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Abstract: The diagnosis and treatment of glioma depends greatly on the rapid extraction of
molecular pathological features. In this study, human brain tumor tissues of different grades were
analyzed using terahertz (THz) attenuated total reflectance (ATR) time-domain spectroscopy.
Substantial differences in THz parameters were observed between paracarcinoma tissue and
grade I-IV gliomas, Furthermore, the difference of THz absorption coefficient increases with
the increase of THz frequency. It was also demonstrated that the isocitrate dehydrogenase
(IDH) mutant and wild-type glioma tissues can be well distinguished using THz spectroscopy.
Therefore, THz ATR spectroscopy can realize molecular typing recognition based on molecular
pathology. This will provide a theoretical basis for developing intraoperative real-time glioma
recognition and diagnosis technology.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Gliomas are intracranial tumors that mostly occur in the functional regions of the brain and
cause higher morbidity and mortality than other central nervous system (CNS) tumor types [1,2].
Despite many advances in the diagnosis and treatment of glioma, the therapeutic effects and
prognosis have not improved substantially [3,4]. In the past, the pathological diagnosis of glioma
was completely dependent on histology [5]. However, the current clinical practice advocates
the integration of genetic information and traditional histology, to make new classification and
comprehensive judgment [6,7]. The 2016 World Health Organization (WHO) classification of
CNS tumors introduced the concept of molecular typing. Gliomas are divided into many subtypes
[8,9], such as IDH mutant and wild-type diffuse gliomas, emphasizing the importance of the
molecular characteristics of gliomas. The new classification utilizes a combination of genotype
and phenotype, which can help clinicians understand the characteristics and development of
glioma more accurately. It is used to not only grasp the homogeneity of clinical outcomes of
patients with different molecular characteristics, but also clearly understand the heterogeneity
that can occur within the same glioma diagnosis [6,10].

The rapid extraction of molecular pathological features of tumors is an important prerequisite
for accurate diagnosis and clinical research of glioma [9,11]. The intraoperative and early
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postoperative in situ diagnosis and treatment technology has also become an important area to
improve the clinical treatment’s effect. At present, the internationally developed program is “in-
traoperative magnetic resonance imaging (MRI)+ neuronavigation+ intraoperative pathological
biopsy” [12–14]. However, this scheme has the disadvantages of expensive equipment and site
construction, heavy economic burden on patients, increased operative time (by approximately 1
hour for intraoperative MRI and intraoperative pathology) and operating risks. Additionally, there
are some logistical limitations, for example, MRI, rapid intraoperative pathological detection, and
image navigation are disconnected in space and time, and it is difficult to achieve correspondence
and mutual interpretation between microscopic pathology and macroscopic images [13,14].

Owing to the aggressiveness of glioma, the movement of intraoperative tissue can be difficult
to follow accurately [10]. Moreover, due to the heterogeneity of gliomas, clinicians need to
consider as many locations as possible in the intraoperative pathological examination to provide
a better basis for decision making [15]. However, considering too many sites in an intraoperative
pathological examination can be time consuming and result in an excessive workload for the
pathologist, making it difficult to select an arbitrary number of pathological examination sites.
Nonetheless, if the tumor molecular typing information can be obtained immediately and quickly
during the operation, it can assist in the formulation of surgical strategies and provide earlier and
more comprehensive molecular pathological information as a basis for the accurate delineation of
tumor boundaries and the formulation of comprehensive postoperative treatment plans. Therefore,
it would be very useful to identify new real-time, sensitive, and accurate glioma detection methods
to assist tumor diagnosis.

To that end, terahertz (THz) technologies have emerged in recent years. THz radiation, in
the frequency range of 0.1–10 THz, is between the far-infrared and microwave regions on the
electromagnetic spectrum. The THz spectral region has some unique and useful characteristics,
such as spectral fingerprints, safety, label-free detection, and water sensitivity in biological
macromolecules, cells, and tissues. Therefore, the THz spectrum is particularly suitable for the in
vivo detection of biological tissues [16], and THz spectral identification of various tumor tissues
has become an area that has garnerd increased research interest in recent years [17–20]. Studies
have shown that nuclear atypia and mitotic activity in glioma tissues are increased relative to
those in normal brain tissues. To maintain the vitality of these cells, the vascular density and
water content in the glioma region are increased, Thereby, affecting the refractive index and
absorption coefficient [21]. A newly isolated glioma [22,23] and paraffin-embedded glioma
[23] have been previously used in THz spectroscopy studies, which proved that THz radiation
could be used for identifying glioma regions. The above evidence indicates that the terahertz
spectrum technology is promising for achieving in situ pathological identification. However, the
previous studies mainly focused on the following aspects: (1) discrimination between normal
and abnormal tissues and identification of malignant tissue [21,23]; and (2) bridging the gap
from in vitro sample detection to in vivo detection [23–26]. There are no studies on THz physical
characterization based on molecular typing, and there are few studies on human glioma tissues,
none of which could completely simulate the tumor microenvironment of patients.

THz time-domain spectroscopy is one of the effective coherent detection techniques that
can obtain phase and intensity information at the same time. Generally, the transmission and
reflection modes are widely used in THz time-domain spectroscopy system. However, the
thickness of sample with high water content needs to be strictly controlled in transmission
mode since water has strong absorption effect on THz wave. For reflection mode, the complex
reference calibrations are necessary to reduce the effect of diffuse reflection and interference
[27]. Attenuated total reflection (ATR) mode can provide information on the interaction between
the sample and evanescent wave traveling along a prism surface, which can ensure the sample
integrity and has the characteristic of high sensitivity [28]. Therefore, THz-ATR mode is an
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ideal tool for analyzing the THz spectral properties of biological samples without pre-processing
or labeling.

In this study, human brain tumor tissues of different grades were analyzed using THz attenuated
total reflectance (ATR) time-domain spectroscopy. The spectral characteristics of glioma tissues
of different grades and paracarcinoma tissues differed in the range of 0.5–2.0 THz. Furthermore,
the IDH mutant and wild types can be well distinguished with THz spectra. These results
demonstrate that THz ATR spectroscopy can be used for glioma molecular typing recognition.
This will help the realization of real-time pathological identification, diagnosis, and treatment
during surgery, and the provision of a more precise treatment plan for patients.

2. Methodology

2.1. Experiment setup

The THz time-domain spectroscopy system (Japan, Advantest, TAS7500SP) with attenuated
total reflection (ATR) mode was used in the experiment. The spectral range was in the range of
0.2–2.5 THz with the scanning frequency resolution of 7.6 GHz. Figure 1 shows the schematic
diagram of the experiment setup. The THz wave was radiated using a GaAs-photoconductive
emitter. After passing through the off-axis parabolic mirror, the terahertz wave was focused on the
upper surface of the ATR prism. A Dove prism made of Si crystal (n= 3.42 in THz range), was
fixed at the focal position of the incident THz wave (p polarized) [29]. Through comprehensive
consideration of the sample size [30], the attenuation rate [29,31]and the penetration depth [31]
of THz wave, the incident angle of THz wave was chosen to be 57° in this experiment. In this
case, the THz focal beam size was 2 mm at 1 THz. When the incident angle was larger than
the critical angle, the attenuated total internal reflection occurred on the upper surface of the
ATR prism, and the evanescent wave interacted with the tissues to be tested. Subsequently, the
terahertz wave carrying the sample information, was collected using the photoconductive detector
and transmitted to the computer data analysis module. Considering the penetration depth of
the evanescent wave in distilled water at 1 THz is 24 µm, the sample thickness used for each
measurement was chosen to be greater than 0.5 mm. Multiple tests of different samples were
carried out to make sure that the signals from repeated measurements can be overlapped in a
certain time. Finally, the terahertz spectral information of the tumor was obtained and analyzed.
All the measurements were performed at a temperature of 25℃ and at a relative humidity (RH)
of 1%.

2.2. Summary of patient pathological information

All specimens were collected from the Southwest Hospital, Third Military Medical University,
China. All experiments were approved by the ethics committee of the Southwest Hospital of
Third Military Medical University (Army Medical University) (No. (B)KY2021043). Herein,
we detected fresh human glioma of different WHO grades and its peritumoral tissues in vitro
using THz ATR technology, and obtained the physical parameters in the range of 0.5–2 THz.
Summary information of the 12 samples of human brain gliomas ex vivo is listed in Table 1, as
provided by the Department of Neurosurgery, Southwest Hospital. Samples were obtained from
7 males and 5 females, aged 20–64 years old, with an average age of 46.25± 14.02 years. All
patients were diagnosed with glioma via magnetic resonance imaging (MRI), histopathology and
cytology (the specific pathological classification is as given in the Table 1). According to the
2016 WHO classification standard, there were no cases of grade I, four cases of grade II, four
cases of grade III, and four cases of grade IV. In some cases, we also preserved the paracarcinoma
tissue (adjacent to the glioma). Figure 2 shows the MRI images of case 7, diagnosed as a typical
left frontal lobe glioma patient. Figures 2(a) and 2(b) are the results of T1 and T2 signals,
respectively, which show high-intensity signals with unrestricted dispersion. Figure 2(c) shows



Research Article Vol. 13, No. 1 / 1 Jan 2022 / Biomedical Optics Express 225

Off-axis parabolic mirror

Off-axis parabolic mirror Off-axis parabolic mirror

Off-axis parabolic mirror

THZ emitter

ATR Prism

Fig. 1. Experimental setup of the terahertz time-domain attenuated total reflectance
spectroscopy system.

the image of dynamic contrast-enhanced MRI. The enhanced high-density round sector is the
tumor body, the edema region is the area around the glioma with a low-density signal. The size
of the tumor is 3.3×2.4×3.1cm3, according to the image. The glioma caused a slight midline
structure shifting to the right and subtentorial cerebellar and brain stem abnormalities. The
DTI result in Fig. 2(d) illustrates that the tumor destroyed association fibers in the left cerebral
hemisphere.

(a) (b) (c) (d)

Fig. 2. Magnetic resonance images of a patient (No. 7): (a) T1W1, (b) T2W1, (c) PW1/DSC
(d) DTI.

2.3. Sample measurement

A standardized experimental scheme has been established for sample preparation and THz
measurement. Before performing the spectroscopic analysis of human tumor samples, measure-
ment of the air medium was performed as the reference. Considering that the tissues were
cryopreserved and cell lysis might have occurred, and a large amount of biological tissue fluid
might have spread outside the human tissue. To eliminate the effects of tissue fluid on terahertz
spectroscopy, the samples were thawed, and all the residual tissue fluid on the surface was gently
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Table 1. Summary of the pathological information of the patientsa

Case Age Sex Pathology WHO
grade

IDH 1 Ki-67 (%) MGMT 1p/19q Para-

1 49 F Anaplastic
astrocytoma

III Mutant 8 -

2 61 F Glioblastoma IV WT 20 - +

3 43 M Astrocytoma II Mutant 5 -

4 51 M Anaplastic
Oligodendroglioma

III Mutant 7 - +

5 26 M Diffuse astrocytoma II Mutant 5 -

6 52 F Anaplastic
astrocytoma

III WT 8 -

7 42 F Oligodendroglioma II WT 10 - +

8 20 M Pilomyxiod
astrocytoma

II WT 3 -

9 61 M Glioblastoma IV WT 30 -

10 33 F Glioma IV WT - - +

11 53 M Anaplastic
astrocytoma

III Mutant 7 - +

12 64 M Gliosarcoma IV WT 30 -

aWHO grade: World health Organization; Ki-67(%): Ki-67 positive rate; para-: para-carcinoma tissue; 1p/19q: 1p/19q
absence.

Fig. 3. The illustration of human glioma measurement by THz-ATR.

removed using lens paper. Thereafter, the samples were placed on the surface of the ATR prism
and pressed gently to ensure that they adhered tightly to the upper surface of the ATR prism and
covered all the terahertz spots, as shown in Fig. 3. To ensure the accuracy of the experimental
results, the operation time of temperature (25°C), surface humidity (1% RH), and suction tissue
fluid were strictly controlled during the operation time. Each sample was tested five times to
verify the repeatability.

3. Principles

The attenuated total internal reflection occurred on the surface on the ATR prism, and the
relationship between the output signal and input signal was determined from the reflectivity and
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phase shift. The THz time-domain waveforms of the reference and sample measurements are
Fourier transformed to acquire the frequency-dependent parameters Eref (ω) and Esam(ω). Thus,
the reflectivity R(ω) and the phase shift φ(ω) can be expressed as follows:

R(ω) =
|︁|︁|︁|︁Esam(ω)

Eref (ω)

|︁|︁|︁|︁2 = |︁|︁|︁|︁ rsam(ω)

rref (ω)

|︁|︁|︁|︁2 (1)

∆φ(ω) = Arg
(︃
rsam(ω)

rref (ω)

)︃
(2)

Here, rsam(ω) denotes the reflection coefficient of the prism–sample interface, and rref (ω)
represents the reflection coefficient of the prism–air interface. For p-polarized THz wave, rsam(ω)
and rref (ω) satisfy the following equations, respectively.

rsam(ω) =
ñ2

2(ω) cos θ − iñ1(ω)
√︂

ñ2
1(ω)sin

2θ − ñ2
2(ω)

ñ2
2(ω) cos θ + iñ1(ω)

√︂
ñ2

1(ω)sin
2θ − ñ2

2(ω)
(3)

rref (ω) =
ñ2

3(ω) cos θ - iñ2(ω)
√︂

ñ2
2(ω)sin

2θ - ñ2
3(ω)

ñ2
3(ω) cos θ + iñ2(ω)

√︂
ñ2

2(ω)sin
2θ - ñ2

3(ω)
(4)

Here, θ denotes the incident angle of THz wave at the prism detection surface, and it is 57°
in the experiment. n1(ω), n2(ω) and n3(ω) represent the refractive indices of the ATR prism,
sample and air, respectively. By combining Eq. (3) and Eq. (4), we can obtain the reflection
coefficient of THz wave at the sample-prism interface,

rsam(ω) = r(ω) exp[∆φ(ω) - 3.02] (5)

The complex permittivity of the sample can be expressed as follows:

ε̃sam(ω) = ñ2
sam(ω) =

A(ω) ±
√︁

A2(ω) - B(ω)sin22θ
2B(ω)cos2θ

× ñ2
prism(ω) (6)

Where A(ω)=(rsam(ω)+ 1)2and B(ω)=(rsam(ω)-1)2. We chose the solution with a positive
imaginary part as the complex dielectric constant and complex refractive index. According to
ñsam(ω)=nsam(ω)+jκsam and Eq.6, the refractive index nsam and extinction coefficient κsam of
sample can be calculated as follows:

nsam =

⌜⃓⎷√︂
(Re(εsam))

2 + (Im(εsam))
2 + Re(εsam)

2
(7)

κsam =

⌜⃓⎷√︂
(Re(εsam))

2 + (Im(εsam))
2 - Re(εsam)

2
(8)

Furthermore, the absorption coefficient αsam(ω) of the sample can be expressed as follows,

αsam(ω) =
2ωκ

c
=

⌜⃓⎷√︂
(Re(εsam))

2 + (Im(εsam))
2 - Re(εsam)

c
×
√

2ω (9)

Here, c is the speed of THz wave in vacuum.
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4. Results and discussion

The samples of 12 patients with glioma were included in this study, of which three cases contained
paracarcinoma tissue adjacent to the tumor (as shown in Table 1). To verify the identification
of the glioma boundary using terahertz technology, we used THz spectroscopy to analyze 12
glioma samples and 3 paracarcinoma tissue samples as listed in Table 1. The THz spectra were
calculated by averaging over the obtained data, as shown in Fig. 4. The standard deviation was
shown as error bars. As shown in Fig. 4(a), the absorption coefficient of both the paracarcinoma
and glioma tissues increased with the increase of THz frequency. The absorption coefficient
of glioma was significantly higher than that of paracarcinoma tissue within the 0.5–2.0 THz
range. The difference in absorption coefficient between the two kinds of tissues became more
pronounced with the increase of THz frequency as well despite the large error value above 1.5
THz. Consistently, Fig. 4(b) showed the extinction coefficient of the gliomas was substantially
higher than that of the paracarcinoma tissues. The refractive index of glioma tissue was lower
than that of paracarcinoma tissues, and the difference also increased at higher frequencies, as
shown in Fig. 4(c). Overall, it is reasonable to deduce that higher THz frequency was preferred
for the THz identification of brain glioma with better contrast on the condition of enough THz
power. Therefore, glioma tissue and paracarcinoma tissues can be clearly distinguished in the
range of 0.5–2.0 THz, thereby demonstrating the utility of this technique for tissue analysis.
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Fig. 4. THz spectral curves of paracarcinoma and glioma tissues (a) absorption coefficient,
(b) extinction coefficient, and (c) refractive index.

Another tool that clinician often use during surgery to determine the tumor boundary is
rapid hematoxylin–eosin staining. Figure 5 showed the staining of different sections from
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the paracarcinoma tissue to the tumor tissue. Figure 5(a–d) show the progression from the
paracarcinoma tissue to the tumor tissue, the nuclei become more hyperchromatic and the nuclear
atypia becomes more severe, and cell distribution gradually becomes scattered, with the glioma
nuclei being deeply stained and wrinkled and the tissue showing serious edema. These results
are consistent with the tumor morphological features. More specifically, compared with the
cells in paracarcinoma tissue, glioma cells are round to oval in shape and rich in lightly stained
cytoplasm; Conversely, their nuclei are large and deeply stained, showing evidence of mitosis,
and the tumor cells are distributed in a diffuse, flaky arrangement [32,33]. The water content of
tumor tissue is higher than that of normal tissue and THz spectroscopy is extremely sensitive to
water. This result is consistent with that reported by Wahaia [34,35].

THz spectra can be affected by some factors other than water. Usually, immunohistochemical
tests are used for molecular pathological diagnosis of tumor tissues removed during surgery.
Figure 6 shows the immunohistochemical results of CD34, a diagnostic marker of tumor
angiogenesis. The positive expression of CD34 was localized in the cell membrane and cytoplasm
of tumor vascular endothelial cells and paracarcinoma vascular endothelial cells. Compared with
the paracarcinoma tissue, CD34 expression in the glioma was strongly positive, i.e., compared
with paraneoplastic tissues, the vascular density in the tumor is increased as show in Fig. 6(a–d).
Therefore, in addition to water content in tissue, factors such as vascular density and the vascular
epidermis can also affect the THz spectral parameters.

(a) (b)

(c) (d)

100 μm

Fig. 5. Intraoperative hematoxylin–eosin staining (a–d) series from paracarcinoma tissue to
glioma tissue.

Subsequently, the feasibility of terahertz technology to identify pathological grades of gliomas
was evaluated. According to the clinicopathological diagnosis, glioma samples were divided
into low-grade (grade I–II, four samples) and high-grade groups (grade III–IV, eight samples),
as shown in Table 1. It is well known that the Ki-67 labeling index can be used to evaluate
the mitotic activity of tumor cells, and Ki-67 expression can indicate the degree of tumor cell
proliferation, the different states of the cell cycle and the value-added rate of tumor cells. In
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(a) (b)

(c) (d)

100 μm

Fig. 6. CD34 (vascular marker) expression (a–d) series from paracarcinoma tissue to glioma
tissue.

recent years, some researches have measured the expression of Ki-67 (determined according to
the number of positive cells) to detect the percentage of value-added cells, in order to determine
the value-added activity of tumor cells, and then predict the survival time in a given histological
grade [36–38]. We performed immunohistochemical staining of Ki-67 in gliomas of different
grades. As shown in Fig. 7, there are different degrees of positive expression of Ki-67 in the
glioma samples, and the degree of positive expression increases with malignancy, which is
consistent with the results of previous research [39].

Figure 8 depicts the terahertz spectroscopy of low-grade (I–II) and high-grade (III–IV) glioma
tissues. As shown in Fig. 8(a), the absorption coefficients differ only slightly between high-
and low-grade gliomas, although the difference increased at higher THz frequencies. Although
the difference is not significant, terahertz metamaterials and other technologies can be used to
enhance the electromagnetic response and improve the analytical sensitivity [40]. However,
there were no substantial differences in extinction coefficient or refractive index between the
high- and low-grade gliomas, as shown in Fig. 8(b) and (c). This result suggests that the
absorption coefficient at higher THz frequencies would be preferred for the pathological grading.
That is perhaps because traditional pathological classification is mainly refers to macroscopic
morphological features in clinic, as shown in Fig. 5. These observations are dependent on the
subjective judgment of the pathologist and may include characteristics such as nucleotropy,
mitosis, microvascular hyperplasia, local necrosis, etc. Furthermore, the degree of Ki-67
expression only indicates the proliferation characteristics of cells, whereas the THz spectrum
essentially represents the collective vibration and rotational mode differences of the biological
molecules (mainly proteins) contained therein [41]. However, the difference in Ki-67 expression
will also affect cell morphology and angiogenesis, thereby affecting the absorption coefficient in
the THz spectrum.
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100μm

(a)

(c) (d)

(b)

Fig. 7. Immunohistochemical analysis of Ki-67 showing different degrees of positive
expression (a) 1%, (b) 6%, (c) 12%, and (d) 31%.

In recent years, a consensus has been reached that molecular typing is more likely to reveal
the objective natural differences of tumors; that is, the population monoclonality of tumor cells
will show specific protein molecular sets in specific tissue cells. Therefore, we attempted to use
THz spectroscopy to detect different molecular types of glioma tissues. A common mutation in
that occurring in gliomas is the isocitrate dehydrogenase (IDH) mutation. It has been found that
12% of glioblastoma patients had the IDH1 mutation [42,43]. Amidst the discovery of more
and more new molecular markers, the IHD1 mutation has become one of the most stable and
widely used molecular markers in glioma research. Some previous studies have also shown
that glioma patients with the IDH1 mutation have a better prognosis than those with other
gene mutations [44,45]. The progression-free survival periods and overall survival time of
these patients are significantly longer than those of glioma patients with other gene mutations
[46,47]. This suggests that there is a close relationship between the patients prognosis and the
IDH1 gene mutation [48]. Therefore, the THz spectra of the IDH mutant and wild-types were
further measured. Figure 9 shows an immunohistochemical image of a molecular marker for the
IDH1 mutation. Figure 9(a) and 9(b) exhibit the IDH-1 wild-type and IDH-1 mutation positive,
respectively. Wild-type IDH-1 refers to the normal expression of IDH protein in the tumor, while
the mutant type refers to the base mutation resulting in the non-normal expression of IDH1. As
Fig. 10(a) shows, the absorption coefficients of IDH1 mutant gliomas were higher than those
of the IDH1 wild-type gliomas in the frequency range 0.5–2.0 THz. Figure 10(b) and 10(c)
show that there is small differences in the refractive index and extinction coefficient between
the IDH1 wild-type and the IDH1 mutant samples, although the error bars show some overlap.
Thus, the absorption coefficient derived from THz spectrum recognition technology can realize
molecular typing recognition based on molecular pathology. Current studies have confirmed
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(a) (b)

Fig. 9. Immunohistochemical analysis of IDH1(a) IDH-1 wild-type sample, (b) IDH-1
mutant positive sample.
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Fig. 10. THz spectrum curve for IDHwt and IDHmut: (a) absorption coefficient, (b)
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that excessive 2-HG metabolites will be produced in cells after IDH1 mutation, thus metabolic
changes will induce epigenetic inheritance, such as genome and histone protein hypermethylation
[42,49]. Chen et al. has identified 2-HG isomers using terahertz spectroscopy technology, and
the molecular configuration has a good response and recognition characteristics to terahertz
waves [50]. Meanwhile, Chen et al. also detected 5-methylcytosine, the methylation product
of cytosine, using terahertz time-domain spectroscopy, they demonstrated the peak difference
between cytosine and methylcytosine in terahertz time-domain spectra through theoretical and
experimental perspectives [51]. Thus, the tumor tissue metabolites and gene methylation can be
effectively identified by THz technology, which contribute to tumor molecular typing.

5. Conclusion

In conclusion, we studied the frequency-dependent THz properties of ex vivo human brain
gliomas of different WHO grades to analyze the potential of THz technology for intraoperative
neurodiagnosis. Our results show that THz spectroscopy can adequately distinguish the
glioma tissue from the paracarcinoma tissue and that there are significant differences in the
absorption coefficient, extinction coefficient, and refractive index between the glioma tissue and
paracarcinoma tissue. It was found that the absorption coefficient at higher THz frequencies
would be preferable for pathological grading. It was also found that IDH1 wild-type and IDH1
mutant gliomas could be well distinguished using the THz absorption coefficient. Therefore,
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THz ATR spectroscopy can be used for glioma molecular typing recognition. This technology is
expected to achieve real-time pathological recognition.
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