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Abstract: Terahertz (THz) technology holds strong potential for the intraoperative label-free
diagnosis of brain gliomas, aimed at ensuring their gross-total resection. Nevertheless, it is still
far from clinical applications due to the limited knowledge about the THz-wave–brain tissue
interactions. In this work, rat glioma model 101.8 was studied ex vivo using both the THz
pulsed spectroscopy and the 0.15λ-resolution THz solid immersion microscopy (λ is a free-space
wavelength). The considered homograft model mimics glioblastoma, possesses heterogeneous
character, unclear margins, and microvascularity. Using the THz spectroscopy, effective THz
optical properties of brain tissues were studied, as averaged within the diffraction-limited beam
spot. Thus measured THz optical properties revealed a persistent difference between intact tissues
and a tumor, along with fluctuations of the tissue response over the rat brain. The observed THz
microscopic images showed heterogeneous character of brain tissues at the scale posed by the
THz wavelengths, which is due to the distinct response of white and gray matters, the presence
of different neurovascular structures, as well as due to the necrotic debris and hemorrhage in a
tumor. Such heterogeneities might significantly complicate delineation of tumor margins during
the intraoperative THz neurodiagnosis. The presented results for the first time pose the problem
of studying the inhomogeneity of brain tissues that causes scattering of THz waves, as well as the
urgent need to use the radiation transfer theory for describing the THz-wave — tissue interactions.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Terahertz (THz) technology went through rapid development during the past few decades [1].
Nowadays, it offers novel opportunities in the label-free diagnosis of malignant and benign
neoplasms with different nosologies and localizations [2–5]. Such applications rely on strong
sensitivity of THz waves to the content and state of tissue water, which serves as the main
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endogenous label of pathological processes in tissues [6]. Despite a shallow depth of THz-wave
penetration into tissues (∼ 10−1–10−2 mm), which is due to strong THz-wave absorption by
tissue water, THz instruments can be applied to probe superficial tissues either non-invasively
or intraoperatively. Among the novel exciting applications of THz technology, we mention the
intraoperative diagnosis of human brain gliomas of the different World Health Organization
(WHO) grades [7], where THz spectroscopy and imaging might help with the intraoperative
delineation of tumor margins, aimed at ensuring its gross-total resection and, thus, improving the
patient’s survival and quality of life [8].

Gliomas are among the most common and deadly pathologies of the brain, that constitute
≃ 26% of all primary tumors and ≃ 81% of primary malignant tumors of the brain [9]. They
are classified into the WHO Grades I to IV, where Grades I, II are the low-grade gliomas, while
Grades III, IV – the high-grade ones [7]. Among all gliomas, glioblastoma (WHO Grade IV
glioma) remains the most dangerous one, with the five-year relative survival rate of only ≃ 6.8%
[9]. Surgery remains the mainstay of the treatment for all grades of glial tumors, while their
gross-total resection with maximal preservation of intact brain forms a main goal of surgical
treatments [10]. In many cases, even when the desired gross-total resection is achieved, the
tumor can relapse due to its infiltrative and disseminated growth nature, since single tumor cells
can be found at a considerable distance from the tumor [11]. Gliomas usually possess unclear
margins, which complicates their gross-total resection. Accurate delineation of glioma margins
is a daunting task and can be provided only by the ex vivo histopathological examination of
the excised tissues, using the Hematoxylin and Eosin (H&E)-stained histology aided by the
molecular sensing and genetics [12]. Such studies of brain tissues can be performed either
intraoperatively (thus, extending the terms of surgery) or postoperatively (thus, confirming the
gross total resection of a tumor). Despite the fact that histopathology still remains a gold standard
in diagnosis of the central nervous system tumors, increasing demand for the development of
novel methods for rapid intraoperative detection of the tumor margins is evident, thus, pushing
further research into discovering novel modalities of brain tissues imaging and spectroscopy.

Common methods of pre-operative imaging, such as Magnetic Resonance Imaging (MRI),
computer and positron emission tomography, do not provide reliable accuracy of the tumor
margins detection due to possible brain shifts, caused by the dura mater opening, tumor
removal, brain tissue edema, and cerebrospinal fluid losses [13]. As a compromise, real-time
imaging techniques, such as the intraoperative ultrasound and MRI, along with algorithms
that reconcile preoperative MRI and intraoperative ultrasound imaging data were developed
[14]. However, these instruments suffer from low spatial resolution, while their integration
into modern neurosurgical workflows remains labor intensive and expensive. Another group of
widespread intraoperative neuroimaging methods includes fluorescent-based techniques involving
the use of the 5-aminolevulinic acid-induced fluorescence of protoporphyrin IX [15], fluorescein
sodium [16], or other mostly exogenous fluorophores. They are inexpensive and demonstrate
high sensitivity in surgery of high-grade gliomas and meningiomas; while their sensitivity
decreases for the pediatric tumors and low-grade gliomas [17]. Other optical modalities of
the intraoperative brain tissue imaging, such as optical coherence tomography [18,19], Raman
spectroscopy and imaging [20], confocal and polarization-sensitive microscopy [21,22], visible
and near infrared spectroscopy [23], and photoacoustic imaging [24], are vigorously explored,
but they are still far from clinics. Their efficiency is limited by a number of factors, including
the brain shift, application of contrast agents, limited sensitivity and specificity, and high labor
intensity. Obviously, all these factors postpone the clinical implementation of these methods.

Recently, THz spectroscopy and imaging were studied as innovative tools for the intraoperative
neurodiagnosis [8]. In Ref. [25], orthotopic glioma model from rats was imaged ex vivo in the THz
range. The observed results revealed differences between intact tissues and glioma model in both
freshly-excised and paraffin-embedded (dehydrated) tissues. For the freshly-excised tissues, they
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were attributed to the increased water content in a tumor due to the abnormal microvascularization,
edema, and body fluids around necrotic debris. In turn, for the paraffin-embedded tissues, they
were less pronounced and reportedly originate from changes in cell density in a tumor. In Ref.
[26], paraffin-embedded intact tissues and glioma model (GL261 cell line) from mice were
studied ex vivo using THz pulsed spectroscopy, while the observed data justified a contrast
between intact tissues and a tumor in the THz range. In Ref. [27], intact tissues and glioma
model (C6 cell line) from rats were studied. As a result of THz measurements, an increased water
content in a tumor was demonstrated and reported as the main reason of contrast between intact
tissues and a tumor. In Refs. [28–30], a potential of THz reflectometry and imaging for brain
tumor diagnosis was highlighted few more times involving ex vivo and in vivo glioma models
from mice and rats (eGFP+GSC-11, C6, and U87-MG cell lines), and few samples of human
high-grade gliomas ex vivo.

Since glioma models only partially mimic biophysical properties of human brain tumors, in
our previous work, THz pulsed spectroscopy was applied to study ex vivo optical properties of
gelatin-embedded intact tissues and WHO Grades I–IV gliomas of the human brain [31]. Gelatin
slabs were used to preserve tissues from hydration/dehydration during the THz measurements
and, thus, to sustain their THz response unaltered as compared to the freshly-excised tissues
[32]. Statistical differences between the THz optical properties of intact tissues and gliomas of
all WHO grades were revealed, while the response of edematous tissue was very close to that
of a tumor. Edema, along with traumatic brain injuries [33,34], contains increased amount of
tissue water and, thus, can be confused with a tumor. Next, in Ref. [35], we developed physical
models, which describe the effective THz complex dielectric permittivity of intact tissues, edema,
and WHO Grade I–IV gliomas of the human brain. Such models assume the tissues to be
homogeneous at the scale posed by the THz wavelengths and describe completely the interactions
between THz waves and tissues in the framework of classical electrodynamics and the effective
medium theory. Thus developed models confirmed increased water content in the edematous
tissues and WHO Grade I–IV gliomas.

Despite a considerable progress, THz technology still remains far from the clinical neurodiag-
nosis, primarily, due to the limited knowledge about the THz-wave – brain tissue interactions.
In majority of the aforementioned studies, considerable variation in the measured effective
THz optical properties of brain tissues (averaged within the diffraction-limited THz beam spot)
was observed; for example, see Refs. [31,35]. Such variability was attributed to the natural
fluctuations of the effective THz response of the brain tissues, as well as to the mesoscale
heterogeneities of the brain. Such brain tissue heterogeneity cannot be described in the framework
of the effective medium theory. On the one hand, it can complicate the THz diagnosis of brain
tumors; on the other hand, it can even become a source of additional useful information for the
intraoperative tissue differentiation. Obviously, this deserves further comprehensive studies.

To address this challenge, in this work, we study glioma model 101.8 from rats ex vivo using
both the diffraction-limited THz pulsed spectroscopy and the innovative THz solid immersion
microscopy, which overcomes the Abbe diffraction limit and provides the advanced spatial
resolution of up to 0.15λ (λ is a free-space wavelength). This particular homograft glioma model
mimics glioblastoma (i.e., the WHO Grade IV glioma of the human brain), while featuring
heterogeneous character, unclear margins, and microvascularity. Our THz measurements yield
the effective THz optical properties of the freshly-excised intact tissues and a tumor ex vivo.
THz spectroscopic data show a moderate label-free contrast between these tissues in the THz
range, as well as a considerable natural variability of the tissue response over the rat brain.
Next, the THz solid immersion microscopy is used to obtain images of the intact rat brain and
a tumor with essentially sub-wavelength spatial resolution. By comparing THz microscopy of
the freshly-excised and paraffin-embedded (dehydrated) tissues, we confirm that tissue water
serves as the main endogenous label of brain tumors in the THz range. Finally, THz microscopy
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uncovers the origin of brain tissue heterogeneity at a scale posed at the THz-wavelength scale.
Thus, heterogeneous character of the intact brain is primarily due to distinct THz response
of white and gray matters, and due to other neurovascular structures, while that of a tumor is
caused by the necrotic debris and hemorrhage. Thus, by studying brain tissues with such a high
spatial resolution, their heterogeneous character at the THz-wavelength scale was experimentally
uncovered for the first time. The observed heterogeneities of intact rat brain and a tumor might
make the intraoperative THz delineation of tumor margins quite a daunting or even impossible
task. Our findings pose important problems of studying the tissue heterogeneity and the related
THz-wave scattering effects in different branches of THz biophotonics. In our opinion, the
radiation transfer theory can pave the way for proper description of the interactions between the
THz waves and tissues, and further studies in this direction are in order.

2. Materials and methods

2.1. Homograft glioma model 101.8 from rats

In all previous THz measurements of animal brain tumors [25–30], only the xenograft models
were considered. Such models imply xenotransplantation of human tumor cell lines into animal
brain, which results in growth of a tumor with quite clear margins, that can be detected even with
the naked eye and that can be surrounded by a layer of free water. Such xenograft models fail to
mimic microvascularity and diffuse margins of a tumor and, thus, seem to be sub-optimal for
examining the performance of novel intraoperative imaging modalities.

In turn, a homograft glioma model 101.8 [36] involves injection of rat brain glioma tissues
into the brain of another rat. This model was obtained and is kept in the collection of the
Research Institute of Human Morphology (Moscow, Russia), being compliant with glioblastoma
(WHO Grade IV glioma) [7] and applied in different branches of experimental neurooncology.
Glioma 101.8 mimics unclear (diffuse) margins and tissue heterogeneities, including necrosis,
hemorrhage, and even microvascularity, that are usually inherent to gliomas of the human brain.
In this way, such model is perfectly suitable for evaluating the performance of novel modalities
of brain tissue imaging [18].

In this work, we studied glioma model 101.8 using the THz pulsed spectroscopy, THz solid
immersion microscopy, and Hematoxylin and Eosin (H&E)-stained histology, aimed at uncovering
advantages and drawbacks of THz spectroscopy and imaging in the intraoperative neurodiagnosis.
The work with animals was carried out in accordance with the ethical principles established by
the European Convention for the Protection of Vertebrate Animals used for Experimental and
Other Scientific Purposes (Strasbourg, 2006) and the International Guidelines for Biomedical
Research in Animals (CIOMS and ICLAS, 2012).

Tumor transplantation into the brain of Wistar rats was performed as described in Ref. [37].
Approximately 14–18 days after the transplantation, animals with clinical signs of intracerebral
tumor growth (increasing paresis, hyperkinesia, and, at the final stage, bloody effusion on the
eyelids and nose) were sacrificed by carbon dioxide asphyxiation. Then, the cranium was
opened and the whole rat brain was removed. The location of the tumor was easily identified
visually. A scalpel incision was made in the frontal plane approximately through the center
of the neoplasm. The dissected brain fragment was placed on the object windows of the THz
pulsed spectrometer or the THz solid immersion microscope, as it is discussed below. Thus, the
front (incision) side of the brain was in contact with the object window, while its back side was
covered by the polyethylene film during THz measurements, in order to prevent the tissue from
hydration/dehydration.

After THz measurements, tissue specimens were fixed in a 4% paraformaldehyde solution
for 48 hours and, then, embedded into paraffin blocks. A routine H&E-staining of 5-µm-thick
tissues section was performed. First, 5 sections were used for the examining and mapping the
area of interest. Then, they underwent a histological examination with marking of white and
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gray matter, tumor margins, areas of infiltrative germination, as well as foci of necrosis, vessels
and hemorrhages. These histological data served as a reference and validation tool for our THz
measurements. Finally, residual dehydrated tissues in paraffin blocks were additionally studied
by the THz microscopy, and the observed results were compared with the THz measurements of
freshly-excised tissues and the H&E-stained histology data.

2.2. THz pulsed spectroscopy

First, freshly-excised intact tissues and glioma model 101.8 from rats were measured using a
portable THz pulsed spectrometer zOmega MicroZ, that was used and detailed in our previous
studies [38,39]. It was adapted for the reflection-mode measurements, as shown in Fig. 1, while a
tissue specimen was handled at the shadow side of a crystalline quartz window. The High-Density
PolyEthylene (HDPE) lens, with the focal length of f ≈ 75 mm and the diameter of D ≈ 25 mm,
was used to focus the THz beam into diffraction-limited spot of radius

r = 1.22 f
DnSiO2λ

≈ 1.7λ, (1)

where nSiO2 ≈ 2.15 is the ordinary refractive index of the crystalline quartz at THz frequencies
[31]. Tissues are aligned with respect to the THz-beam spot with the help of a visible laser
pointer and a digital camera. Due to the selected measurement geometry, finite dynamic range of
our system, and fluctuations of humidity along the THz beam path (no vacuum pump or nitrogen
gas purging are used), the spectral range of tissue characterization is limited by 0.2–1.1 THz,
while the spectral resolution is ≈ 50 GHz. Despite such a limited performance of this commercial
THz pulsed spectrometer, it appears to be quite convenient for a rapid tissue characterization;
therefore, in this study, we resorted to this portable system from the earlier-reported labour
in-house ones (for example, see Refs. [31,35]), aimed at confirming the contrast between intact
tissues and tumors of the brain.

Fig. 1. Schematic of the rat brain imaging ex vivo using the THz pulsed spectrometer.

For the THz optical properties estimation, two THz waveforms were detected: a sample one
Es – with a tissue specimen behind the quartz window, and a reference one Er – with a free space
in place of a sample. In Figs. 2(a),(b), examples of the two waveforms and their Fourier spectra
are shown. Both waveforms are comprised of three distinct wavelets, denoted as I, II and III in
Fig. 2(a). Wavelet I is equal for the reference and sample waveforms, since it reflects from the
“free space–quartz” interface. Wavelet II holds information about the THz-wave reflected from
the “quartz–free space” or “quartz–tissue” interfaces for the reference and sample waveforms,
respectively. Finally, wavelet III is due to the THz standing wave resonance inside a quartz
window. Interference of these three wavelets causes a pronounced oscillation in the frequency
domain; see Fig. 2(b),
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Fig. 2. THz pulsed spectroscopy of intact rat brain and glioma model 101.8 ex vivo: (a)
Examples of the reference and sample (intact rat brain) THz waveforms. (b) Their Fourier
spectra. In (a), gray-colored areas and markers I and II denote the THz wavelets, that are
reflected from the "free-space – quartz" and "quartz – tissue" (or "quartz – free space" )
interfaces, respectively; while marker III stands for the wavelet caused by the longitudinal
THz-wave resonance inside a quartz window.

By processing these waveforms (with an emphasis on wavelets II), we can reconstruct the
effective complex refractive index of brain tissues

ñ = n − i
c0

2πν
α, (2)

where n is a refractive index, α is an absorption coefficient (by field) in [cm−1], ν is a frequency,
and c0 = 3 × 108 m/sec is the speed of light in free space. For reconstruction of the tissue optical
properties based on the reference Er and sample Es waveforms, a procedure from Ref. [31]
was applied. It is based on a plane wave approximation, that is typical for THz spectroscopic
measurements with a low-aperture optical system [31,38,39]. It implies apodization (i.e., time-
domain window filtering) of each waveform by a 20-ps-width 4th-order Blackman-Harris window,
that is centered at the maximum of a THz wavelet II in a waveform (see Fig. 2(a)), thus, filtering
out contributions of the wavelets I, III. Evidently, the wavelet II features information about the
THz-wave reflection from the “quartz–tissue” or “quartz–free space” interfaces for the sample
and reference waveforms, respectively.

Then, complex refractive index of tissues is determined via minimization of the vector error
functional, which is defined in the Fourier domain based on theoretical Hth and experimental
Hexp transfer functions:

ñ = argminñ [Φ] , Φ = ⎛⎜⎝
|Hth | −

|︁|︁Hexp
|︁|︁

φ |Hth | − φ
|︁|︁Hexp

|︁|︁⎞⎟⎠ , (3)

where | · · · | and φ[· · · ] define modulus and phase operators, respectively. The function Hexp is
computed using the frequency-domain sample Es and reference Er signals after the apodization

Hexp =
Es
Er

. (4)

The function Hth is computed using the Fresnel formulas for the electromagnetic field reflection

Hth =
rquartz-tissue

rquartz-air
, (5)

while formula for the normal incidence is considered in this study due to low THz-beam aperture

rm-k =
ñm − ñk
ñm + ñk

, (6)

where ñm and ñk denote refractive indices of the media m, k.
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2.3. THz solid immersion microscopy

Next, glioma model 101.8 was studied using novel THz imaging modality – the continuous-wave
reflection-mode THz solid immersion microscopy adapted for imaging of soft biological tissues
[40–42]. In-house THz microscope uses a backward-wave oscillator [43], as a THz-wave emitter
at ν = 0.6 THz (or λ ≈ 500 µm), and a Golay cell [44], as a detector of the THz field intensity. It
provides the spatial resolution up to 0.15λ [40], which is far beyond the Abbe diffraction limit of
free-space focusing and might somewhat vary with optical properties of an imaged object [42].
The depth of field is around 0.1–0.2λ [41].

As shown in Fig. 3, THz solid immersion lens is a key element of our microscope, which is
comprised of three components [40–42]:

• a rigidly-fixed wide-aperture aspherical HDPE singlet [45];

• a rigidly-fixed hypohemispherical lens, which is made of the High-Resistance Float-Zone
silicon (HRFZ-Si), mounted in front of the focal plane in such a way that its spherical
surface is almost concentric with the converging front of the THz wave and its flat surface
is perpendicular to the optical axis;

• movable HRFZ-Si window, which is in contact with the flat surface of the HRFZ-Si
hypohemisphere and is mounted on a motorized 2D translation stage.

The HRFZ-Si hypohemisphere and the HRFZ-Si window form a unitary optical element – the
HRFZ-Si hemisphere that enhances the resolution of basic wide-aperture HDPE aspherical
singlet by a factor of the HRFZ-Si refractive index at THz frequencies nSi ≈ 3.415 [40–42].

Fig. 3. Schematic of the rat brain imaging ex vivo using the original THz solid immersion
microscope detailed in Refs. [40–42].

During the THz measurements, tissues ex vivo are handled at the shadow side of the HRFZ-Si
window; see Fig. 3. They are raster-scanned by a focused THz beam thanks to the linear
translations of the HRFZ-Si window in lateral directions [40]. The scanning step of <0.075λ is
used in order to satisfy the Whittaker–Nyquist–Kotelnikov–Shannon sampling theorem [46]. As
a result of the measurements, a spatial distribution of the back-scattered THz field intensity is
recorded I (r), where r is a radius-vector at the object plane. After digital processing of such
images, spatial distribution of the THz refractive index over the imaged object surface n (r) is
inferred.

Since information only about the back-scattered THz-wave intensity I (r) is detected in our THz
microscope, while no data about phase is available, simultaneous reconstruction of the refractive
index n (r) and absorption coefficient α (r) of an imaged object appears to be an unsolved (or, at
least, daunting) task. Obviously, in our future studies, we are going to mitigate this challenge by
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using a THz-field detector, that yields both amplitude and phase information. But for now, we
somewhat neglected the sample absorption α and resorted to estimation of only the real refractive
index distributions n (r) for the considered biological tissues.

By processing the THz microscopic images, real refractive index n at a given position r of an
imaged object surface is estimated via minimization of the error functional

n = argminn

[︄
Iobj
exp

Iref
exp

−
Ith (n)

Ith (nref)

]︄
(7)

where Iobj
exp and Iref

exp stand for the object and reference intensities, that correspond to the THz-wave
reflection from an object and a reference medium with an a priori-known refractive index nref. In
this work, a free space behind the HRFZ-Si lens was used as a reference medium – nref = 1.0.
The function Ith (n) is a theoretical model, describing intensity of the back-scattered THz field for
different refractive indices n of an object.

The theoretical model Ith (n) is defined as follows

Ith (n) =
1
2
|Es (n) |2 +

1
2
|Ep (n) |2, (8)

where the first and second terms correspond to the amplitudes of orthogonal (s and p) polarization
states, that exist within a wide THz beam aperture and are added incoherently. These amplitudes
are comprised of the interfering ordinary-reflected waves and those from the Total Internal
Reflection (TIR), that exist below (θ<θTIR (n) = arcsin (n/nSi)) and above (θ ≥ θTIR (n)) the
critical angle of TIR effect, respectively. For s and p polarizations, the total amplitude of reflected
wave can be calculated by integration of the solid immersion lens reflectivity Rs/p (θ, n) over the
aperture angle θ

Es/p (n) = E0

θmax∫
0

Rs/p (θ, n) sin (θ) dθ

θmax∫
0

sin (θ) dθ
. (9)

Here, E0 is an amplitude of wave that radiates the Si hemisphere, and θmax ≃ 40◦ is the
maximal aperture angle of our solid immersion lens. The function Rs/p (θ, n) differs for the s
and p polarizations and automatically accounts for the ordinary reflection (θ<θTIR (n)) or TIR
(θ ≥ θTIR (n)) conditions at the “Si–object” interface for the particular pair of n, θ. It also accounts
for the multiple THz-wave reflections (standing waves) inside the HRFZ-Si hemispherical lens.
In Eq. (9), the multiplication term sin (θ) regulates a contribution of different aperture parts
(with their elementary solid angle) to the resultant reflected wave. Evidently, such a contribution
increases with θ with an increasing solid angle

Ω =

∬
s
sin (θ) dϕdθ, (10)

where θ is the colatitude (angle from the optical axis) and ϕ is the longitude.
For the infinite coherence length of our backward-wave oscillator, Rs/p is defined as follows

Rs/p (θ, n) = r0-Si +
t0-SitSi-0p2

Sir
s/p (θ, n)

1 − p2
SirSi-0rs/p (θ, n)

, (11)

where r0-Si, rSi-0 and t0-Si, tSi-0 are the polarization-dependent Fresnel reflection and transmission
coefficients (by field) at the normal incidence [31,47,48], corresponding to the “free space–Si”
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and “Si–free space” interfaces; while pSi is a THz-wave phase delay in the HRFZ-Si hemisphere
governed by the modified Bouguer–Lambert–Beer law [31,47,48]

pSi = exp
(︃
−i

2πν
c0

nSi (l1 + l2)
)︃

. (12)

Parameter rs/p describes the object- and polarization-dependent Fresnel reflection (by field) at
the “Si – object” interface, for the s and p polarization states. It is defined by the Fresnel formulas
relying on the wave vector formalism:

rs
Si/obj (n, θ) =

kz,Si (θ) − kz,obj (n, θ)
kz,Si (θ) + kz,obj (n, θ)

,

rp
Si/obj (n, θ) =

n2kz,Si (θ) − n2
Sikz,obj (n, θ)

n2kz,Si (θ) + n2
Sikz,obj (n, θ)

,
(13)

that govern both the ordinary-reflected (θ<θTIR) and TIR (θ ≥ θTIR) waves, where

kz,Si (θ) =
2πν
c0

nSi cos (θ) ,

kz,obj (n, θ) =
2πν
c0

√︂
n2 − n2

Si sin2 (θ).
(14)

In Fig. 4, the resultant normalized reflectivity of our THz solid immersion lens is shown, as a
function of refractive index n of an object handled at its shadow side. The inverse problem of the
THz solid immersion microscopy can be solved unambiguously, when the object refractive index
n is at the monotonic part of thus described reflectivity model. From Fig. 4, one can notice that
typical refractive indices of tissues satisfy this requirement.

Fig. 4. Model of the normalized THz-wave reflectivity from the HRFZ-Si hemisphere,
defined by Eqs. (7)–(14). Monotonic part of the theoretical curve (n ≤ 4.1) can be used
for estimation of the object refractive index n. Gray area shows typical range of the THz
refractive indices of the freshly-excised and paraffin-embedded tissues.

Thus described method of inverse problem solution of the solid immersion microscopy yields
estimation of the refractive index distribution over the object plane n (r) at the free-space
wavelength of λ = 500 µm (ν ≃ 0.6 THz) based on the THz microscopic images I (r), while a
contribution of the object absorption coefficient α to the THz-wave reflection from the “Si–tissue”
interface is somewhat neglected. This method is novel, and it deserved a separate comprehensive
paper with all underlying aspects, assumptions, and computational routine, as well as with studies
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of its stability in presence of such negative factors, as finite absorption coefficient α and thickness
of a sample, its raw surface and spatial heterogeneity, as well as possible air gaps between the
HRFZ-Si lens and a sample. We will consider these problems in a separate research paper.
Meanwhile, in this paper, this method is already applied to process THz microscopic images of
the rat brain tissues, aimed at quite a robust estimation of their refractive index distributions n (r).
Below, we show that the observed results mostly agree with our THz pulsed spectroscopy data,
as well as with previous studies.

3. Results

In Fig. 5(a), (b), refractive index n and absorption coefficient α (by field), that are measured by
the THz pulsed spectrometer with a diffraction limited resolution (see Sec. 2.2 and Eq. (1)),
are shown for the intact rat brain and glioma model 101.8 ex vivo. The THz data were verified
by the H&E-stained histology, as illustrated in Fig. 5(c). By measuring brain tissues with a
focused THz beam in different positions over the whole rat brain (see Fig. 5(c)), fluctuations of
the tissue response at THz frequencies were evaluated. Mean THz optical properties and their
dispersion over the rat brain are shown by markers and error bars in Fig. 5, where the error bars
define 95% confidential interval of measurements. Due to limitations in spatial resolution, we
did not differentiate the intact tissue into white and grey matter, and we were unable to identify
any subwavelength neurovascular structures and heterogeneities of the brain. In this way, THz
pulsed spectroscopy study mostly aimed at evaluating the potential of this method for rough
discrimination between the intact tissues and a tumor.

Fig. 5. THz optical properties of the freshly-excised intact rat brain tissues and glioma
model 101.8 ex vivo. (a) Refractive index n. (b) Absorption coefficient α (by field). (c)
Example of the H&E-stained histology, where blue- and red-colored markers indicate areas
of intact tissues and glioma, that were studied by the THz pulsed spectroscopy. Insert in (a)
shows a photo of the freshly-excised rat brain ex vivo after the scalpel incision through the
tumor center.

As a result, THz pulsed spectroscopy of homograft glioma model 101.8 indeed confirmed
a statistically-significant difference between THz response of the intact tissues and gliomas.
Particularly, a tumor features the overall higher n and α in the THz range. At the same time,
the observed difference is less pronounced than that reported in studies of the xenograft animal
glioma models [25–30] and the WHO Grade I–IV human brain gliomas [31,35]. We also
notice considerable dispersion of the THz optical properties across the sample, which was also
reported in Refs. [25,31]. Such heterogeneity is assumed to originate from various neurovascular
structures, fluctuations of the water content and cell density over the brain. However, the
diffraction-limited resolution of common THz pulsed spectroscopy systems fails to ascertain the
nature of such sub-wavelength structures and, thus, is incapable of confirming this hypothesis.

From Fig. 5, we also notice some fluctuations of thus measured optical properties, that are
somewhat similar to those observed in earlier studies and that are not typical to the THz response
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of tissues. Such modulations were previously observed in a number of Refs. [28,39], and they
can originate due to few common negative factors inherent to the THz measurements of tissues
[49–52], such as a limited performance of the applied THz pulsed spectrometer, problems in
tissue positioning, tissue shrinkage and occlusions, variations of the tissue response over its
aperture.

In Fig. 6, results of the THz solid immersion microscopy of the intact rat brain and glioma
model 101.8 are shown, where both the freshly-excised and paraffin-embedded (dehydrated)
tissues are considered. Panel (a) shows visible photos of the freshly-excised tissues, while
panels (b),(c) show the measured THz images I (r) and the inferred tissue refractive indexes n (r),
respectively. Panels (d)–(f) show the listed data set for the paraffin-embedded tissues, while
panel (g) shows results of the H&E-stained histology. Histology yields qualitative verification
of the THz imaging data; but one should take into account possible brain shift and shrinkage
during resection, measurements, paraffin embedding, etc. Majority of thus collected THz images
possesses quite high resolution, good contrast and low noise level, except for the image of
paraffin-embedded glioma # 3 from Figs. 6(e),(f). The reason for distortions in these images is
due to small curvature of an imaged paraffin block with embedded tissues, that leads to formation
of air gaps between the HRFZ-Si window and a block and, thus, distorts the imaging data and
makes its analysis problematic. Therefore, one should take special care of ensuring that the
freshly-excised or paraffin-embedded tissues are in contact with the high-refractive index lens of
the THz solid immersion microscope.

From Fig. 6, many mesoscale heterogeneities of both the intact rat brain and a tumor are
evident. For example, markers I and II point to the visually distinct white and gray matters of the
freshly-excised intact rat brain. The estimated refractive index, at 0.6 THz, of the intact tissues
overall agrees well with the prior studies of healthy brain in the THz range; for example, see
Refs. [28,30,31]. White matter features slightly higher refractive index than the gray one, which
might be due to increased content of tissue water (in the form of an electrolyte solution inside
the nerve cell axons) and myelin (a lipid-rich substance surrounding the nerve cell axons) [53].
Additionally, markers III, IV, V, and VI indicate other types of structural inhomogeneities, such
as regions of tumor cells accumulation, tumor vessels, necrosis zone, and hemorrhage zone,
correspondingly. A tumor possesses overall higher refractive index than the surrounding intact
brain tissues, which agrees with the THz pulsed spectroscopy data from Fig. 5. However, a
tumor can be somehow confused with higher-refractive-index white matter and edematous tissues.
Similarity between the THz response of edematous tissues and a brain tumor was reported in
few prior Refs. [31,33,35], while an ability to confuse between a tumor and a white matter is
observed in this study for the first time. It is worth noting that differentiation between intact
tissues and a tumor based on THz data from Fig. 6 appeared to be a daunting task due to the
observed brain tissue heterogeneity. Indeed, much clearer tumor margins (including an ability for
the univocal differentiation between white matter and a tumor) were observed in the THz images
of xenograft glioma model from animals in Refs. [25,27–30], as compared to the considered
homograft glioma 101.8. This highlights an importance of appropriate selection of glioma
models for studying capabilities of novel brain tumor imaging modalities.

Moreover, by comparing THz images of the freshly-excised (hydrated) and paraffin-embedded
(dehydrated) rat brains, we notice that a contrast between a tumor and intact tissues, as well
as between different neurovascular structures of the brain, almost disappears in THz images of
dehydrated tissues. Such effect was also observed in Ref. [25], which confirms that water is
the main endogenous label of a tumor in the THz range. Some residual contrast in the THz
images of the dehydrated brain tissues is probably due to other biochemical characteristics and
variable cell density. Finally, it is well known that intramolecular vibrations of many biological
compounds lay in the THz range, including proteins, lipids, amino acids, deoxyribonucleic acids,
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Fig. 6. THz solid immersion microscopy ex vivo at ν = 0.6 THz (λ ≈ 500 µm) of intact
rat brain and glioma model 101.8. (a)–(c) Visible photos, THz images I (r), and refractive
index distributions n (r) for the one freshly-excised intact brain and three tumor samples.
(d)–(f) Equal data set for the paraffin-embedded tissues. (g) H&E-stained histology. Red
circles with numbers denote the corresponding tissue fragments for various research methods.
Particularly, I, II stand for the cerebral cortex and white matter, whereas III, IV, V, and VI
stand for the accumulation of tumor cells, tumor vessels, necrosis zone, and hemorrhage
zone, respectively.
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etc. [54,55]. Along with water, these classes of biomolecules might contribute to the differences
between tissues in the THz range.

4. Discussions

The described THz measurements ex vivo of the rat glioma model 101.8 lead to several important
observations, that pose new challenging questions for the THz optics and biophotonics. By
imaging of the brain tissues with a high-resolution THz solid immersion microscope, the tissue
heterogeneity at the THz-wavelength scale was discovered for the first time. The observed
structural inhomogeneities of both the intact tissues and a tumor lead to the mesoscale spatial
fluctuation of their THz optical properties. In turn, these fluctuations should give rise to the Mie
scattering of the THz waves in tissues.

Thus, a question arises about applicability of the standard effective medium theory and the
related models of effective complex dielectric permittivity in the THz range [2,6,35]. Indeed,
the effective medium theory assumes tissues to be homogeneous at the THz-wavelength scale
and, thus, fails to take into account any non-Rayleigh scattering effects. It is worth noting that,
in addition to the rat brain tissues, significant heterogeneity was previously observed in the
breast and muscle tissues using the same THz microscope [40,41]. Therefore, the question of
choosing a correct physical model for the THz data interpretation is important not only for the
THz neurophotonics, but more generally for the THz biophotonics. This should push further
research into realms of adapting the Mie scattering and radiation transfer theories for describing
interactions between THz waves and tissues [56,57]. However, a problem of understanding the
THz-wave scattering in tissues and the interplay between absorption and scattering phenomena is
still to be unaddressed.

While certain differences between the effective THz response of the intact tissues and gliomas
are measurable (see Refs. [25–31,35] and Fig. 5 of this work), heterogeneous character of tissues
might strongly complicate the intraoperative THz delineation of tumor margins, making it a
daunting (or even impossible) task; see Fig. 6. Common effective medium theory formalisms,
that involve estimation of the effective optical properties of tissues averaged within the diffraction-
limited THz beam spot, would probably not provide reliable enough data for the intraoperative
delineation of the tumor margins. In order to make the THz neurodiagnosis possible, one should
embrace novel modalities of THz spectroscopy and imaging [1,40–42], that overcome the Abbe
diffraction limit and improve the tissue characterization. A comprehensive analysis of the brain
tissue response at THz frequencies (with an emphasis on the perifocal region of a tumor) is in
order to better understand the origin of these effects, as well as to introduce advanced approaches
for the better tissue differentiation, that go far beyond a simple comparison of the effective
THz dielectric response of tissues. At the same time, being comprehensively analyzed and
modeled, heterogeneities of brain tissues can serve a source of additional useful information for
the intraoperative THz discrimination of tissues.

The potential for the development of THz microscopy tools for detecting individual cell
populations within the glioblastoma tissue seems to be an extremely important task that allows
solving a number of fundamental and clinical problems. Internal heterogeneity of glioblastomas
is a reflection of the key mechanisms of their pathogenesis; assessment of the properties of
cell-population heterogeneity opens up broad prospects for the most accurate determination of the
degree of neoplasm biological aggressiveness and potentially the most effective ways of treating
it [58,59]. In particular, it is important to identify such a population of tumor cells as glioma
stem cells, which are able to spread widely in the brain beyond the main tumor node [60,61]. At
the same time, glioma stem cells are one of the main sources of tumor cell mass repopulation
and, as a consequence, a key etiotropic cause of recurrence [60,61]. Moreover, a variety of this
type of cells in the form of a mesenchymal variant provides the formation of tumor resistance
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to the applied approaches of chemotherapy and radiation therapy [62,63]. In this regard, the
detection and resection of brain tissue infiltrated with these cell types seems to be a critical task
for increasing the radicality of surgical treatment and a significant increase in the patients overall
and disease-free survival rates. At the same time, the means of detecting such features of the
tumor cell-population composition are very limited and rely mainly on single-cell sequencing
approaches, which are extremely expensive and inapplicable in the conditions of intraoperative
diagnostics [64,65]. Therefore, the development of new tools for intraoperative cell-population
mapping of brain tissue, in particular THz microscopy, is an extremely important fundamental
and clinical scientific task. Although THz solid immersion microscopy does not provide such a
high spatial resolution, another THz imaging modalities such as THz scanning-probe near-field
microscopy can provide resolution up to ∼ 10−3–10−4 [66,67] and allow to visualize cellular
structures of tissues [68]. However, sensitivity of THz imaging and spectroscopic techniques to
individual tumor cells and their populations is still a question requiring further investigations.
We should notice that, in our work, we for the first time demonstrated tumor heterogeneity at the
scales of THz wavelength, which gives the way to further solving of this problem.

We should notice again that number of noninvasive, minimally invasive and intraoperative
approaches are being developed for glioma margins detection, such as MRI, fluorescence imaging,
optical coherence tomography and Raman spectroscopy. However, they suffer from low spatial
resolution, or far from clinical applications and do not provide enough efficiency for detecting
different grades of brain glioma. THz imaging and spectroscopy can be considered as perspective
tools for intraoperitve neurodiagnosis, which have approved its efficiency for all grades (I–IV) of
brain glioma and reveal endogenous contrast between tumors and intact tissues. At the same time,
considerable research and engineering efforts are still required in order to objectively uncover
capabilities of THz technology in the intraoperative neurodiagnosis of brain tumors, as well as to
develop the related modalities of intraoperative spectroscopy and imaging of brain tissues in the
THz range.

More generally, sub-wavelength-resolution THz imaging holds strong potential in different
branches of neuroscience and neurodiagnosis. Overall, the question of molecular (particularly,
protein and lipid) identity of different parts of the brain is extremely complex. For example, in
the brains of mice and rats, in addition to significant differences in protein and lipid composition
between gray and white matters, as detected by the THz microscopy, there are also significant
regional differences in the areas of cortex [69,70]. As a highly specialized tissue, the brain contains
finely tuned and functionally well-differentiated neurons and glial cells, the molecular basis of
which underlies the difference in proteolipidemic profile. To some extent, THz microscopy is
capable of visualizing the molecular heterogeneity of the brain tissue inherent to different regions
of gray and white matters. However, in the THz images, subtle regional features are not as clearly
defined.

Finally, for the brain tumors, the contrast in THz images, can generally be explained by
significant differences in the molecular profile of glial neoplasms, especially glioblastomas, and
intact glial tissue. Such changes are related to a wide range of proteins and lipids; while it is worth
noting that modifications of proteome components occur as a result of mutations [71]. Moreover,
THz microscopy allows us to consider the issues of intratumoral heterogeneity, which attracts
increasing attention in the modern tumor research. First, it yields imaging of both histological
heterogeneity of a tumor, which reflects such histological elements, as vessels and necrosis,
that are fundamentally important in diagnostics. Second, it might be useful in studies of the
cellular-population heterogeneity, that deals with different populations of tumor cells in gliomas
with different molecular properties, including the proteomic and lipidomic features [58,72].
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5. Conclusions

In this paper, rat glioma model 101.8 was studied ex vivo using the THz pulsed spectroscopy
and the THz solid immersion microscopy with sub-wavelength spatial resolution. THz pulsed
spectroscopy revealed differences between the effective optical properties of the intact tissues and a
tumor, along with fluctuations of these properties over the rat brain. The THz microscopy showed
heterogeneity of both the intact and pathologically-altered brain tissues at the THz-wavelength
scale. Heterogeneity of the intact brain was attributed to distinct response of the white and gray
matters, and of other neurovascular structures of the brain. In the case of a tumor, variation
in the THz response comes from the necrotic debris and hemorrhage. Such heterogeneities
might significantly complicate delineation of the tumor margins during an intraoperative THz
neurodiagnosis. Our findings pose important problems of studying the heterogeneous character
of brain tissues and the related THz-wave scattering effects. They revealed the need for applying
the Mie scattering theory and the radiation transfer theory to describe the THz-wave – tissue
interactions in different branches of THz biophotonics.
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