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Terahertz technology in intraoperative
neurodiagnostics: A review

Nikita V. Chernomyrdin®!?*, Guzel R. Musina?, Pavel V. Nikitin3,
Irina N. Dolganova?#, Anna S. Kucheryavenko'#, Anna I. Alekseeva3>,
Yuye Wang®, Degang Xu®, Qiwu Shi’, Valery V. Tuchin®°* and

Kirill I. Zaytsev!#*

Terahertz (THz) technology offers novel opportunities in biology and medicine, thanks to the unique features of THz-
wave interactions with tissues and cells. Among them, we particularly notice strong sensitivity of THz waves to the tissue
water, as a medium for biochemical reactions and a main endogenous marker for THz spectroscopy and imaging. Tis-
sues of the brain have an exceptionally high content of water. This factor, along with the features of the structural organ-
ization and biochemistry of neuronal and glial tissues, makes the brain an exciting subject to study in the THz range. In
this paper, progress and prospects of THz technology in neurodiagnostics are overviewed, including diagnosis of neuro-
degenerative disease, myelin deficit, tumors of the central nervous system (with an emphasis on brain gliomas), and
traumatic brain injuries. Fundamental and applied challenges in study of the THz-wave — brain tissue interactions and de-
velopment of the THz biomedical tools and systems for neurodiagnostics are discussed.

Keywords: THz technology; THz spectroscopy and imaging; superresolution imaging; biophotonics; brain;
neurodiagnosis; tumor; glioma; neurodegenerative diseases; brain injury; light scattering
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Introduction generation and detection®”’. Since the first experimental

Terahertz (THz) spectral range is situated between the observation of THz heat rays by Rubens and Nichols’,

infrared (IR) and microwave bands and spans the fre- THz technology offers a Variety of applications in funda-

quencies of ~0.1-3.0 THz, or the wavelengths of ~3 mm-
100 um'. Advancement in THz spectroscopy and imaging
is driven by a rapid progress in femtosecond laser tech-

nologies and novel efficient approaches for the THz-wave

mental and applied physics. Auston’s research on photo-
conductivity in semiconductor, excited by the visible /
near-IR femtosecond laser pulses, leads to the develop-

ment of pulsed THz photoconductive antenna-emitters
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and detectors, related opto-electronic components and
principles of THz-wave generation and detection, THz
pulsed spectroscopy (TPS) and THz pulsed imaging
(TPI) systems at the turn of the XX and XXI centuries***.
Principles of THz pulsed spectroscopy and imaging al-
low one to develop quite portable, ergonomic, and cost-
effective THz opto-electronic instruments for biomedical
applications!'.

Nowadays, a considerable attention is paid to funda-
mental and applied research in the areas of early non-in-
vasive, least-invasive and intraoperative THz diagnosis of
malignant and benign neoplasms with different nosolo-
gies and localizations (such as the skin, mucosa, colon,
breast, stomach, liver, etc.)!'-%, diabetes mellitus?, tissue
injuries®, hydration®, and viability®. Therapeutic applic-
ations of THz waves also attract considerable attentions,
where both thermal and nonthermal exposure effects are
observed, such as regulation of gene expression, biologic-
al membrane permeability, deoxyribonucleic acid (DNA)
demethylation, etc.’’.

The versatility of THz technologies is due to the
unique features of THz-radiation - tissue interactions,
including the strong sensitivity of THz waves to the con-
tent and state of tissue water’, that underlies the tissue
biochemistry, largely determines the effective complex
dielectric permittivity of hydrated tissues, and forms a
highly sensitive endogenous marker for THz spectro-
scopy and imaging. For example, at the frequency of
v = 1.0 THz, the refractive index and absorption coeffi-

cient of fibrous connective tissues, with the water con-

tent as high as ~ 60%-75% (by volume), are n ~ 1.95
and a =200 cm™, respectively, which are significantly
higher than those of fat tissues (= 1.60 and 50 cm™}, re-
spectively), with the water content of ~10%!%!73233, Tis-
sues of the brain have an exceptionally high content of
water. Along with the tissue water, other classes of bio-
molecules (such as lipids and proteins) play a significant
role in formation of the tissue dielectric response at THz
frequencies. The assessment of all these biochemical
compounds makes it possible to differentiate between
normal and pathological tissues of the brain, as well as
between different stages of a pathological process relying
on the THz spectra and images. All these factors, along
with the biochemical and structural neuronal and glial
features, including microscopic variations of tissue prop-
erties (tissue microenvironments®, cellular and tissue
morphology*’, biomolecules®* and their large-scale fluc-
tuations?7), make the brain an exciting subject for study
using THz technology!®35%.

In Fig. 1, dimensions of the structural components in
neural tissues (such as neurofibrils, neurons, glial cells,
etc.), meninges (pia matter, arachnoid matter and dura
matter) and blood vessels are shown at the scale posed by
the THz wavelengths. Since traditional THz imaging and
spectroscopy systems are based on diffraction-limited
optics and obey the 0.51 Abbe diffraction limit, the
Rayleigh scattering approximation and the effective me-
dium theory are usually applied to describe the THz-
wave — neural tissues interactions. Such THz systems al-

low to study the effective dielectric response of tissues,
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Fig. 1 | Structural features of brain tissues (neurofibrils, neurons, glial cells, etc.) as well as meninges and blood vessels at the THz-

wavelength scale. The horizontal axis depicts the ratio between the typical size of the structural elements d and the typical free-space

wavelength Ag= 300 pm (vo= 1.0 THz), while the vertical solid red line shows the A/2-Abbe diffraction limit. Courtesy of G.R. Musina.
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which is spatially-averaged over the A2 beam spot area of
an optical system'”. However, dimensions of some struc-
tural features of neural tissues are comparable to the THz
wavelengths, and modern high-resolution THz optical
systems are capable of distinguishing them'*. Studying
the effects of Mie scattering on such structural elements
of neural tissues and development of novel approaches to
describe the THz radiation transport in heterogeneous
tissues containing such elements are topical problems of
THz biophotonics, which still remain unaddressed'. In
the general landscape, most of the structural and mo-
lecular features of healthy and pathological neural tis-
sues do not affect considerably their electrodynamic re-
sponse at THz frequencies and, thus, are usually neg-
lected during the THz measurements of tissues'®!”.
Hence, THz complex dielectric permittivities of water,
biological liquids and tissues are commonly described by
the Debye, Cole-Cole, Davidson-Cole, Havriliak-Neg-
ami, or other analytical models of relaxation-like com-
plex dielectric permittivity?'*>-%. Particularly, the
double-Debye model found a wide variety of application
in THz biophotonics!®721:4,

In this paper, we start with a brief review of THz opto-
electronic systems and measurement principles that are
widely applied in biophotonics. Then, we discuss applic-
ations of these systems in different branches of neurodia-
gnostic, such as the diagnosis of neurodegenerative dis-
eases, myelin deficit, tumors and traumatic injuries of
the brain. Finally, challenging problems of THz
neurodiagnosis are summarized and discussed.

Methods of tissue spectroscopy and
imaging in the THz range
THz spectroscopy and imaging are considered as pro-
spective medical tools due to non-ionizing nature of THz
waves and their harmlessness to human body?!, as well as
endogenous character of contrast observed between
healthy and pathological tissues in THz images and spec-
tra!®”. Nowadays, a number of approaches for receiving
THz images or spectra of biological tissues are widely ap-
plied, that are based on different principles of THz-wave
generation and detection’, rely on either continuous-
wave (CW / narrow-linewidth) or pulsed (broadband)
radiation, and implement either transmission or reflec-
tion measurement geometries.

On the one hand, only thin (100 um) specimens of hy-
drated tissues ex vivo can be studied in the transmission
mode due to a very high THz-wave absorption by tissue

water. On the other hand, measurements in the reflec-
tion mode require complex calibration procedures in or-
der to reduce the effect of sample displacements during
the THz data acquisition, which is especially important
when studying tissues in vivo’’. Finally, we notice that,
due to the limited depth of THz wave penetration in bio-
logical tissues, in neurodiagnosis, only the intraoperative
applications of THz technology are possible, when an
open access to brain tissues in vivo is provided or the
freshly-excised brain tissue specimens ex vivo are stud-
ied. Let us consider several THz experimental spectro-
scopic and imaging systems that were already applied to
study tissues of the brain.

THz spectroscopy systems

THz spectroscopy is a powerful tool of biophotonics*-2,
that allows analyzing molecular parameters of an analyte
and (to some extent) its structural features. Subsequent
acquisition and processing of the THz spectroscopic data
make it possible to quantify the content and state of
many biochemical components of biological tissues
(such as water in cells and intercellular matrix), the or-
ganization of these components in the morphological
plane, as well as kinetics of chemical reactions and phys-
ical processes in an analyte®>>.

The reason for such a widespread use of TPS systems
in biophotonics is complete information collected by
such systems from a single rapid measurement about the
frequency-dependent amplitude and phase of a THz
pulse in a wide spectral range*. Thus, TPS allows recon-
struction of the broadband complex dielectric response
(or complex refractive index) of an analyte directly from
the measured data, without any additional physical as-
sumptions or the use of the Kramers-Kronig transform?®c.
In addition, THz spectroscopy makes it possible to ana-
lyze the physical response of an analyte either in the time
domain (pulse response function) or the frequency do-
main (complex transmission or reflection coefficients
and complex dielectric permittivity or refractive index)’.
In Fig. 2, we show examples of TPS systems operating in
(a) transmission mode®*%, (b) reflection mode® %, and
(c) attenuated total reflection (ATR) configuration®*”’; all
of them are used to characterize biological objects.
Transmission mode measurements are usually applied to
study thin layers of biological liquids and tissues ex vivo
sandwiched between the two THz windows® ¢, includ-
ing their measurements at cryogenic temperatures®
aimed at unmasking some (other than water) molecular
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Fig. 2 | Scheme of the THz pulsed spectrometer. (a) Transmission-mode measurements. (b) Reflection-mode measurements. (¢) ATR config-

uration. A pair of photoconductive antennas (that rely on photoconductivity/photoswitching effect), nonlinear optical crystals (that rely on optical

rectification and electrooptical effects, respectively), or other principles can be used as an emitter and a detector of THz pulses. Here, BS is a

beam splitter; OAPM is an off-axis parabolic mirror. Courtesy of G.R. Musina.

properties of tissues. Reflection mode measurements are
used to study freshly-excised (hydrated) tissues ex vivo
and tissue in vivo® 5, where bulk (thick) tissue speci-
mens are considered. ATR geometry is applied to study
both bulk tissue specimens and thin layers, down to
monolayer of cells. ATR spectroscopy provides high
sensitivity, but requires specific calibration procedures.
During the TPS measurement, the THz beam path is
usually purged by nitrogen gas® or even vacuumized’ to
suppress distortion of the THz measurements data by
water vapor absorption lines.

Besides TPS, other THz spectroscopy modalities are
vigorously explored nowadays and widely applied in dif-
ferent branches of science and technology, as well as
have a potential in biophotonics and neurodiagnosis.
Among them, we particularly notice

— the Fourier transform IR spectroscopy, that spans
the IR and THz ranges and is used mainly in gas spectro-
scopy, condensed matter physics, and materials
sciences’>’?;

- the backward-wave oscillator spectroscopy, that uses
CW radiation, spans the GHz-THz range (< 1.5 THz),
has a narrow linewidth (10°v), and is applied in con-
densed matter physics and physics of magnetism”;

- the CW THz spectroscopy based on photomixers’;

— the pulsed THz spectroscopy based on parametric
generation and detection in MgO:LiNbO5’%;

- the modern THz pulsed systems with high THz
fields to study non-linear optical phenomena’ and the
optical pump - THz probe systems to study photocon-
ductive materials™.

Meanwhile, all these spectroscopic techniques mostly

remain laboratory research tools and are rarely applied
to study the THz electrodynamic response of biological
tissues and liquids in biophysical laboratories or medical
institutions.

THz imaging systems

Nowadays, THz imaging attracts increasing attention
and offers novel opportunities in biomedicine*->2”°. Due
to the lack of efficient THz detector arrays, majority of
THz imaging systems use a single-pixel detector and,
thus, involves point-by-point scanning of the sample
surface with a focused THz beam of either pulsed or CW
radiation followed by processing of thus collected 2D or
3D imaging data.

A widespread use of TPS systems leads to the develop-
ment of different TPI methods®. By studying the time-
or frequency-domain response of an object, TPI yields
3D imaging data, that can be represented in form of the
spatial distributions of the pulse response function
R(t,r), broadband complex dielectric permittivity
€ (v,r), complex refractive index 7 (v,r), and others,
where r is a radius vector at the imaging plane. Such a
comprehensive data about an imaged object open novel
opportunities in analysis of the THz electrodynamic
characteristics of tissues for subsequent differentiation
between normal and pathologically-altered tissues. Vari-
ous approaches for processing the TPI data were de-
veloped, aimed at dimensionality reduction and tissue
identification and, thus, meeting the demands of differ-
ent branches of medical diagnosis'®"’. Despite such a rich
information content, TPI possesses a limited operation
rate due to the need of the time-domain TPS waveform

220071-4
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collection at each point of the imaged object. This re-
strains capabilities of TPI systems in real-time biomedic-
al applications?.

The key advantage of CW THz imaging systems is a
much higher operation rate than that of TPI, but such
systems also suffer from lower information content”.
CW THz imaging can be based on a wide variety of
quite-broadband or narrow-linewidth CW THz emitters
and detectors and, thus, operating at different frequen-
cies. For example, in refs.’*2, transmission-mode CW
THz imaging system based on 3.4 and 3.7 THz quantum
cascade lasers was developed, while in refs.®>%, a 2.52
THz gas laser was used as a key element during the trans-
mission-mode CW THz imaging (Fig. 3). It is worth not-
ing that reflection-mode and ATR-mode measurement
geometries were combined with CW THz imaging prin-
ciples. Particularly, in refs.”*®-%, reflection-mode CW
THz imaging system based on a 2.52 THz gas laser was
developed for biomedical purposes (Fig. 2(b)), while in
refs.®%, the ATR configuration was implemented for
high-sensitive THz measurements of tissues (Fig. 2(c)).
The common path CW THz reflection and ATR dual
mode imaging system was developed”. This dual-mode
imaging of common optical path is realized by quickly
switching between reflection window and total reflec-
tion prism. Finally, in ref’’, a hybrid CW THz imaging
system was developed, that combines active mode (i.e.,
an object is illuminated by the THz radiation of an ex-
ternal source) and passive mode (i.e., self-emitted THz
heat radiation of an object is detected) in order to re-
trieve maximum information about an object and is

aimed at security applications.

THz BS y & Lens
emitter P

I
= ==
H Sample THz

THz Sample detector
detector holder

Fig. 3 | Scheme of representative THz imaging systems operat-
ing in transmission mode. Courtesy of G.R. Musina.

Superresolution THz microscopy

Modern THz spectroscopy and imaging systems suffer
from low spatial resolution, since they usually rely on the
lens- or mirror-based optics, the resolution of which
obeys the ~ 0.51 Abbe diffraction barrier of free-space
focusing>!®V’. Due to large THz wavelengths, resolution

https://doi.org/10.29026/0ea.2023.22007 1

of such THz systems is a few hundreds of micrometers or
few millimeters, even when working with a very wide-
aperture lenses”>*. Overcoming the Abbe limit is of par-
ticular importance in THz biophotonics and, particu-
larly, neurodiagnosis'®'”3!. In such applications of THz
technology, the limited resolution does not allow to
study subwavelength features of neural tissues, detect
small-scale neoplasms, accurately delineate the tumor
margins, and even locally expose tissues to THz waves.

In order to overcome the Abbe limit, several modalit-
ies of superresolution THz spectroscopy and imaging
were proposed during the past two decades’. Modern
methods of THz image reconstruction rely on modeling
of the point spread function of an imaging system, fol-
lowed by the image reconstruction via the deconvolu-
tion or inverse filtering®, or even based on the convolu-
tional neural network approach®. All these techniques
help to boost the performance of almost any THz ima-
ging system, with the resultant enhancement of resolu-
tion by tens of percent, but do not allow to overcome
Abbe barrier. Here, we also notice the THz digital holo-
graphy, synthetic aperture imaging, and computational
imaging, which are capable of slightly sub-wavelength
resolution, but still cannot overcome the Abbe
barrier”-!%!. All these methods have a potential in THz
biophotonics, but require complicated techniques to re-
solve the inverse problems and are accompanied by spe-
cific image noises/distortions, which somewhat limits
their practical utility.

Next, we consider different modalities of THz scan-
ning-probe near-field optical microscopy (THz-SNOM),
which can be classified into the tip- and aperture-based".
The tip-based THz-SNOM systems detect the THz field,
which is scattered by a metal or dielectric cantilever/tip
handled in close proximity to an object, and provides the
resolution as high as 107°-107*A thanks to the strong
confinement of the THz field on the tip end'>"!%. Sever-
al emerging modalities of THz imaging, including wire
media'®!”” and high-refractive-index optical fiber
bundles’, can also be assigned to the tip-based THz-
SNOM and has a potential for multipixel endoscopic
imaging with the resolution down to 10~'A. In turn, the
aperture-based THz-SNOM uses subwavelength dia-
phragms to either illuminate an object or collect the
scattered THz field at its shadow side, with the resultant
resolution as high as ~ 107’1071 determined by the
size of the sub-wavelength aperture!®-'1. As a subtype of
the aperture-based THz-SNOM, it is possible to
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distinguish the innovative coded-aperture near-field THz
microscopy'!! and the laser scanning-point THz source
microscopy'’?, both of which hold strong potential in
THz biophotonics. Despite the superior resolution, all
THz-SNOM systems suffer from low energy efficiency
due to the use of subwavelength probes in an optical
scheme. In this way, to achieve appropriate imaging
quality, THz-SNOM systems require powerful emitters,
sensitive detectors, and long image acquisition duration.
Another disadvantage of THz-SNOM systems is a very
small working distance between the probe and an object,
due to which the probe may interact with an object, per-
turb its structure and distort the THz image, or even be
damaged itself. Majority of the THz-SNOM systems have
limited capabilities in imaging of amorphous media and
soft biological tissues, which makes such systems laborat-
ory research tools and restrains their applicability in THz
biophotonics.

We particularly notice the solid immersion micro-
scopy principles, that were recently translated from the
visible-IR to the THz range®*'® and, then, adapted for
the CW THz imaging of amorphous objects and biolo-
gical tissues with the resolution down to 0.15A%!'4. The
essence of the solid immersion effect is a reduction in the
dimensions of electromagnetic-beam caustic (focal spot),
when the beam is focused in free space at a small dis-
tance (< A) behind the high-refractive-index optical ele-
ment (i.e., the so-called solid immersion lens), with con-
tribution of both ordinary-propagating and evanescence
waves of the total internal reflection. The resolution of
the THz solid immersion microscopy appears to be ob-
ject dependent, but remains strongly subwavelengths in a
wide range of the sample optical properties''®. In ref.*!, a
method to resolve the inverse ill-posed problem of the
THz solid immersion microscopy was developed. It al-
lows to quantify the spatial distribution of the physical
properties of an object over its aperture with superior
resolution and, thus, to study sub-wavelength heterogen-
eities of biological tissues®!!°.

Another approach similar to solid immersion effect is
based on dielectric microspheres®!'7-2!. In this ap-
proach, a dielectric particle is introduced in the far field
of the microscope (i.e., it is handled in front of the focal
plane and can be placed either on the surface of an im-
aged object!'” or in close proximity to it'*?) in order to
transfer near-field information and to magnify certain
regions of the object. Such virtual images formed by each
microsphere are collected with conventional objective

https://doi.org/10.29026/0ea.2023.22007 1

lens of the microscope. In ref.’? white light microscope
based on microsphere superlenses demonstrated resolu-
tion up to 1072A. Since this approach is usually used in
transmission light it can be a perspective way for im-
provement of spatial resolution of THz microscopy of
histological brain samples. Here we should also mention
waveguide metasurface-based superlens, which allows to
overcome the Abbe limit'?. Such superlens is formed by
a gradient array of nanoscale slits perforated in a gold
slab, and supports transverse-electric waveguide modes
under linearly polarized illumination along the long axis
of the slits. These waveguide modes can modulate not
only optical phase but also evanescent waves which res-
ults in focusing of high-spatial-frequency waves, and
thus to the quasi-far-field super-resolution focusing of
light. Waveguide metasurface-based superlens developed
in ref.!>® provide the resolution as high as 0.241.

Neurodiagnostic application of THz
systems

Different modalities of THz spectroscopy and imaging
have been already applied to study healthy and patholo-
gically-altered brain tissues from laboratory animals and
humans. In this section, we consider the process of
THz technology translation to different branches of
neurodiagnosis.

Intact brain
According to the literature data, THz technology was
first applied to intact (healthy) brain tissue ex vivo. In
refs.8182124 possibility of studying the anatomical struc-
ture of dehydrated brain tissue using CW THz imaging
and near-field microscopy was demonstrated. A contrast
between the THz response of gray matter and white mat-
ter was demonstrated and attributed to the different con-
tent of water, lipids, and proteins in these tissues. The lis-
ted factors are in descending order of their influence on
the THz response of brain tissues. According to the well-
known biochemical properties of brain tissues, in hy-
drated state (freshly-excised tissues ex vivo or tissues in
vivo), gray matter has high water content and, thus, pos-
sesses higher THz refractive index n and absorption coef-
ficient « than those of white matter'?. On the contrary,
as follows from the images of dehydrated rat brain at
3.43 THz (Fig. 4(a-d)), dehydrated white matter has
higher THz-wave absorption, which is predominantly
due to an absence of water and higher content of lipids®'.
Thus, we can conclude that in the native (hydrated)
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Fig. 4 | THz measurements data of intact brain ex vivo. (a—d) 3.43 THz quantum cascade laser-based images (left column) and visible mor-

phological pictures (right column) of the frontal sections of the dehydrated rat brain ex vivo. (e) Water content in different freshy-excised (hy-

drated) tissues from rats ex vivo estimated based on the TPS data and tissue weighting (mass). Figure reproduced with permission from: (a)

ref.?’, Optical Society of America; (b) ref.*®, under the OSA Open Access Publishing Agreement.

form, the effective THz dielectric response of brain tis-
sue holds information about the content of tissues water.
Therefore, THz spectroscopy and imaging can be used to
map (qualitatively or quantitatively) this important para-
meter in healthy and pathological tissues of the brain. As
a particular example of the water content estimation, in
ref.’, the authors quantified the fraction of water in
freshly-excised intact brain and other tissues from rats
using the TPS data at 0.5 THz, while the observed results
showed good agreement with those measured by com-
mon tissue weighting technique (Fig. 4(e)). In turn, when
working with dehydrated (paraffin-embedded or lyophil-
ized) brain tissues, the effective THz optical properties
reflect an information about the content of other mo-
lecular components of tissues (such as lipids and pro-
teins) and have much lower values of # and «.

As shown in Fig. 1, brain tissues are usually assumed
to be homogeneous isotropic in THz biophotonics. At
the same time, some structural features of the brain and,
particularly, of white matter might lead to the structural
anisotropy of effective THz optical properties of such tis-
sues. Optical anisotropy of white matter was earlier re-
ported in other spectral ranges>*'?” and attributed to its
fiber structure (i.e., the presence of packed bundles of ax-
ons with different orientations and degrees of order).
The effective optical properties of such systems depend
on the mutual orientation of the electromagnetic field
polarization and wavevector towards the fibers. In the
THz range, the structural anisotropy of white matter can
be attributed to the anisotropic dynamic conductivity of

electrolyte solution inside the ordered and oriented ax-
ons, as well as to the anisotropic character of Mie scatter-
ing of THz waves on axons (as mesoscale close-to-cyl-
indrical multilayer dielectric particles). At the same time,
the effect of brain tissue optical anisotropy still has not
been properly studied in the THz range.

Knowledge about the THz optical anisotropy can be
useful in studies of pathological changes in the white
matter. The classical method for assessing the local an-
isotropy of the white matter is a magnetic resonance
imaging (MRI)-based diffusion tensor method'?’, which
considers the anisotropy of water diffusion in tissues and
features a limited sensitivity'?. THz evaluation of the
white matter anisotropy can pave the way for more ac-
curate study of the course of conducting fibers in differ-
ent parts of the central nervous system, which is an im-
portant aspect of biomedical research. From the funda-
mental viewpoint, it is possible to study the connectome
of various areas of the brain and the functional aspect
(up to the cognitome). To one degree or another, many
neurological and neurosurgical diseases have a direct or
indirect effect on the properties and state of the white
matter. White matter is the primary target of pathogen-
etic mechanisms in demyelinating diseases and in some
forms of traumatic brain injury. At the same time, the
white matter can be affected in neurotrauma, acute dis-
orders of cerebral circulation, neurodegenerative, infec-
tious and metabolic diseases'”. Moreover, tumors grow
and infiltrate into various parts of the brain using the
white matter tracts as pathways for spreading'®. Study of
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the structural and molecular features of white matter is
of great interest for understanding the pathogenetic
mechanisms, and THz methods might become the key

for solving a number of specific problems in this area.

Degenerative diseases

There is a demand on a better understanding of degener-
ative brain disorders. As an example of the neurodegen-
erative disease, we stress the Alzheimer's disease, which
progresses to neurons death in different brain parts be-
cause of misfolding and accumulation of protein frac-
tions that form deposits of B-amyloid and disrupting
biochemical homeostasis and functional cell spectrum.
Alzheimer’s disease is a leading cause of dementia, with
loss of cognitive functions, memory, thinking skills,
which is ultimately resulting in death'*'~'**. Cerebrospin-
al fluid analysis, neuroimaging (e.g., MRI), neuropsycho-
logical testing, blood testing, and some other methods
have been used for Alzheimer’s disease diagnosis. These
methods are either time consuming or high in cost'*,
and their reliability may depend on the disease
severity'*. Study of the origin, pathways, and contribut-
ing factors to neurodegeneration (such as oxidative stress

and inflammation'¥-*) is of crucial importance for un-
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derstanding the progression of neurodegenerative dis-
ease and searching of possible therapeutic strategies. Re-
cently, capabilities of THz methods in study of the
neurodegenerative diseases were uncovered>®1:6268140-142,
Consider several representative examples of the THz
technology applications in study of the Alzheimer's dis-
ease. In ref.*’, a difference between the THz absorption
coefficient « of frozen intact human brain tissues ex vivo
and those altered by the Alzheimer's disease was un-
covered using the TPS system in conjunction with a
closed-cycle cryocooler (Fig. 5(a—c)). It was explained by
the different content of f-amyloid, lipofuscin, tau, glial
fibrillary acidic protein in pathologically-altered tissues,
as well as by the tissue atrophy processes. In ref.?!, it was
reported that Tryptophan plays an important role in
formation of the THz dielectric response of the
Alzheimer-s disease-affected tissues in the ex vivo mouse
model. In ref.!*, a contrast between the intact animal
brain and Alzheimer's disease models became even more
clear in the distributions of THz refractive index n(r)
obtained by TPI (Fig. 5(d-i)). In ref.??, TPS was com-
bined with the nano-slot patterned metamaterials for
highly-accurate probing of the hydration dynamics of
B-amyloid aggregates in liquids (Fig. 5(j, k)). For this
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Fig. 5| THz measurements data of the Alzheimer's and demyelinating diseases. (a—c) THz absorption coefficient a of the intact and

Alzheimer's disease-altered tissues of the human brain ex vivo obtained at cryogenic temperatures using TPS, where CG, IFG, and SFG stand

for the cingulate gyrus, inferior frontal gyrus, and superior frontal gyrus of the brain, respectively. (d—i) THz refractive index distributions n(r)

measured by TPI (left) and Thioflavin S-stained fluorescence images (right) of the wild-type and APP/PS1 Alzheimer’s disease models depend-

ing on age. (j, k) Averaged THz absorption coefficient a of a liquid buffer with -amyloid aggregates-containing nanodroplets, as well as the

sketch of a single nanodroplet with a B-amyloid aggregate. (I) THz refractive index n and absorption coefficient a obtained from the myelin deficit

(Rheb1 KO) and normal mice brains ex vivo. Figure reproduced with permission from: (a—c) ref.*, IET; (d—i) ref.'“, (j, k) ref.52 Elsevier; (1) ref.®,

under a Creative Commons Attribution 4.0 International License.
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aim, B-amyloid aggregates-containing water = nano-
droplets were used for improved THz sensing. The integ-
ration of a metamaterial sensor and nanoconfined
droplets allowed to enhance the sensitivity of THz meas-
urements (up to 1 nM of B-amyloid aggregates in a buf-
fer solution). The observed results are of high import-
ance because the amyloid B peptide and its ordered ag-
gregates are associated with the onset of the Alzheimer’s
disease, and, thus, they are considered as biomarkers for
diagnostic and therapeutic applications. In ref.!*!, the
nature of the THz conductivity changes during biochem-
ical evolution of the f-amyloid with different concentra-
tions (from monomers to polymer fibrils) were studied
using the near-field THz spectroscopy. It was found that
the THz conductivity decreases with the evolving fibril-
lization states and increases with the elevating molar
concentrations. To further identify markers underlying
the contrast between intact and pathologically-altered
brain tissues in the THz range (without taking into ac-
count the effect of water), the authors of ref.'*> measured
dehydrated tissue samples. In post-mortem tissues, a
considerable difference was found between the THz re-
flectivity of normal brain fragments and Alzheimer's dis-
ease, and the contrast was especially pronounced for
white matter. This difference was explained by the con-
comitant demyelination.

Another degenerative disease to be considered is a
demyelinating disease that occurs most often in young
patients as the most socially-active group of the popula-
tion. In ref.*s, TPS was combined with chemometric ana-
lysis to study the models of the demyelination process in
the paraffin-embedded brain of mice and rhesus mon-
keys ex vivo. From Fig. 5(1), we notice a contrast between
the myelin deficit and normal mouse brain ex vivo rep-
resented in the n—a space.

Tumors

THz technology is considered as a prospective tool of the
intraoperative diagnosis of human brain tumors®, with
an emphasis on gliomas, which are among the most
common and deadly pathologies of the brain, constitut-
ing >~ 26% of all primary brain tumors and ~ 81% of ma-
lignant primary brain tumors'®. Gliomas are classified
by the World Health Organization (WHO) into the
WHO Grades I to IV, where Grades I, II and III, IV
stand for the low-
respectively'**. Glioblastoma (WHO Grade IV glioma) is
the most dangerous tumor of the brain, with the five-

and high-grade

gliomas,

year relative survival rate of only ~ 6.8%!*. Surgery is
the mainstay of the glial tumors’ treatment, the main
goal of which is a gross-total resection of a tumor with
maximal preservation of surrounding intact tissues'*.
Gliomas usually have unclear margins, that complicate
their gross-total resection. In many cases, accurate delin-
eation of glioma margins can be provided only by the ex
vivo histopathological examination of the excised tissues,
using the hematoxylin and eosin (H&E)-stained histo-
logy aided by the molecular sensing and genetics'*. Such
examination of excised brain tissues can be performed
either intraoperatively (thus, extending the terms of sur-
gery) or postoperatively (aimed at making a definitive
molecular pathological diagnosis). Despite histopatho-
logy remains a gold standard in tumor diagnosis, we no-
tice an increasing demand for the novel methods of the
rapid intraoperative detection of tumor margins.

Common methods of the pre-operative imaging (MRI,
computed tomography, and positron emission tomo-
graphy) do not provide reliable accuracy of the tumor
margins detection due to the brain shifts, caused by the
dura mater opening, tumor removal, brain tissue edema,
and cerebrospinal fluid losses'¥’. Thus, real-time ima-
ging techniques (intraoperative ultrasound and MRI)
were developed'*®. However, these instruments suffer
from low spatial resolution, while their integration into
modern neurosurgical workflows remains labor intens-
ive and expensive. Other intraoperative neuroimaging
methods are fluorescent-based techniques involving the
use of the 5-aminolevulinic acid-induced fluorescence of
protoporphyrin IX', fluorescein sodium'®’, or other
fluorophores. They are inexpensive and provide high
sensitivity for high-grade gliomas and meningiomas, but
their sensitivity drops for the pediatric and low-grade tu-
mors'®!. Optical coherence tomography'*>!*3, Raman
spectroscopy and imaging'*, confocal and polarization-
sensitive microscopy'*, visible and near-IR spectro-
scopy™¢, as well as photoacoustic imaging'®’ are vigor-
ously explored, as tools for the intraoperative brain tis-
sue imaging, but still remain far from clinical practice.
Efficiency of these methods is restrained by a number of
factors, such as the aforementioned application of con-
trast agents, limited sensitivity and specificity, and high
labor intensity.

Glioma models from mice and rats
A potential of THz technology in the intraoperative
diagnosis of brain tumors was studied by the THz
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spectroscopy and imaging of different tumor models
from rats and mice®. In ref.**, orthotopic glioma model
from rats was imaged ex vivo using the reflection-mode
TPI system. The observed THz images revealed a differ-
ence between intact tissues and a tumor in both freshly-
excised and paraffin-embedded (dehydrated) states. In
Fig. 7(a-1), visible, THz, and MRI images of the freshly-
excised orthotopic glioma samples are compared. For the
freshly-excised tissues, the difference between intact ones
and a tumor was attributed to the increased content of
tissue water in a tumor, which is due to the abnormal
microvascularization, edema, and body fluids around
necrotic debris. For the paraffin-embedded tissues, the
contrast is less pronounced and originates reportedly
from changes in cell density in a tumor. In ref.%’, TPS was
applied to study paraffin-embedded intact tissues and
glioma model (GL261 cell line) from mice ex vivo. The
observed THz dielectric spectra justified a contrast
between paraffin-embedded intact tissues and a tumor in
the THz range. Next, we stress remarkable results of
ref.”’, the authors of which applied TPS to study the
freshly-excised and dehydrated intact tissues and glioma
model (C6 cell line) from rats ex vivo. The measured
THz dielectric spectra were analyzed using a linear spec-
trum decomposition approach, which revealed an in-
creased water content in a tumor and, thus, justified wa-

Visible

Reflectivity

ter as the main reason of endogenous contrast between
healthy tissues and a tumor. Finally, in refs.c®%%¢, differ-
ent methods of THz spectroscopy, reflectometry and
imaging were applied for discrimination between intact
brain tissues and tumors, involving ex vivo and in vivo
glioma models from mice and rats (eGFP+GSC-11, C6,
and U87-MG cell lines), as well as few samples of high-
grade gliomas from humans.

Recently, different approaches of boosting the THz
imaging of brain tissues were proposed. First, in ref.*,
temperature-dependent transmission-mode TPS and
2.52 THz CW ATR imaging were used to study ortho-
topic glioma model from mice ex vivo. In Fig. 6(j-0),
representative THz images are shown, that were collec-
ted in the temperature range from —20 to 35 °C, com-
pared with a visible photo, and verified by the H&E-
stained histology. It was found that THz response varies,
as a function of temperature, in a different manner for
intact tissues and a tumor. Such a temperature-depend-
ent character of the tissue response at THz frequencies
can be used for the improved differentiation between in-
tact tissues and a tumor. Furthermore, some optimal
temperatures of a tissue specimen ex vivo can be selected
to improve a contrast between healthy and pathological
brain tissues in the THz range (similar effect was
observed earlier for the TPS and TPI measurements of

Intensity

Fig. 6 | THz imaging of brain glioma models from laboratory animals ex vivo. (a—i) Visible, THz, and MRI images of orthotopic glioma model

from rats, where the THz image dimensions and resolution are 4 cmx3 cm and 250 pym, respectively. (j—o) Visual image, H&E-stained histology

and temperature-dependent 2.52 THz CW ATR images of orthotopic glioma model from mice ex vivo, where the sample temperature varies in

the range from -20 to 35 °C. In (k—o0), the blue boarder marks the boundary between background and a sample; while in (k), boxes 1 and 2 point

areas of healthy and tumorous tissues. Figure reproduced with permission from: (a—i) ref.®>, Optical Society of America; (j—o) ref.?°, under the Op-

tica Open Access Publishing Agreement.
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mucosa cancer®). Second, to enhance the accuracy of the
tumor margins delineation, in ref.*’, a region-of-interest
(ROI) segmentation method was developed for work
with the 2.52 THz CW imaging system. This method
combines a variety of signal processing techniques, in-
cluding the block matching 3D denoising, fuzzy c-means
clustering, morphology operation, and canny edge detec-
tion. It was first verified involving test objects with sharp
reflectivity changes and then applied to detect margins of
rat glioma model ex vivo with quite smoothed margins.
The observed results highlight a potential of the CW
THz imaging and the proposed hybrid ROI segmenta-

tion method in brain tumor diagnosis.

Human brain gliomas

Glioma models from animals only partially mimic struc-
tural and biophysical properties of human brain gliomas.
Therefore, in ref.*!, TPS was applied to study the THz
dielectric response of gelatin-embedded intact tissues,
edematous tissues, and WHO Grades I-IV gliomas of
the human brain ex vivo. To preserve tissues from hydra-
tion/dehydration, retain their original molecular proper-
ties during the THz measurements, and, thus, sustain
their THz response unaltered (as compared to the
freshly-excised tissues), gelatin slabs were used for the
tissue fixation'*®. In Fig. 7, the measured THz optical
properties are represented in form of the tissue refract-
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ive index n and absorption coefficient «, where statistic-
al differences between intact tissues and gliomas of all
WHO grades are evident. However, the THz response of
edematous tissue appears to be very similar to that of a
tumor, while there is also no significant contrast between
the response of gliomas of the different grades. Thus, the
THz response of human brain tissues ex vivo from ref.**
confirmed earlier results of the aforementioned studies,
that involved THz measurements of gliomas models
from mice and rats (Section Glioma models from mice
and rats). Furthermore, the data from ref.** were qualit-
atively verified in recent research work, where the TPS
ATR measurements and the 2.52 THz CW ATR imaging
of intact tissues and WHO Grade I-IV gliomas from hu-
mans were performed®#. Indeed, THz methods hold a
potential in the intraoperative differentiation between
intact tissue and gliomas of the human brain.

High dispersion of the experimental n- and a-spectra
(Fig. 7) was attributed to heterogeneous character of tis-
sues. Particularly, in ref.*, intact brain tissues were not
differentiated into the white matter and gray matter,
which might be the reason of higher dispersion for the
intact tissues. In turn, the dispersion of glioblastoma op-
tical properties reportedly originates from the presence
of tissue heterogeneities due to necrotic debris, which is
inherent to this type of tumor. Such tissue heterogeneities

might be specific for various human brain tumors,
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Fig. 7 | Spectra of the THz refractive index n and absorption coefficient a (by field), as well as H&E-stained histology of intact tissues,

edematous tissues, and gelatin-embedded human brain gliomas ex vivo of the different WHO Grades. (a—c) Grade |. (d—f) Grade II. (g—i)

Grade Ill. (j-1) Grade IV. THz optical properties of gliomas are compared with equal data for intact and edematous tissues, where the error bars

represent a +2.00 confidential interval of measurements (o is a standard deviation). Figure reproduced with permission from ref.5%, under a Creat-

ive Commons Attribution 4.0 Unported License.
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forming a subject of additional comprehensive research
work (it will be addressed below, to some extent). Non-
monotonic dispersion at lower (at < 0.3 THz) and high-
er (> 0.8 THz) frequencies is due to the measurement
errors originating from fluctuations of humidity along
the THz beam path, limited resolution of TPS, as well as
the drops of the TPS system sensitivity at low and high
frequencies.

Next, in ref.®>, THz dielectric response of freshly-ex-
cised intact tissues, edematous tissue, and WHO Grades
I-IV gliomas of the human brain ex vivo was analyzed
using relaxation models of complex dielectric permittiv-
ity. Particularly, the double-Debye (DD) model, which is
based on a pair of the Debye relaxators, and the double-
overdamped-oscillator (DO) model, which includes a
pair of the Lorentz oscillators with a high damping con-
stant, were considered. The DD model has the form*

P B M
T 14w, 14w, ]

where w = 2nv is an angular frequency, Aeg;, Aeg, are
magnitudes that regulate a contribution of the “slow”
and “fast” Debye relaxations with their time constants 7,
T,, respectively, €., is a high-frequency constant dielec-
tric permittivity at v > (2n7,,)”". The DD model is
common for THz biophotonics. It allows accurate para-
meterization of the THz spectroscopic data for water,
water solutions, biological liquids, and tissues'*", for
which only 5 independent parameters are required -
namely, €., Ag;, Ag,, 77, and 7,.

In turn, the DO model is novel for THz biophotonics.
It has the form'*

- Ag; Ag,
E=¢. + - + 5 , ()
w LWy, w LWy,
== +i—o 1-—+i-
Woy Wop Woo Wi

where Ag;, Ag,, woi, o, and y,, y, stand for magnitudes,
quasi-resonant frequencies (given by the restoring
forces) and damping constants, respectively, of the
“slow” and “fast” relaxations, which are equivalent to the
“slow” and “fast” Debye relaxations (Eq. (1)). A constant
€. and a magnitude A¢; of j-th Debye relaxation are
equal to those of a corresponding overdamped oscillator.
One can also calculate other parameters of j-th overdamp-
ed oscillator based on corresponding Debye relaxator:

;= w,Tp % = Cnj, C> 1, )

here, C is a constant, the particular value of which is not

so important, unless it is much larger than unity. In
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ref.%, this constant was C = 10°. The DD and DO mod-
els provide almost equal values of complex dielectric per-
mittivity € = ¢ —i¢”” (or complex refractive index
fi=n —ica/ (2mv), where ¢, = 3 x 10* m/s is the speed
of light in free space, and « is the absorption coefficient,
by field) at
w~ (2n7,) 7" < wy; < y,. At the same time, at higher

low-frequencies up to

frequencies w > (2n7;) ', the DD model gives non-phys-
ical high loss, due to which this model does not satisfy
the sum rule and predict infinite number of charged car-
riers underlying the dielectric response of matter. In
turn, the DO model satisfies the sum rule and, thus,
seems to be more physically rigorous®.

Based on the THz dielectric spectra from Fig. 7 and
ref.*, parameters of the DD and DO models were calcu-
lated in ref.%>. They are shown in Tab. 1, where, for all the
considered tissues, the “slow” and “fast” relaxation times
T;, T, were set equal to those of free water from ref.*®. The
observed higher magnitudes of the “slow” and “fast” re-
laxations Ag,, Ag, for all glioma grades (Table 1) are at-
tributed to the higher content of polar H,O molecules in
a tumor than that in intact tissues'®. The developed DD
and DO models can be used to describe the THz-wave —
brain tissue interactions in different branches of THz
biophotonics using analytical or numerical methods of
electrodynamics. Moreover, parameters ¢, Ag; and Ag,
of these models can serve as physically-reasonable prin-
cipal components for the differentiation between nor-
mal and pathologically-altered brain tissues, as detailed
in ref.tl,

Next, water content in intact tissues and WHO Grade
I-IV gliomas of the human brain ex vivo was estimated
relying on the sum rule®

tissue

N tissue

fwmastu dw
fom e IZ;::; (4)

)
water we! dw

water
@Wmin

where integration of imaginary part ¢” of the complex
dielectric permittivity within the considered spectral
range (Wmin, Wmyx ) is involved for tissues, in the numerat-
or, and for a liquid water, in the denominator. The ob-
tained water content estimates are shown in Fig. 8, from
which we notice that the water content is 71.1+6.8% for
the intact tissues, while that in edema and WHO Grade
I-IV gliomas is ~ 510% higher. From Fig. 8, we also no-
tice that the obtained values of water content overall
agree with the data from ref.'>"%>, that were measured
using TPS or other experimental techniques.
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Table 1 | The DD model parameters for water, intact tissues, edematous tissues, and WHO grades |-V gliomas. The DO model can be

calculated based on these parameters using Egs. (2) and (3). Reproduced from ref.5*> with the permission of Optica Publishing.

Ewo t1(pS) Agq 2(ps) Aer
Water from ref.*6 4.10 72.20 2.50
Intact tissue 2.29+0.29 49.82+2.17 1.8010.33
Edema 3.48+0.29 61.37+£9.39 1.58+0.40
Grade | 3.29+0.38 10.60 50.54+11.55 0.18 1.93+0.50
Grade Il 3.40+0.24 61.37£12.27 1.93+0.38
Grade llI 3.32+0.11 56.32+7.22 2.03+0.33
Grade IV 3.3010.22 58.48+9.38 2.00+0.28
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Fig. 8 | Water content in healthy and pathological tissues of the brain measured using different experimental techniques. (a) Intact tis-
sues, edema, and WHO Grade I-1V gliomas (GI-GIV) of the human brain ex vivo measured by TPS in ref.®. (b) Intact tissues and C6 glioma

model from rat brain ex vivo measured by TPS in ref.?”. (c) Healthy human brain tissues and tumoral edema in vivo measured by MRI in

refs.92-164 where WM and GM stand for white matter and gray matter, respectively. (d) Healthy rat brain tissues ex vivo measured by pycno-

metry in ref.'®>. Here, error bars represent fluctuations of water content within the considered set of tissue specimens. Figure reproduced with

permission from ref.%%, under the OSA Open Access Publishing Agreement.

Molecular markers of gliomas

Despite water remains the main endogenous marker of
neoplasms in the THz range'’, establishing a relation-
ship between the tissue response at THz frequencies and
the well-known molecular markers of a tumor (other
than water) is a challenging problem of THz biophoton-
ics, since the role of such markers in modern oncology
increases dramatically and even become decisive. Con-
sider several important pathogenetic and clinical mo-
lecular events that are increasingly used in brain tumor
diagnosis along with the common classification of glio-
mas into the abovementioned WHO Grades I-1V:

Ki-67 labeling index. Proliferation is the most im-
portant function of cells of any neoplasm, which determ-
ines the malignant potential of a tumor. In the patholo-
gical diagnosis of tumors, the Ki-67 marker is used to as-
sess this function!®®!*’. This protein is involved in direct

preparation for cell division and, with a high degree of
accuracy, marks cells preparing to enter the process of
mitosis. This marker has confirmed its high predictive
value, independent of other histological criteria, for a
number of tumors, including diffuse gliomas!®*!®. The
assessment of the Ki-67 labeling index level plays a decis-
ive role in formulation of the pathohistological diagnosis
and determining the tactics of further treatment!*®!®,
The activation of the cells’ proliferative program affects
inevitably their metabolic profile. One of its biochemical
consequences is a change in the amount and state of tis-
sue water, which is especially noticeable under condi-
tions of accelerated pathological cell division in the
framework of carcinogenesis processes'”’.

Mutations in the isocitrate dehydrogenase genes
(IDH1 and IDH2). For diffuse glial tumors, the muta-
tional status of the IDHI and IDH2 genes became the de-
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fining diagnostic parameter'”"'”2. These mutations act as
the earliest molecular events in diffuse gliomas and de-
termine the further course of carcinogenesis. The pres-
ence of these mutations has an extremely pronounced
positive effect on the prognosis of patients with diffuse
gliomas'’72. The influence of IDHI and IDH2 muta-
tions on the processes of nucleation and development of
tumors is mediated by metabolic factors. An indirect fea-
ture of these modifications is the change in the state and
content of water in tumor cells.

Methylation of the O°-methylguanine-DNA methyl-
transferase (MGMT) gene promoter. A molecular para-
meter of high diagnostic value is the methylation status
of the promoter region of the MGMT gene. This molecu-
lar event refers to epigenetic modifications that regulate
genome expression. Methylation of the MGMT gene pro-
moter is associated with profound changes in the mo-
lecular and functional status of tumor cells. It serves as
an independent favorable prognostic factor for survival
of patients with diffuse gliomas'’>!7%. Methylation of the
MGMT gene promoter is accompanied by deep metabol-
ic rearrangements in tumor cells associated with a
change in the protein composition of tumor cells, which
entails modifications in the content and state of intracel-
lular water due to the polarity of most protein molecules.

There are some prerequisites to study the listed mo-
lecular markers of gliomas using the THz methods and
other modern optical modalities of tissue spectroscopy
and imaging, for which either freshly-excised or fixed tis-
sues ex vivo can be considered. In ref.””, it was demon-
strated that the IDH mutant and wild-type glioma tis-
sues can be distinguished by TPS arranged in the high-
sensitive ATR configuration. From Fig. 9, we notice that
THz spectroscopy has a potential for a rapid molecular
typing of glioma tissues for this important diagnostic
factor. In ref.'’>, THz absorption spectra a of 2-Hydroxy-
glutaric acid disodium salt (2HG) are investigated. 2HG
is another biomarker existing in glioma, which can serve
for differentiation between tumor and normal tissue. Au-
thors revealed correlation between THz absorption spec-
tra and molecular structure of the 2HG isomers.

Brain tissue heterogeneity

In order to study heterogeneities of healthy and patholo-
gical brain tissues at the THz-wavelength scale, in
refs.*"11%, TPS measurements and quantitative superresol-
ution 0.6 THz CW solid immersion microscopy (with
the spatial resolution as high as 0.151)* of freshly-ex-

— IDH1™ut
2.3 IDH 1%

100

50

0.8 1.2 1.6 2.0
v (THz)

Fig. 9| THz optical properties of IDH1 wild-type sample and
IDH1 mutant positive sample. (a) Refractive index n. (b) Absorp-
tion coefficient a. Figure reproduced with permission from ref.%°, un-
der the Optica Open Access Publishing Agreement.

cised intact tissues and glioma model 101.8 from rats ex
vivo were performed. The homograft glioma model
101.8'¢ involves injection of rat brain glioma tissues into
the brain of another rat. This model was obtained and is
keptin the collection of the Research Institute of Hu-
man Morphology (Moscow, Russia). It is compliant with
glioblastoma (WHO Grade IV glioma)'** and widely ap-
plied in experimental neurooncology. Glioma 101.8 is
heterogeneous in nature and mimics unclear (diffuse)
margins and tissue heterogeneities (such as areas of nec-
rosis, hemorrhages, and microvascularity), that are usual
to the human brain gliomas. Therefore, glioma 101.8 is a
perfect candidate for evaluating the performance of nov-
el modalities of brain tissue spectroscopy and
imaging!>>1%3.

In Fig. 11(a-c), THz refractive index n and absorption
coefficient a (by field) are shown for the freshly-excised
intact rat brain and glioma ex vivo, measured by a dif-
fraction-limited TPS system and verified by the H&E-
stained histology''®. Mean THz optical properties and
their spatial dispersion over the rat brain are shown by
markers and error bars, respectively. Due to the limited
TPS resolution, intact tissues were not differentiated into
the white matter and grey matter, and no subwavelength
neurovascular structures and heterogeneities of the brain
were identified. TPS data from Fig. 11(a, b) confirmed
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endogenous contrast between intact tissues and glioma
101.8 from rats ex vivo in the THz range, which is simil-
ar (but less pronounced) to that observed earlier for dis-
tinct xenograft glioma models from laboratory animals
(Section Glioma models from mice and rats)*0¢7£% and
humans (Section Human brain gliomas)®+>®%5, Also,
from Fig. 11(a, b), considerable dispersion of the meas-
ured THz optical properties across the sample is notable
for both the intact tissues and a tumor''®, which is simil-
ar to observations of glioma model (Fig. 7(a-i))** and hu-
man brain gliomas (Fig. 7)**. As mentioned above, such
heterogeneity is assumed to originate from various neur-
ovascular structures, fluctuations of the water content
and cell density over the brain, but the diffraction-lim-
ited resolution of common TPS systems fails to justify
the nature of such tissue features.

This problem was addressed using the quantitative su-
perresolution 0.6 THz (A ~ 500 pum) microscopy in
refs.*11°, Figure 10(d-o0) show results of studying intact

tissues and glioma 101.8 in form of the visible photo,
THz intensity image I(r), refractive index distribution
n (r), absorption coefficient distribution « (r), water con-
tent distribution C (r), and H&E-stained histology, as de-
tailed in ref.*'. The observed subwavelength distribu-
tions of the THz optical properties # (r), « (r) and tissue
water content C(r) agree with the average values meas-
ured by the diffraction-limited TPS systems (Figs. 8 and
11(a, b))esee7116 Meanwhile, thanks to the superior res-
olution of the THz microscope, considerable heterogen-
eity of the brain tissues is evident.

From THz images in Fig. 10(d-o0), a pronounced dif-
ference is observed between the white matter and gray
matter, which is consistent with previous observations*>®.
Particularly, white matter possesses higher THz refract-
ive index n and absorption coefficients a due to an
increased content of both tissue water C (in the form of
an electrolyte solution inside axons) and myelin (a lipid-
rich substance that surrounds the axons). Tumor also
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Fig. 10 | The data of TPS measurements and quantitative superresolution CW THz solid immersion microscopy (at v = 0.6 THz or A = 500 um) of

the freshly-excised intact brain and glioma model 101.8 from rats ex vivo. (a—c) Effective THz refractive index n and absorption coefficient a (by

field) of intact tissues and a tumor, measured by TPS and verified by H&E-stained histology. (d—i) Visible photo, THz image / (r), refractive index

distribution n (r), absorption coefficient (by power) distribution a (r), water content distribution C (r), and H&E-stained histology, respectively, for

the intact tissues. Here, ris a radius vector at the imaging plane; markers |, Il point the gray matter (cortex) and white matter, respectively. (j—o)

Equal data set for a tumor, where markers 1ll, 1V indicate the tumor cells accumulation and the necroses zone. Figure reproduced with permis-

sion from: (a—c) ref."'¢, (d—o) ref.*, under the OSA Open Access Publishing Agreement.
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Fig. 11 | Results of the THz measurements ex vivo of the freshly-excised intact rat brain and those with TBI models of the different de-

grees. (a-l) Visible, THz, and MRI images of freshly-excised intact rat brain and TBI models of the mild, moderate, and severe degrees. (m)

Spectra of the absorption coefficient a of the paraffin-embedded brain samples from intact rat brain and TBls. Figure reproduced with permission

from ref.23, SPIE.

possesses higher n- and a-values than those of intact tis-
sues owing to higher water content C in a tumor®®. A
considerable mesoscale heterogeneity of a tumor is also
notable, originating from the tumor cells’ accumulations,
vessels, necrotic debris, and hemorrhages*"!'°.

On the one hand, the observed results of the THz mi-
croscopy of the rat brain ex vivo justify a label-free con-
trast between intact tissues and a tumor. On the other
hand, the THz images highlight considerable heterogen-
eity of brain tissues at the THz-wavelength scale. This
poses important problems of studying the effects of Mie
scattering of THz waves in brain tissues and adapting the
radiative transfer theory for the needs of THz biophoton-
ics and neurodiagnosis. Indeed, both absorption and
scattering effects can considerably impact the THz-wave
transport in healthy and pathological tissues of the brain.
These scattering effects might either complicate the THz
diagnosis of tumors (they can lead to strong variability of
the effective THz response of tissues) or become a source
of additional useful information for the tissue differenti-
ation. Particularly, such structural features of a tumor, as
areas of necrosis and hemorrhages, are typical for glio-
blastoma and, thus, can be used as a source of additional
information for the differentiation between glioblastoma

and other benign and malignant gliomas.

Other applications in neurooncology

Although most research papers focus on THz spectro-
scopy and imaging of brain gliomas, as the most com-
mon and dangerous tumors of the brain, THz techno-
logy has a potential in the intraoperative diagnosis of
other types of primary and secondary brain tumors. For
example, in ref.”’, an ability for the differentiation
between intact tissues and human brain meningioma of
the WHO Grade I was uncovered using TPS, but this
study involved only one sample of a tumor. Attractive-
ness of THz technology in diagnosis of other types of hu-
man brain tumors should be further confirmed, since it
requires collections and analysis of the THz response of
large number of tumor samples.

The study and characterization of cell cultures by THz
technology are also worth mentioning. In ref.!”® the THz
dielectric responses of living glial-like cells (PC12, SVG
P12 and HMO6) have been demonstrated based on the
combination of the single-interface and two-interface
ATR models without cell thickness. Moreover, the
glioma cells (C6 and U87) exhibited different dielectric
properties compared with the glial-like cells, which could
be one reason for the glioma tissue diagnosis using THz
wave.

THz waves can be used to access viability of tissues
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and cells. In this way, in ref.!””, an ability of TPS in the
ATR configuration to evaluate (in a label-free, non-in-
vasive, and fast manner) the effects of bioactive constitu-
ent on living glioma cells was demonstrated. Culture of
glioma cells (U87) was exposed to ginsenoside Rg3. THz
optical properties of cells were measured using TPS,
while the cell growth inhibition rate was studied using
conventional cell viability test kit or by the cellular mor-
phological changes observed with fluorescence micro-
scopy. The results of this study verify the TPS effective-
ness in detecting the effects of glioma cells exposure to
ginsenoside Rg3 (G-Rg3) in vitro. This highlight other
important applications of THz technology in neuroonco-
logy, that is associated with assessing the efficiency of
bioactive constituents and other exposure factors on liv-
ing cells and tissues of the brain.

Brain injuries

Traumatic brain injury (TBI) is the damage caused to
brain by external mechanic forces, that exceeds the pro-
tective capacity of the brain and occurs due to such reas-
ons as crush, falls, blast waves, penetration by a pro-
jectile, etc. TBI is the most common disease with high
mortality and disability, while its severity is graded into
mild, moderate, and severe'®. TBI pathophysiology is
complicated with diverse manifestations, including the
immediate and delayed mechanisms'®!. The initial brain
injury triggers a variety of molecular and biochemical
events: cerebral blood flow changes, axonal shearing,
metabolic imbalance, etc. The delayed secondary dam-
age might result into neuronal and glial damage, includ-
ing brain edema, neuro-inflammation, and delayed neur-
onal death. TBIs are responsible for 10 million deaths
and hospitalizations annually. Therefore, TBI diagnosis
and analysis of their severity are of crucial importance
for selection of the treatment and rehabilitation
strategies, as well as prognosis of the patient’s survival
and quality of life.

Nowadays, the advanced imaging modalities based on
different physical effects are applied for the TBI diagnos-
is, such as computed tomography'®?, diffusion tensor
MRI'®, positron emission tomography'®, laser-induced
photoacoustic imaging'®, fluorescence molecular ima-
ging'®’, and others. Nevertheless, all these conventional
modalities of TBI diagnosis possess limited resolution,
sensitivity, and specificity, as well as fail to adequately
depict brain injury in mild TBI, being insensitive to dif-
fuse axonal injuries. Hence, development of a rapid and

label-free imaging technology to detect margins of TBI
and distinguish between its different degrees is a challen-
ging problem of modern neurosurgery, especially for the
mild TBIs.

Most recently, THz technology was considered as an
innovative tool for the intraoperative diagnosis of TBIs
with different degrees. Particularly, in ref.®>, TBI models
of the mild, moderate, and severe degrees in rat brains ex
vivo were studied using TPS and THz CW imaging sys-
tems, where both freshly-excised and paraffin-embed-
ded (dehydrated) tissues were considered. In Fig. 11(a),
THz images of freshly-excised intact rat brain ex vivo are
compared with visible and MRI images, while in Fig.
11(b), THz absorption coefficient a are shown for the
paraffin-embedded intact rat brain and TBIs of the dif-
ferent degrees. The observed results revealed that THz
spectroscopy and imaging of both freshly-excised and
paraffin-embedded tissues allow for clear discrimination
between the intact tissues and TBI, as well as between
TBIs of different degrees. THz data somewhat correlate
with the visible and MRI imaging. THz absorption coef-
ficient & increases with the TBI degree, as compared to
the intact brain. This was attributed to the edema, in-
creased water content and decreased cell density in the
injured brain. It is worth noting that the origin of con-
trast between TBIs and intact tissues in THz images and
spectra is similar to that observed for brain tumors to
some extent (Section Tumors).

In the followed-up ref.*, the authors studied the in-
tact rat brain ex vivo and TBI models of the different de-
grees using the transmission-mode 2.52 THz CW ima-
ging. For this aim, the freshly-excised 40-um-thick slices
of brain tissues were imaged. Using the obtained data,
machine learning algorithm was developed for the auto-
matic and rapid classification between intact tissues and
different degrees of TBI. Next, in ref.'*”, TPS was applied
for the early diagnosis of blast-induced TBI via measure-
ments of the serum and cerebrospinal fluid. Moreover,
the THz spectra of total protein in the hypothalamus and
hippocampus at various time points after blast exposure
were studied and analyzed, from which clear differences
were observed between the THz response of an analyte at
distinct time steps. Finally, the principal component ana-
lysis and machine learning algorithms were used to
automatically identify the degree of blast-induced TBI.
In this way, the discussed pilot research works highlight
strong potential of THz spectroscopy and imaging in
diagnosis of TBIs.
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Prospects and challenging problems

Despite the discussed potential applications of THz tech-
nology in different branches of neurodiagnosis, a variety
of fundamental and applied problems still restrain trans-
fer of THz technology to a medical practice. In this sec-
tion, we stress the following important issues.

THz-wave - tissue interactions & tissue heterogen-
eity. In the visible and IR ranges the interactions
between electromagnetic-waves and tissues have been
studied comprehensively since the middle of the XX cen-
tury'®s. Compared to these frequency ranges, THz bio-
photonics is quite novel research area, with much less
data on the THz-wave - tissue interactions accumulated
up to date!®”3!, Therefore, study of the THz optical
properties of tissues, the physical effects underlying the
tissue response at THz frequencies, and the origin of
contrast between healthy and pathologically-altered tis-
sues in THz range are required in order to uncover ad-
vantages of THz technology over other tools of medical
spectroscopy and imaging. Particular attention must be
paid to the effects of Mie scattering of THz waves on the
tissue heterogeneities (Fig. 1). Namely, structural hetero-
geneities of intact and pathologically-altered tissues lead
to the mesoscale spatial fluctuations of the THz optical
properties of tissues, which gives rise to the Mie scatter-
ing of the THz waves'**!. These scattering effects can
either hamper the THz diagnosis or provide additional
useful information for the tissue quantification*!'®.

A question arises about applicability of the standard
effective medium theory and the related complex dielec-
tric permittivity models in the THz range!*!”!. The ef-
fective medium theory assumes tissues to be homogen-
eous at the THz-wavelengths scale, and, thus, it fails to
account for the non-Rayleigh scattering effects. In addi-
tion to the discussed heterogeneities of rat brain tissues
(Section Brain tissue heterogeneity), mesoscale THz-wave
scatterers were observed earlier in the tissues of the hu-
man breast and tongue using the THz solid immersion
microscopy’®”!. At the same time, the effects of THz-
wave scattering on such tissue heterogeneities are still to
be comprehensively analyzed. Development of a correct
physical model to describe the THz-wave transport in
tissues with such scatterers remains an important prob-
lem of THz biophotonics. For this aim the Mie scatter-
ing theory and the radiation transfer theory can be
adaptedlx‘),]gﬂ.

Heterogeneous character of tissues can complicate the

intraoperative THz delineation of tumor margins. In-
deed, common effective medium theory formalism in-
volves analysis of the effective THz optical properties of
tissues, which are averaged within the diffraction-lim-
ited THz beam spot and which probably would not
provide reliable data for the intraoperative delineation of
the tumor margins. In this way, to make the THz dia-
gnosis possible, one should resort to novel modalities of
THz spectroscopy and imaging of tissues, that overcome
the Abbe diffraction limit and improve the tissue charac-
terization>*. A comprehensive analysis of the brain tis-
sue response at THz frequencies with subwavelength
spatial resolution (with an emphasis on the perifocal re-
gion of a tumor) is in order to better understand the ori-
gin of tissue heterogeneity, as well as to introduce ad-
vanced approaches for the tissue characterization and
differentiation, that go far beyond a simple comparison
of the effective THz optical properties of healthy and
pathologically-altered tissues. In such case, being com-
prehensively analyzed and modeled, tissue heterogeneit-
ies can serve as a source of additional useful information
for THz diagnosis.

Novel modalities of near-field THz microscopy with
the resolution as high as ~ 1072-107*)94103104192 cap
open opportunities in neurosciences and brain tumor
diagnosis. Applications of the THz microscopy for de-
tecting individual cells and their populations within the
glioblastoma tissue seems to be an extremely important
task that allows for solving a number of fundamental and
clinical tasks. Internal heterogeneity of glioblastomas re-
flects the key mechanisms of their pathogenesis. Assess-
ment of the cell-population heterogeneity allows to ac-
curately determine the degree of biological aggressive-
ness of a tumor and then select the most effective way of
its treatment!'*>". Particularly, it is important to identify
populations of glioma stem cells, which are able to
spread widely in the brain beyond the main tumor
node'. Glioma stem cells also form the main sources of
the tumor cell mass repopulation and, thus, a key etio-
tropic cause of the tumor recurrence'®. Moreover, these
cells, in the form of a mesenchymal variant, provide the
formation of tumor resistance to the chemotherapy and
radiation therapy'*®. Detection and resection of brain tis-
sue infiltrated with these cells is a critical task, aimed at
increasing the surgical treatment radicality and improv-
ing the patient’s survival. At the moment, such features
of the tumor cell-population composition can be detec-
ted only by the single-cell sequencing, that remains ex-
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tremely expensive and inapplicable in the intraoperative
conditions'””. The development of new tools for the in-
traoperative cell-population mapping in brain tissue
based on the THz microscopy principles is an extremely
important fundamental and clinical task.

Studying brain tissue with superresolution THz mi-
croscopy and polarization-sensitive THz imaging might
be useful for understanding the course of conducting
fibers (axons and their bundles) in different regions of
the central nervous system. This can pave the ways for
solving important problems of biomedical research,
studying the connectome of various brain areas, and
evaluating the functional aspects of the brain (up to the
cognitoma). However, such opportunities have not been
addressed yet.

Advanced and cost-effective opto-electronic systems
for the THz biophotonics. THz instruments are still
rare, cumbersome, non-ergonomic, and expensive. It will
take considerable research and engineering efforts to de-
velop portable, cost- and energy-effective THz compon-
ents and systems for applications in a clinical environ-
ment. We should emphasize the need for the novel THz
optical materials and related fabrication techniques,
aimed at producing open-space THz optical
elements!'**-2°!, as well as hard waveguides, flexible fibers,
and optical fiber bundles®72°22%, aimed at the THz-wave
delivery to hard-to-access tissues and internal organs for
diagnostic and therapeutic applications.

We also mention the need for the THz emitters and
detectors with improved performance, that can bring
THz spectroscopy and imaging closer to a real-time op-
eration, as well as improve sensitivity of THz measure-
ments. For this aim, an increasing number of tools ap-
pear annually. Among them, we particularly mention in-
novative plasmonic THz photoconductive emitters and
detectors?**2%, THz photoconductive antenna arrays®”,
fast rotary optical delay lines?*®2*” and THz devises based
on novel two-dimensional semiconductors or principles
of spintronics’?*2!!, Despite a variety of superresolu-
tion near-field THz imaging modalities are vigorously
explored nowadays (Section Superresolution THz micro-
5C0py)2’40’41’94’103'108‘109’l11’113’115’116, they are Stlll to be adap_
ted for the needs of THz biophotonics, neuroscience, and
neurodiagnosis.

Improving the THz-wave penetration in tissues. A
limited depth of the THz-wave penetration into hy-
drated biological tissues (10-100 um), considerably re-
strains the range of THz technology applications in bio-

photonics, neurosciences, and neurodiagnosis, while im-
provement of the THz-wave penetration depth can
broaden a range of these applications. For this aim, mod-
ern methods of immersion optical clearing of tissues
were recently adapted from the visible and IR
ranges'®$212213 This method is based on the application of
specific liquid chemical agents to a tissue. This leads to
water diffusion from the tissues and agent diffusion into
them and, thus, results in substitution of tissue water by
an agent and provides temporal and reversible reduction
of the tissue water content (tissue dehydration), refract-
ive index matching, tissue shrinkage and better
ordering?'*. In the visible-IR ranges, immersion optical
clearing significantly suppresses the light scattering in
tissues, thanks to the achievement of tissue spatial homo-
geneity. In turn, in the THz range, where scattering ef-
fects are not so dominating and only the tissue water
strongly absorbs THz waves, the reduction of water con-
tent is more important, thus, decreasing the THz-wave
absorption by tissue water and increasing the depth of
THz-wave penetration into tissues’®. In ref.** optimal
hyperosmotic agent for the immersion optical clearing of
tissues in the THz range was selected. For this aim au-
thors measured THz absorption spectra of most com-
mon agents and estimated coefficients of their diffusion
into the freshly-excised rat brain tissues. It was shown
that glycerol, as an agent, provides simultaneously high
penetration depth and diffusion rate. Thus, it seems to be
optimal for immersion optical clearing in the THz range.
In ref.?'® example of the THz-wave penetration depth en-
hancement were demonstrated by applying glycerol to a
224-um-thick abdomen skin tissue ex vivo from a mouse.
At the same time, research efforts are still required to
form immersion optical clearing protocols for different
branches of THz biophotonics, including the THz
neurodiagnosis.

Exogenous markers and nanoparticles for THz dia-
gnosis. Exogenous markers also possess high potential
for THz diagnosis. Their qualitative and/or quantitative
characterization can be considered as additional evalu-
ation and connected with molecular factor for diagnosis.
Most often, these markers are a complex of a specific
molecule, such as an antibody or a nucleic acid fragment,
or, sometimes, a metabolite, that can bind highly
selectively to the desired molecular factor or accumulate
specifically in pathologically-altered cells due to the pe-
culiarities of their metabolism, and a carrier that, being
accumulated in cells and tissues, can manifest itself quite
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clearly when the appropriate research method is used.
Today, exogenous markers are increasingly being used in
neurodiagnostics involving such approaches like
MRI*72%, computed tomography?*?%, and fluorescent
microscopy in visible and IR regions®!. For example, the
ingestion of 5-aminolevulinic acid results in the accumu-
lation of protoporphyrin IX (the product of its biochem-
ical transformation) specifically in tumor cells due to the
gradient of their metabolic activity. This induces the exo-
genous fluorescence of the tumor and underlies the ima-
ging approach for identification of the boundaries of
brain tumor??!. The first implementation of the same
principle for THz diagnosis was described in refs.??222,
In particular, the use of specific nanoparticle-based bio-
sensors’%?>* enables accurate detection of the content of
various miRNAs, including miRNA-21%2. Moreover, as
it was demonstrated in ref.?”’, biosensors based on gold
nanoparticles can be applied for proteomic profiling, in
particular, for finding molecules of epidermal growth
factor receptors, as well as avidin, which plays a signific-
ant role in the pathogenesis of a number of neoplasms,
including glioblastomas, and are included in clinical and
diagnostic criteria. Some research also applied Gadolini-
um oxide as a contrast agent in THz imaging, to dimin-
ish the deteriorated imaging contrast caused by strong
THz absorption by water in vivo?2s 2,

Multimodal diagnosis. The combination of several
diagnostic approaches, integrated together in one com-
plex diagnostic system, possesses high efficiency in clin-
ical practice”!. For instance, the combination of TPI,
MRI, OCT, fluorescence imaging relying on green fluor-
escence protein (GFP) and protoporphyrin IX (PpIX),
white light imaging and H&E-stained histology make it
possible to more clearly define the boundaries of brain
tumors, perifocal zone, as well as to evaluate the molecu-
lar properties and the degree of pathohistological malig-
nancy of the neoplasm®. In ref.>*, the application of TPS
and OCT together for intraoperative neurodiagnosis off-
set the drawbacks of these methods; it yields differenti-
ation of gliomas from normal tissues, performed by TPS,
and discrimination between high-grade and low-grade
gliomas, performed by OCT. We also should mention
that not only OCT?*%*, but other methods, such as
thermography>, multi-spectral imaging**>¥, high fre-
quency ultrasound imaging?*®, Raman spectroscopy®”,
polarization imaging'>!*>?* and multi-photon micro-
scopy**!, being combined with either THz spectroscopic

or imaging modalities, can be rather promising for intra-

operative neurodiagnostics.

Conclusions

In this review, modern research status in THz neurodia-
gnostics is discussed, including diagnosis of neurodegen-
erative disease, myelin deficit, tumors of the central
nervous system (with an emphasis on brain gliomas),
and traumatic brain injuries. Fundamental and applied
challenges in study of the THz-wave - brain tissue inter-
actions, development of THz biomedical tools and sys-
tems for neurodiagnostics, as well as strategies to acceler-
ate their future clinical applications are also overviewed.
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