact with the guided wave lead to high propagation loss and
the significant dispersion of metal tube waveguides, which
can be partially suppressed using inner dielectric coatings
[334]. In order to overcome the disadvantages of simple metal
tubes, waveguides based on hollow-core dielectric tubes
[330, 335, 336] (see table 4, line 2) or glass tubes with an
inner metal-polystyrene (PS) coating [331] (see table 4, line 3)
were developed. They are technologically reliable, use the
antiresonant waveguiding (ARROW) principle, and yield a
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Table 4. Examples of modern THz waveguides, exploiting different materials and guiding principles. (Lines 1-4) Courtesy of G M Katyba. (Line 5) [324] John Wiley & Sons. © 2014 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. (Line 6) Reprinted from [326], with the permission of AIP Publishing. (Line 7) Reprinted with permission from [327]. © The Optical Society of
America. (Line 8) Reprinted with permission from [328]. © The Optical Society of America. (Line 9) [325] John Wiley & Sons. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

(Line 10) [316] John Wiley & Sons. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

# Waveguide Cross-section Dimensions Material Loss o, cm ' Comments Reference
1 Metal tube D = 240 pm~A\ Stainless steel <1.0 cm™ ! at 0.65 Guiding mechanism: reflection from metal; high dispersion [329]
waveguide —3.5 THz
D
2 Dielectric tube D=4 Polymethyl- 0.5cm ' at 0.3 Guiding mechanism: ARROW; small dispersion <10 ps THz ' cm™'; high absorbing cladding [330]
waveguide mm~5-10 - \; methacrylate —1.0 THz
h = 2.95 mm (PMMA)
D
S-thick
3 Dielectric tube coating D =22 mm~10 - \; Tube material— 0.0011 em ™! at Guiding mechanism: ARROW [331]
waveguide with 6=1.0 pm glass; coating 2.5 THz
inner coating material—poly-
styrene (PS)
D + Ag
4 Dielectric step- D = 300 um~\/3 Polyethylene 0.01 cm™" at Guiding mechanism: TIR [332]
index waveguide (PE) 0.36 THz; 0.001 cm ™!
at 0.31 THz
D
5 Foam-based step- D =5 mm~5-10 - A Silk foam a=0.035+3.1v? Guiding mechanism: TIR; low dispersion 0.2 ps THz ' ¢cm™'; near-unity effective refractive index [324]
index waveguide [THZZ]; one order less
than that of a bulk
material
6 Revolver micro- 6 = 0.06 mm; Polypropylene 0.0087 cm™" at 1.9 Guiding mechanism: ARROW; low dispersion <1.0 ps THz ' cm™! [326]
structured d = 0.8 mm; (PP) —2.2THz
waveguide D =445
mm~10 - \;
[ = 0.79 mm
7 Kagome micro- Deore = 2.2 PMMA 0.2 cm™ ' at 1.0 THz; Guiding mechanism: ARROW [327]
structured mm~7 - \; approximately 20
waveguide Doyier = 6.8 times lower than that
mm~20 - A of bulk PMMA
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Table 4. (Continued.)

# Waveguide Cross-section Dimensions Material Loss a, cm ™! Comments Reference
8 Polymer micro- Deore = 4.5 3D-printed resin 0.12 cm™" at Guiding mechanism: Bragg scattering/PBG [328]
structured mm~3 - \; (PlasClear, 0.18 THz (i.e. at the
Bragg fiber Doyter ~ 10-20 - \; Asiga) center of bandgap)
Lresin = 512 pm;
Lyyr = 512 pm
9 Hyperuniform Deore = 5 mm~3 - ); 3D-printed resin 0.06 cm™" at Guiding mechanism: Bragg scattering/PBG; the largest photonic bandgap [325]
microstructured Doyer = 22 (VisyJet Crystal) 0.21 THz
waveguide mm~10-20 - \; 250
pm thick resin
bridges
10 Sapphire micro- Deore = 7.15 Sapphire shaped 0.003 cm™" at Guiding mechanism: Bragg scattering/PBG or ARROW; low dispersion 0.06—1.0 ps THz ' em™' in [316]
structured mm~20 - \; crystal 1.2 THz the range 0.65-1.2 THz
waveguide Doyier = 24.0
mm~100 - A
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significant reduction in propagation loss, especially for large
core diameters. However, for the smaller core, tube-based
ARROW waveguides possess significant material and radia-
tion losses. For a larger core, they feature multi-mode gui-
dance and intermodal dispersion [329], while extreme
dispersion is difficult to avoid near the modal cut-off fre-
quencies. These factors limit the reliability of data collected
with tube-based waveguides in broadband THz sensing (i.e.
TPS, TPI and THz time-of-flight tomography), on which the
biomedical applications of THz technology often rely.

When high spatial resolution is needed in spectroscopy
and imaging, plasmonic waveguides might be preferable. This
type of waveguide is based on plasmonic modes, propagating
along the surface of single [337, 338] or dual [339] metal
wires, metal ribbons, or arrays of metal wires suspended in a
free space [340]. Thanks to guidance in air, these waveguides
provide low dispersion and propagation loss in a wide spec-
tral range. In particular, the first single plasmonic waveguides
[338] featured a propagation loss of ~0.03 cm ™', while the
later dual-wire ones [339] had losses below 0.01 cm !, and
were also resistant to bending. At the same time, the majority
of plasmonic waveguides suffer from relatively low coupling
efficiency and difficulties in handling due to weak modal
confinement by the wires [341, 342]. Attempts to mitigate
these difficulties by surrounding the plasmonic waveguide
with a highly porous dielectric support were proposed in
[343]. However, the resultant waveguides have somewhat lost
their attractive optical performance due to an increase in THz-
wave absorption and dispersion owing to coupling of modes
to dielectric cladding. Problems of efficient plasmonic
waveguide excitation and of their handling still exist, making
them sub-optimal for THz biophotonics.

Another class of THz waveguide is based on a simple
step-index geometry and uses various dielectric materials in
the core, such as crystals (quartz, sapphire, silicon, etc) or
polymers (polystyrene (PS), polyethylene (PE), polytetra-
fluoroethylene (PTFE), COC, etc). Such waveguides have
recently been fabricated using PS, [344] PE [332] (see table 4,
line 4), porous polymers [345, 346], bulk crystalline media,
[347, 348] and even silk foam [324] (see table 4, line 5).
Waveguidance in such structures is due to the total internal
reflection (TIR) at the interface between the high refractive
index core and the low refractive index cladding (in many
cases, the latter is air/free space). Sub-wavelength step-index
flexible THz fibers can feature very small propagation losses.
For example, a fiber described in [332] has losses of
0.01 cm™" around 0.3 THz. This is possible because its dia-
meter 200 um is much smaller than the operation wave-
lengths 830-970 pm, thus forcing modal fields into low-loss
cladding [349]. In addition, such fibers are promising for THz
biophotonics due to the biocompatibility of many crystalline
and polymer media. Meanwhile, the simple cylindrical geo-
metry of the fiber cross-section does not leave any room for
further optimization, reduction of propagation loss or dis-
persion, restricting the utility of step-index waveguides in
broadband THz measurements.
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This motivated the development of THz microstructured
dielectric waveguides, which allow further optimization of the
dispersion and minimization of the propagation loss via
judicious design of the waveguide cross-section. Among the
microstructured waveguides, we single out polymer ARROW
waveguides, such as:

¢ The revolver waveguide [326, 350, 351] (see table 4, line
6), the cross-section of which is formed by a hollow-core
polymer tube containing one layer of inner capillary
channels, which serve as Fabry—Perot reflectors [352];

* The Kagome waveguide [327] (see table 4, line7),
containing a hollow core and cladding formed by several
layers of aperiodic cylindrical channels.

The main advantage of ARROW waveguides is associated
with a wide spectral operation range, which results in both
low dispersion and small propagation losses.

Another group of microstructured waveguides relies on
the photonic bandgap guiding (PBG) principle, which pro-
vides modal confinement in the hollow core thanks to the
Bragg scattering of electromagnetic waves in a cladding with
periodic changes of the refractive index. A representative
example of a PBG waveguide with complete rotational
symmetry is a polymer Bragg fiber (see table 4, line 8)
[328, 353, 354]. The photonic crystal cladding is formed by a
periodic sequence of two media possessing different refrac-
tive indexes (“air 4+ polymer’ or ‘polymer + doped polymer’).
Such a periodic layered structure forms a one-dimensional
(1D) photonic crystal in the radial direction, and the electro-
magnetic modes are confined in the waveguide core thanks to
the appearance of PBG for the transverse component of the
wave vector of a guided wave. For example, the Bragg fiber
described in [328] provides low losses and almost zero dis-
persion for the fundamental mode in the narrow frequency
range within PBG and seems to be a good candidate for
applications in resonant surface biosensing. A favorable
combination of modern polymer technologies (including the
additive manufacturing of polymer microstructures) with the
principles of photonic crystal waveguidance provides an
opportunity to design waveguide performance via optim-
ization of the photonic crystal geometry [355]. Thus, single-
or multi-mode hollow-core THz waveguides have been pro-
posed based on regular hexagonal, [356, 357] triangular [358]
and honeycomb [359] photonic crystal lattices. In [325], a
3D-printed THz photonic crystal waveguide with a disordered
photonic crystal lattice was reported (see table 4, line 9).
Thanks to the disordered lattice, it has a very broad PBG,
which allows the spectral range of waveguide operation to be
extended. However, such waveguides also require thicker
photonic crystal cladding.

Finally, we mention THz microstructured waveguides,
which have recently been fabricated based on sapphire-
shaped crystals using edge-defined film-fed growth (EFG)/
Stepanov technology [301]. These waveguides exploit either
ARROW or PBG guidance modalities [316, 360, 361]. For
example, the sapphire PBG waveguide with a hollow core and
two layers of hexagonal photonic crystal lattice in cladding
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[316] (see table 4, line 10) effectively supports two-mode
electromagnetic-wave propagation in a wide spectral range
with small dispersion (<0.1 ps THz ' cm™") and propagation
losses (<0.003 cm ™). Microstructured sapphire waveguides
combine:

* High optical performance;

» The unique physical properties of sapphire, including a
high refractive index and relatively low absorption at THz
frequencies; high hardness and mechanical strength; an
impressive melting point and chemical resistance, even
when operating at high temperatures and pressures;

* The advantages of EFG technology, i.e. the ability to
produce sapphire crystal with a complex shape directly
from the melt without mechanical processing (cutting,
drilling, grinding and polishing).

As demonstrated in [316], a favorable combination of
physical properties allows microstructured sapphire wave-
guides to be used for THz sensing in aggressive environ-
ments, at high temperatures and pressures. Furthermore, such
waveguides are transparent in both the visible and THz
ranges, which makes them attractive for applications in
multispectral sensing and exposure.

We should stress that, in general, PBG waveguides tend
to have larger transverse sizes than ARROW waveguides,
which make the latter more attractive for THz diagnosis. In
fact, ARROW waveguides resemble PBG waveguides, but
contain a significantly smaller number of resonant elements in
their cladding. As a result ARROW waveguides also tend to
be much lossier, but feature a broader operation range com-
pared to PBG. Unfortunately, the cladding region and core
size in ARROW and PBG waveguides are usually rather large
(~10-20 ) for applications in the THz minimally invasive
diagnosis of difficult-to-access tissues and internal organs.

After considering the recent developments in THz
waveguides from the viewpoint of their applications in THz
biophotonics, we conclude that many waveguide types are
promising for biomedical applications of THz technology.
Unfortunately, it is still not possible to combine all the
required functionalities into a single THz waveguide, as there
is always a compromise between the waveguide transversal
dimensions, dispersion and propagation losses, flexibility and
bandwidth. Novel THz materials and fabrication technologies,
as well as significant research and engineering efforts are
required to solve the demanding problems of THz-wave
delivery to difficult-to-access tissues and internal organs for
the aim of THz medical diagnosis.

4.3. Boosting performance of the terahertz spectroscopy and
imaging of tissues

4.3.1. Improving efficiency of the terahertz emitters and
detectors. Improving the efficiency of THz emitters and
detectors is of crucial importance for contemporary
instruments of THz spectroscopy, imaging and microscopy
[46]. State-of-the-art THz emitters and detectors are based on
PCAs [170, 171], parametric optical-to-THz-wave converters
[362], optical rectifiers and electro-optical detectors [172],
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quantum-well-, dot-, wire-, and ring-structures [363, 364],
superconductor- and semiconductor-based hot-electron
bolometers [163, 164], plasmonic high-electron-mobility
field-effect transistors, known as TeraFETs [365],
collapsing-field-domain sources [366, 367] avalanche THz
emitters and picosecond switchers [368], etc, demonstrating
superior performance in a wide range of operation
temperatures. Here, we highlight some novel trends in the
development of THz emitters and detectors, which, in our
opinion, could lead to the appearance of more efficient
portable, ergonomic, and even low-cost devices for THz
biophotonics in the near future.

Undoubtedly, PCAs are the prevalent THz emitters and
detectors, widely applied in THz spectroscopy and imaging—
either pulsed or CW— thanks to their reliability, cost
effectiveness, relative ease of fabrication, and flexibility in
design [169]. Recently, an approach for boosting PCA
performance using plasmonic or dielectric nanoantennas
incorporated into a photoconductive gap has been proposed,
where strong confinement of the optical pump field at the
interface between nanoantennas and the semiconductor leads
to enhanced light-matter interactions and to the improved
thermal stability of PCA [369]. PCA-emitters and PCA-
detectors with different geometries consisting of metal and
dielectric nanoantennas, such as Ag nano-islands or arrays of
nanoscale apertures [370], fractal antennas [371], two- and
three-dimensional plasmonic gratings [372, 373], plasmonic
nanocavities based on Bragg reflectors [374], metal colloidal
particles deposited onto the photoconductive substrate [375],
or even all-dielectric gratings [376], demonstrate impressive
performance enhancement. For example, in figure 19, we
show a plasmonicTHz PCA with a high-aspect-ratio
dielectric-embedded metal grating and compare it with an
ordinary one with equal electrode topology and without a
plasmonic grating [372]. One should notice that the
considered plasmonic PCA provides about a three-order
enhancement of the THz beam power; furthermore, it is
capable of operating with low-power optical pumps.

In contrast to PCAs, the ability to radiate THz pulses
without an applied bias has also been shown by focusing the
laser beam onto the boundary between a metal mask and
semiconductor due to the lateral photo-Dember effect (LPD)
[377]. Since partially masked optical excitation produces an
asymmetric carrier concentration in a semiconductor, LPD-
emitters exhibit enhanced THz emission compared with
conventional PD-emitters [171], but concede to modern
PCAs. In order to overcome this issue, various types of
multiple LPD-emitters, which could compete with modern
commercially available PCAs, have been proposed [378].
Obviously, the absence of electrical bias and the rather high
efficiency of LPD-emitters make them attractive for use in
novel THz systems, which are extensively applied in THz
medical diagnosis.

Finally, we should mention rapidly emerging novel
materials, which could be used either for THz emitters or
detectors in the foreseeable future. For instance, the lateral p—
n junctions in FET structures with graphene layer channels
and the plasmonic device structures based on carbon
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Figure 19. Plasmonic THz PCA with high-aspect-ratio dielectric-
embedded metal gratings: (a), (b) a scheme of the PCA; (c) a
microscopic image of the passivated photoconductive gap with log-
spiral Au-electrodes and two plasmonic gratings; (d) a magnified
microscopic image of the plasmonic grating; (e) a microscopic image
of the plasmonic grating cross-section, which shows an Al,O3-
coating/protection layer; (f) normalized THz power spectra P ty,/
Py for optical pump powers of Py, = 1 to 10 mW for both the
plasmonic PCA and the ordinary one with equal topology; (g)
normalized THz power spectra P 1y, / P,y for the plasmonic PCA at
various optical pump powers (g). Reproduced from [372]. CC BY
4.0.

nanotubes [379], as well as gated graphene-phosphorene
hybrid structures, which possess substantially non-linear
current—voltage characteristics exhibiting negative differential
conductivity [380, 381], represent promising candidates
for THz detectors. Recently, it was shown that gated GaAs-
structures with self-assembled Sn-nanothreads embedded into

a GaAs volume could potentially become efficient room-
temperature THz detectors [382]. Due to the polarization
sensitivity  (selectivity) of its response to in-plane
polarized THz radiation, such a detector might be useful for
various biomedical applications [383].

4.3.2. Terahertz spectroscopy and imaging with resolution
beyond the Abbe limit. Common THz spectrometers and
imaging systems rely on lens- and mirror-based optics, which
demonstrate limited spatial resolution, resulting from the
diffraction phenomenon [384]. Ernst Abbe has shown that the
spatial resolution of a diffraction-limited focusing system is
determined by the following expression for the Airy disc
radius [385, 386]

A
2NA ~ 2nsinoy

where A is the electromagnetic wavelength, NA is the
numerical aperture of an optical system, n is the refractive
index of a medium, in which the electromagnetic wave is
focused, and o, is the aperture angle. Notice that for
simplicity, in equation (7), we consider the Abbe limit for a
cylindrical wave. When the electromagnetic wave is focused
in a free space (n = 1.0) by a cylindrical optical system with
the widest possible aperture (o5 = 7/2), the Abbe limit can
be reduced to r = A/2. Since theTHz diagnosis of
malignancies is usually performed in the low-frequency part
of the THz range (i.e. at frequencies below 1.0 THz or at
wavelengths above 300 im) due to the the higher sensitivity,
lower THz-wave scattering, and lower impact of water vapor
on THz measurements, the diffraction phenomenon poses a
significant limitation on

(N

r =

¢ The minimal dimensions of lesions, which can be studied
by THz spectroscopy and imaging;
 The accuracy of the THz delineation of tumor margins.

As shown above in section 1 and figure 3 the dimensions of
the structural elements of tissues (microfibrils, separate cells,
cell organelles) are usually negligibly small as compared to
the THz wavelengths. This does not allow THz waves to be
used for studying pathological processes in tissues at the scale
of their structural elements. Therefore, only the effective THz
response of tissue averaged within the radiation beam spot
can be measured.

Recently, in order to mitigate the challenging problem
posed by the diffraction-limited spatial resolution of THz
measurements, several approaches have been proposed. Among
them, first, we consider wide-aperture polymer aspherical
singlets (single lenses), which provide slightly sub-wavelength
resolution thanks to the good aberration correction of aspherical
refractive surfaces. Such systems can achieve a spatial resolution
of about 0.7-0.9 A [384, 387], but they still obey the Abbe
diffraction limit and are difficult to fabricate.

Next, we consider approaches for enhancing the resolu-
tion relying on the effects of electromagnetic field localization
at a small distance (<)) behind mesoscale dielectric or metal
(plasmonic) particles—i.e. the so-called photonic or plasmo-
nic jets [388], and photonic or plasmonic hooks [348, 389].
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Figure 20. THz solid immersion microscopy of soft biological
tissues with the spatial resolution of 0.15 A: (a) a scheme of the
caustic formation of the THz beam using a solid immersion lens; (b),
(c) a H&E-stained histology and a THz image of the muscle tissue
ex vivo, where marker I shows muscle fiber. (a) Reprinted from
[109], with the permission of AIP Publishing. (b), (c) Reprinted from
Springer Nature: Optics and Spectroscopy [394], 2019. With
permission of Springer.

The term ‘photonic nanojet” was introduced in [390],
describing electromagnetic caustics generated at the shadow
side of a symmetric mesoscale dielectric particle in the visible
range. Later, this effect was observed experimentally and
applied to THz imaging purposes [391]. Furthermore, the
ability to generate a ‘photonic hook’ (i.e. a curved photonic
jet, featuring the smallest radius of curvature ever recorded for
any electromagnetic beam) behind a dielectric particle with
broken symmetry was theoretically predicted [392] and
experimentally observed in the THz domain [348]. The
phenomena of photonic jets and hooks yield a simple
approach to boosting the performance of almost any focusing
system by simply placing the mesoscale dielectric particle in
front of the focal point. Such optical systems can provide a
spatial resolution of about 0.3-0.5 A, which is slightly beyond
the Abbe diffraction limit. Nevertheless, difficulties in sample
handling at the focal plane, in close proximity behind a
dielectric particle, remain unaddressed, thus restraining the
application of the described imaging modality in THz
biophotonics.

Another sub-wavelength-resolution THz imaging method
relies on the so-called solid immersion effect [393], i.e. a
reduction in the dimensions of the electromagnetic beam
caustic when it is formed in an evanescent field volume (in a
free space at a small distance, <\, behind a medium with a
high refractive index. THz solid immersion microscopy was
introduced in [393] and then adapted to the imaging of soft
biological tissues ex vivo in [109], providing an advanced
spatial resolution of 0.15 X and high energy throughout. THz
solid immersion microscopy requires a small working

distance (~\/2) between the high-refractive index material
and the object of interest. In [109], the problem of tissue
handling at the focal plane was solved by applying a
configuration of the solid immersion lens shown in
figure 20(a); here, the solid immersion resolution enhancer
is comprised of two parts—a hypohemisphere and a plane
window both made of HRFZ-Si with nyrpz_s; = 3.41. On the
one hand, these two components serve as separate mechanical
elements, one of which (the hypohemisphere) is rigidly fixed,
while the other (the window) serves as a sample holder being
mounted onto an xy motorized translation stage; on the other
hand, they form a unitary optical element—a HRFZ-Si
hemisphere. The described THz solid immersion lens was
applied to the reflection-mode imaging of different biological
objects, among them a leaf, cell-spheroids, connective fibrous
tissues of the breast ex vivo (see figure 5) [109], and muscle
tissues of the tongue ex vivo (see figures 20(b) and (c)) [394].
The observed images reveal the sub-wavelength structural
elements of tissues, promising new applications of the
THz solid immersion microscopy in biology and medicine.

The spatial resolution of digital holography [395] and
synthetic aperture imaging [396, 397] is determined by a
scheme of interferometric pattern detection and by a data
processing routine applied to the inverse problem solution
[398—400]. This technique allows one to obtain close-to-
wavelength or slightly sub-wavelength resolution THz
images; for example, the ability to achieve 1.0-1.2 A-
resolution THz synthetic aperture imaging was demonstrated
in [401, 402]. Furthermore, they are capable of achieving real-
time operation regimes [400]. THz digital holography
methods were applied for imaging the whole insect [401]
and structure of insect wings [402, 403], breast tissue cancer
[404] and human hepatocellular carcinoma [405], as well as
for controlling the dehydration dynamics in tissues [406].
Slightly sub-wavelength resolution and a high acquisition rate
are the advantages of holographic THz imaging. Nevertheless,
in many cases, image reconstruction in holography requires
the solution of a complicated inverse ill-posed problem,
which is usually rather time-consuming.

Finally, we consider THz scanning-probe near-field
microscopy, which provides an impressive spatial resolution
thanks to the strongly sub-wavelength confinement of
electromagnetic waves on a scanning probe [407, 408]. The
resolution of scanning-probe microscopy depends on the
diameter of a sub-wavelength aperture (see figures 21(a) and
(b)), or the curvature of a sub-wavelength metal or dielectric
cantilever (see figures 21(c) and (d)), placed in front of the
object of interest. In [409], the advanced 1073 A-resolution
of THz scanning-probe near-field microscopy was reported.
In spite of the above-mentioned advantages, THz scanning-
probe near-field microscopy suffers from very low energy
efficiency due to the effects of THz-wave scattering on a sub-
wavelength probe. In [410, 411], the problem of low energy
was partially mitigated using bull’s-eye or bow-tie apertures,
correspondingly. As near-field microscopy implies a very small
working distance between the probe/aperture and the object,
its application for studying biological objects appears to be
rather challenging. Nevertheless, in [412], THz scanning-probe
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Figure 21. Representative examples of two distinct types of the THz
near-field scanning-probe microscopy: (a), (b) a scheme of the 0.15
A-resolution THz microscope based on a cone metal aperture/
diaphragm, as well as results of its application for the imaging of a
leaf, respectively; (c), (d) a scheme of the 10~3 A-resolution THz
microscope based on a metal tip/cantilever, as well as results

of its application for the imaging of a microelectronic device.

(a), (b) Reprinted from [412], with the permission of AIP Publishing.
(d) Reprinted with permission from [409]. Copyright 2008 American
Chemical Society.

near-field microscopy was applied to the imaging of a leaf
using a conical diaphragm (see figures 21(a) and (b)), while in
[349], THz images of 20 pm thick histological slices of human
breast tumors were obtained using a bull’s-eye aperture
coupled to a PE fiber. Nevertheless, scanning-probe micro-
scopy still requires a high-power emitter and sensitive detectors
in order to collect a low-intensity scattered THz field. Such
emitters and detectors remain rare, expensive and cumbersome,
making the THz scanning-probe near-field microscopy an
instrument of laboratory research.

Some of the above-mentioned techniques have already
been applied to the imaging of biological tissues, and others
remain instruments of laboratory research. It would take time
to adapt them to the imaging of biological tissues, as well as
to transfer them to clinical practice.
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4.3.3. Improving speed of the terahertz-data acquisition. The
speed of THz-data acquisition in TPS and TPI is limited by
the power of the emitter, as well as by the sensitivity and time
response of the detector. Modern TPS requires tens of
seconds (or, in certain cases, several minutes) to detect the
THz waveform with the appropriate signal-to-noise ratio and
dynamic range. In turn, the TPI implies a raster scan of the
sample surface by a focused THz beam, while the THz
waveform is detected for each point of the sample surface;
this leads to a dramatic increase in the THz image acquisition
time, i.e. up to tens of minutes (or even several hours)
depending on the image dimensions or spatial step.
Obviously, such a slow performance restricts the potential
of THz pulse systems in clinical applications, which usually
require close-to-real-time operation. In order to mitigate the
difficulty posed by pure data acquisition, nowadays,
numerous approaches are being developed for the needs of
rapid or real-time TPS and TPL

The first approach is mechanical sampling using an
optical delay line with a high scanning rate. Pioneer works on
this topic were dedicated to galvanometer-based delay lines,
followed by rotating prisms in the optical path. Then the
design of an aluminum optical delay stage was reported based
on a circular involute reflector, which includes the linear
operation, the high repetition rate of 300-400 Hz, the
scanning range of more than 1 m, and the absence of
backslash error [413]. The authors state that its characteristics
can be adjusted by the proper choice of a reflector radius and
DC motor. Recently, the authors of [414, 415] demonstrated
the implementation of a fast rotary optical delay line, which
does not require the use of a lock-in amplifier, is comprised of
a rotating blade, and which was reported to provide the
acquisition rate of 192 Hz.

The second approach implies optical sampling (OS) by
introducing a variable time-delay between the pump and
probe beams, i.e. OS by cavity tuning [416], which controls
the time-delay by tuning the repetition rate of the femtose-
cond laser. Also, the high speed of THz-data acquisition can
be achieved by an electronically controlled OS [417], which
uses two femtosecond lasers, while the difference between
their repetition rates is controlled using a piezoelectric
transducer. A promising approach is polarization-controlled
OS using a single femtosecond laser [418], as well as an
asynchronous OS [419, 420].

The third approach proposes a THz quasi time-domain
spectrometer (THz-QTDS), in which the femtosecond laser is
replaced by a simple multimode laser diode operating at
659 nm and which is competitive to conventional TPS [421].
Recently, a fiber-coupled THz-QTDS system driven by a laser
with the wavelength of 1550 nm was also demonstrated,
showcasing a bandwidth greater than 1.5 THz and a dynamic
range of 60 dB [422]. By merging the TPS and TPI with
semiconductor laser technology, one would expect significant
benefits for the real-life applications of THz technology.

Finally, novel principles of THz image formation could
improve the data acquisition speed [400]. In particular, the
multiplexing of THz-wave photoconductive detectors on a
single chip with their further electrical or optical read-out
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Figure 22. A representative example of the THz-wave penetration
depth enhancement using the immersion optical clearing, where
glycerol is applied to a 224 pm thick abdomen skin tissue extracted
surgically from a mouse: (a) a visual image of the sample; (b), (c)
THz images of the knife below a tissue using peak-to-peak values of
the entire THz time-domain waveform or of the THz waveform part
in the delay range starting from 7.5 ps, respectively. Reproduced
with permission from [436].

[423, 424], or THz holography and compressed sensing
[399, 425, 426] seem to be very promising for the THz
imaging of biological objects.

4.4. Improving depth of the terahertz wave penetration in
tissues

The high absorption of THz radiation by water contained in
tissues is a severe reason for the reduction in the penetration
depth and corresponding applicability of THz techniques in
biophotonics. One promising solution to this problem is
immersion optical clearing [12, 427, 428]. Among other
approaches to increase penetration depth, such as tissue
freezing [306, 429-431], dehydration by heating [432], for-
malin fixing [304], paraffin embedding [274, 289] and lyo-
philization [305], immersion optical clearing features
essential benefits, i.e. it is rather low-cost and can be applied
in vivo.

This method is based on the application of specific bio-
compatible chemical agents to a tissue, which leads to water
diffusion from the tissue and agent diffusion into it caused by
agent-tissue interaction with the final substitution of either
free or weakly bound water by an agent. This process pro-
vides the temporal and reversible reduction of water content,
i.e. dehydration and reduction of dielectric contrast, that is to
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say refractive index matching, in tissues. The latter generally
forms the principle of immersion optical clearing in the
visible and IR ranges, associated with the significant sup-
pression of light scattering thanks to the achievement of tissue
spatial homogeneity in the area of agent application. Tissue
dehydration is also important because of tissue shrinkage and
better ordering [12, 312]. In the THz range, where water
strongly absorbs radiation, the reduction of water content is
considered to be more important, leading to the increased
depth of THz-wave penetration in tissues [433—435]. For
example (see figure 22), glycerol, which has a lower
absorption coefficient compared to water, enables the change
of the THz optical properties of tissues and the higher contrast
of the TPI of the metal target placed behind the skin tissue
sample, when the appropriate signal processing is applied
[436]. One should also keep in mind that immersion optical
clearing leads to a reduction of the effective refractive index
of the considered tissue layer, thus reducing the Fresnel
reflectivity and corresponding losses in THz measurement
systems.

For successful immersion optical clearing, penetration
enhancing agents (PEAs), which temporarily change the tis-
sue structure and content, should be biocompatible and non-
toxic, possess hyperosmotic status, a high diffusion coeffi-
cient, and low THz-wave absorption. Fortunately, a sig-
nificant variety of substances and chemicals meet such
requirements and demonstrate immersion clearing ability. We
list a few of them: glycerol, polyethylene glycol, propylene
glycol, ethylene glycol, dimethyl sulfoxide, etc. Despite being
commonly used in the visible and IR ranges, at present, there
is a lack of data about their THz optical properties, mainly the
refractive index and absorption coefficient. Therefore, the
selection of an appropriate PEA is not a simple task, and
several works have concentrated on the study of the THz and
diffusion properties of PEAs (e.g. see [309, 310, 312, 437]).
Nevertheless, to the best of our knowledge, a full-blown study
of THz-PEAs and their interaction with different biological
objects (both ex vivo and in vivo) has not been done yet.

Optical immersion clearing is typically described by the
diffusion equation [438], which in the first-order approx-
imation has the solution

Ca() =1/2 j(;d Calx, D)dx = Coo(1 — exp(—1/7)), (8)

where C,(7) is the volume-averaged concentration of an agent
at a particular diffusion time ¢, x is the spatial coordinate along
the sample depth, d is the sample thickness, and 7 is the
characteristic diffusion time, related to the diffusion coeffi-
cient Dy~ 1/7. The diffusion coefficient and the character-
istic diffusion time determine the rate of the clearing process
and characterize the applicability of PEA to control the
properties of a particular tissue. Diffusion kinetics may differ
for healthy and diseased tissues [439-444], thus forming the
basis for additional characterization of a pathology. There-
fore, knowledge of these parameters is rather essential. Due to
the absence of direct methods for their measurement, one
needs indirect approaches, based on, for example, weight
measurements, OCT, visible light penetration, or THz
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spectroscopy, as well as an appropriate physical model, which
connects the corresponding measured parameters with the
diffusion parameters [445, 446]. Recent studies demonstrate
the complex kinetics of tissue clearing and show that the
diffusion of PEA as well as the osmotic pressure and water
flow should be included in such models [447, 448].

We briefly characterize other common tissue dehydration
and THz-wave penetration enhancing methods. Tissue freez-
ing is quite a simple method for ex vivo THz measurements.
Despite conventional freezing leading to ice crystal formation
and destroying the tissue structure [50], one can apply lyo-
philization—the snap freezing of a tissue at low-pressure and
in low-temperature conditions—which retains the tissue
structure [311]. Paraffin-embedding is a common and well-
known method in biology and medicine applied to micro-
scopy and morphology. Being used to fix the tissue samples,
it also provides the substitution of water, which is remarkable
for THz measurements, since it leads to an increase of the
penetration depth [289]. In connection with novel develop-
ments in THz microscopy (see section 4.3.2), this method of
tissue preparation is able to provide more precise data about
specific cells and their agglomerations. Similar to immersion
optical clearing, compression optical clearing is also applic-
able in vivo. It is based on the temporal local dehydration of
tissue and more close packing of its components due to
mechanical squeezing or stretching [186, 449]. Unfortunately,
this method is only relevant for soft tissues. According to
studies from [186], the average refractive index of human skin
undergoes significant changes of over 10% when mechanical
pressure of 1.5t0 3.5 N cm 2 is applied (see also [450]). Such
results should be accounted for in all contact THz measure-
ments, since they are very sensitive to the physical force
applied to a subject and to the occlusion effects.

4.5. Multiplexing different label-free imaging modalities to
improve tissue characterization

Combining THz spectroscopy and imaging with other modern
label-free imaging modalities can significantly improve the
efficiency of benign and malignant neoplasm diagnosis. By
employing electromagnetic waves of different frequency ran-
ges, we are able to collect information about the various spe-
cific endogenous markers of a neoplasm due to the diverse
mechanisms of electromagnetic-wave-tissue interaction in
different spectral ranges. Furthermore, by combining rather
low-resolution THz imaging with modern imaging modalities
in the visible and IR ranges, which feature a much higher
spatial resolution thanks to the much smaller wavelengths, one
can improve the quality of the merged image [110, 250]. For
example, in [251], reflection-mode TPI was combined with
polarization-sensitive optical imaging and applied to study the
freshly excised BCC-samples ex vivo (see figure 23). TPI
allows the tumor margins to be delineated, while co- and cross-
polarized optical images provide information about the skin
tissue structure (i.e. epidermis, collagen, sebaceous glands and
hair follicles). In [78], the prospect of combining THz
spectroscopy and imaging with other optical techniques for
studying glycated biological tissues is discussed.
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Figure 23. An example of combining tissue imaging in the visible
and THz ranges for the diagnosis of BCC ex vivo: (a) a TPI image at
a frequency of 0.47 THz; (b) an H&E-stained histological image;
(c) a cross-polarized optical image (CPI); (d) a polarized light
optical image (PLI). [251] John Wiley & Sons. © 2016 Wiley
Periodicals, Inc.

Multimodal diagnosis principles seem to be very promis-
ing in the intraoperative neurodiagnosis of tumors. In part-
icular, the authors of [291] compared the results of TPI, MRI,
OCT and fluorescence imaging relying on green fluorescence
protein (GFP) and protoporphyrin IX (PpIX), white light
imaging and H&E-stained histology using a unitary whole
brain sample ex vivo from a mouse with a glioma model.
Tumors were clearly seen on the GFP and PpIX fluorescence
images, though weakly developed tumors demonstrated low
fluorescence intensity; OCT images provided detailed infor-
mation about the brain tissue structure, but distinct tumor
regions could not be visualized. In [451], an approach for
intraoperative neurodiagnosis based on TPS and OCT was
proposed; it was shown that TPS can be applied to differentiate
gliomas and normal brain tissues, while OCT can be utilized to
discriminate between high-grade and low-grade gliomas.

Although there is a limited number of papers dedicated to
combining THz technology with other modalities of tissue
spectroscopy and imaging, it appears advantageous to
couple THz technology with thermography [452], multi-spec-
tral imaging [26, 453], OCT [454], high frequency ultrasound
imaging [455], Raman spectroscopy [456], polarization ima-
ging [110, 251] and multi-photon microscopy methods [457].

5. Conclusion

In this review, we have tried to highlight the recent,
remarkable developments and research results as well as
urgent problems in the field of the THz diagnosis of malignant
and benign neoplasms. We draw the attention of our readers
to the origin of interest in this field, which is based on THz-
wave-—tissue interaction, and discuss the existing methods and
models for its description. Additionally, we touch on the
problem of studying the biological effects of tissue exposure
to THz waves, where the strong diversity of the results
has stimulated the active experimental and theoretical
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investigations. The main development of THz technology in
recent years, including application to neoplasm studies, is
closely related to the increased technical opportunities of
modern THz instruments and methods of signal processing.
We review the most common of them, highlighting the rele-
vant problems regarding biological tissue measurements, such
as the low penetration depth and delivery of THz radiation to
difficult-to-access organs and tissues. The summarized results
of the THz measurements of healthy (intact) tissues, malig-
nant and benign neoplasms with different nosology and
localization demonstrate the differences in their THz di-
electric properties, as well as the various origins of the
observed contrasts, connected with the water content and
structural changes in tissues. The review of existing and
developing THz methods and systems for aiding histology,
non-invasive, minimally invasive and intraoperative diagnosis
emphasizes the continuous expansion of THz technology
toward clinical practice. Nevertheless, a huge amount of
problems will have to be solved in the future.
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