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Abstract: The fast label-free detection of the extent and degree of cerebral ischemia has been
the difficulty and hotspot for precise and accurate neurosurgery. We experimentally demonstrated
that the fresh cerebral tissues at different ischemic stages within 24 hours can be well distinguished
from the normal tissues using terahertz (THz) attenuated total reflection (ATR) imaging system.
It was indicated that the total reflectivity of THz wave for ischemic cerebral tissues was lower
than that for normal tissues. Especially, compared to the images stained with 2,3,5-triphenyl
tetrazolium chloride (TTC), the ischemic tissues can be detected using THz wave with high
sensitivity as early as the ischemic time of 2.5 hours, where THz images showed the ischemic areas
became larger and diffused as the ischemic time increasing. Furthermore, the THz spectroscopy
of cerebral ischemic tissues at different ischemic times was obtained in the range of 0.5-2.0
THz. The absorption coefficient of ischemic tissue increased with the increase of ischemic time,
whereas the refractive index decreased with prolonging the ischemic time. Additionally, it was
found from hematoxylin and eosin (H&E) staining microscopic images that, with the ischemic
time increasing, the cell size and cell density of the ischemic tissues decreased, whereas the
intercellular substance of the ischemic tissues increased. The result showed that THz recognition
mechanism of the ischemia is mainly based on the increase of intercellular substance, especially
water content, which has a stronger impact on absorption of THz wave than that of cell density.
Thus, THz imaging has great potential for recognition of cerebral ischemia and it may become a
new method for intraoperative real-time guidance, recognition in situ, and precise excision.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Cerebral ischemia is a condition in which blood flow either drops to zero or proceeds at severely
decreased levels that cannot supply sufficient oxidizable substrates to maintain energy metabolism
in vivo. As ischemia occurs, the collapse of cerebral energy state is usually accompanied by a
series of subtle changes in anaerobic metabolism, ion, and water homeostasis that eventually
initiate destructive internal and external processes in brain tissue, like the rapid death of neurons
within the immediate territory of the affected artery. It is estimated that cerebral ischemia with a
more or less pronounced regional reduction of perfusion is the cause of about 60∼70% of all
cases of acute stroke. Especially, the region of cerebral ischemia usually includes the infarct core
and the ischemic penumbra. Unlike the infarct core, the penumbral area still remains structurally
and metabolically intact, which has the opportunity to be functional recovery [1]. In the last few
years, clinical studies have shown that the time window for the initiation of effective therapy
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might be as short as 3 h to obtain the highest possible benefit [2–4]. If the time is prolonged,
the risk of permanent tissue damage is increased. Perfusion coherence tomography (CT) has
been shown to have a sensitivity of 90% and a specificity of 100% to accurately detect the type
and extent of the underlying ischemic process, but the major disadvantage of CT scan is the
exposure to ionizing radiation [5–7]. Of note, perfusion imaging requires the use of a contrast
agent as a tracer to track the flow of blood. The perfusion- and diffusion-weighted magnetic
resonance imaging (MRI) provide similar information with greater sensitivity and specificity
based on the basic principles of measuring cerebral blood flow and water molecule movement,
respectively [8,9]. Multiparametric modes incorporating information from various CT and
MRI sequences have been proposed to improve the prediction accuracy of these compartments
[10]. However, these approaches have some limitations, such as inhomogeneous static magnetic
field-induced distortion, the necessity of special coils, high cost, and time-consuming. And
the intraoperative implementation is complex. Most up-to-date intraoperative technologies for
monitoring the regional cerebral blood flow (CBF) and cerebral electrical activity [11], including
thermal diffusion flowmetry, transcranial Doppler ultrasonography, laser Doppler flowmeter, and
near-infrared spectrophotometry [12], have several shortcomings, such as low reliability, poor
spatial and temporal resolution, inaccuracy, and unclear biophysics mechanism. OCT imaging
has been proposed to monitor ischemic injury, which is based on the scattering mechanism
of structural arrangements of cells and organelles in biological tissues, but the imaging range
is limited and it usually needs to be combined with complex post-processing algorithms [13].
Pathological image analysis methods are the gold standard for medical diagnosis, but they are
time-consuming in general. Hence, the fast label-free detections of the extent and degree of
cerebral ischemia are significant in precise and accurate neurosurgery. Therefore, more feasible
methods to help doctors better diagnose the degree of ischemia during treatment are urgently
needed.

Terahertz (THz) wave, located between the infrared and microwave regions of the electromag-
netic spectrum, has the unique physical characteristics of non-ionizing and low photon energy.
Thus, THz wave does not cause damage to biological tissues compared to other band lights
such as visible light, X-rays, and gamma rays [14,15]. THz imaging is mainly dependent on the
absorption mechanism in biological tissue due to its fingerprint spectrum and high sensitivity to
polar molecules [16]. Until now, THz imaging techniques have been studied as candidates for
biomedical imaging, such as the detection of knee cartilage [17] and skin burn [18], hepatocellular
carcinoma [19], oral [20], and skin cancers [21,22], as well as intraoperative diagnosis of breast
cancer [23] and brain glioma in vivo [24]. In neurosurgery field, THz spectroscopy [25,26]
and imaging [27] have been tried to reveal characteristics differences between lesions and
normal tissue [28]. However, THz transmission imaging requires the tissue to be sliced, while
THz reflection imaging is always affected by diffuse reflection for uneven surface of samples.
Attenuated total reflection (ATR) imaging can provide information on the interaction between
the sample and evanescent wave traveling along a prism surface. Thus, THz-ATR imaging has
been proposed to obtain the precise absorption information of sample and improve the imaging
sensitivity. Moreover, with the development of solid immersion lens, the imaging area and
resolution could be significantly improved [29]. Meanwhile, some data processing techniques for
THz medical imaging have been developed, such as agglomerative hierarchical clustering and
principal component analysis [30,31]. Therefore, THz imaging has great potential for assisting
medical diagnosis, especially the recognition in situ, intraoperative real-time guidance, and
precise excision. The fundamental diagnosing principle with THz wave is its sensitivity to subtle
changes in tissue water content and structure. Considering the process of cerebral ischemia has a
series of changes in metabolism and water homeostasis, it is suggested that THz imaging could
become a possible label-free method for detecting the extent and degree of cerebral ischemia.



Research Article Vol. 15, No. 6 / 1 Jun 2024 / Biomedical Optics Express 3745

In this paper, THz-ATR imaging of fresh rat ischemic cerebral tissues at different ischemic
stages has been investigated based on continuous-wave (CW) THz imaging system operating at
2.52 THz. The ischemic cerebral tissues can be well distinguished by THz intensity imaging.
Especially, the ischemic stage can be recognized as early as 2.5 hours, which shows high sensitivity
compared with the visualized images stained with 2,3,5-triphenyltetrazolium chloride (TTC).
Furthermore, for the better understanding the characterization of cerebral ischemic tissues in
THz range, the THz spectroscopy of cerebral ischemic tissues with different ischemic times were
obtained in the range of 0.5 THz to 2.0 THz by THz time-domain spectroscopy (THz-TDS) system.
Additionally, histological analysis with hematoxylin and eosin (H&E) staining photography was
performed to reveal whether intrinsic properties contribute to the difference in THz imaging
results.

2. Methodology

2.1. Experimental setup

The schematic diagram of the THz-ATR imaging system was shown in Fig. 1(a). An optically
pumped THz gas laser (FIRL100, Edinburgh Instruments Ltd.) was employed as the THz source.
The frequency of 2.52 THz was chosen with output power of 50 mW. Two room-temperature-
operated Golay cells (GC-1P, Tydex Ltd.) were used as the detectors. Considering the responsivity
of the detectors, THz wave was modulated by a chopper (SR540, Stanford Research Systems
Inc.) operating at 50 Hz. To reduce the random image noises from slight power fluctuations,
a wire grid polarizer (Microtech Instruments, Inc.) was used to split the THz wave into two
beams with basically the same signal intensity, whose polarization directions were horizontal
and vertical to the horizontal plane, respectively. The beam with vertical polarization was the
reference beam, and the horizontal beam was used as the signal beam. The reference beam was
received by the Golay cell directly, which can provide the pixel reference Ireference. Here, Ireference
was used to monitor the fluctuation of the THz signals during measurement and calibrate the
signal beam according to the fluctuation in reflectivity calculation. The signal beam was reflected
and focused by the gold-coating mirror and off-axis parabolic mirror 1 with 30° off-axis angle.
The focused signal light was incident into an isosceles triangle-shaped silicon (n= 3.42 at 2.52
THz) prism, whose size was 34.8× 34.8× 20 mm3 with base angle of 49° [32]. Then the signal
beam carrying the sample information was reflected by the off-axis parabolic mirrors 2 and 3
and received by the Golay cell. The focal lengths of off-axis parabolic mirrors 1 and 2 were 2
inches with the F-number of 1, whereas the focal length of off-axis parabolic mirror 3 was 4
inches with the F-number of 2. For the refractive index of biological samples is usually smaller
than that of distilled water (n= 2.05 at 2.52 THz), the incident angle at the prism bottom was
43.5° which was larger than the theoretical critical angle of 34.8° for distilled water. The prism
and objective table were both mounted on a two-dimensional (2-D) motor stage (Sigma Koki
Co., Ltd.). Sample was placed on the objective table and its upper surface was in close contact
with the prism bottom surface where the focus of the signal light was located. Considering the
sample and prism were scanned simultaneously, the contact of the prism with sample can be
well maintained during the imaging process. Although such a process causes some movement or
extrusion of the local tissue within 1 mm, it is acceptable in neurosurgery. The resolution of
the THz-ATR imaging system was 400 µm× 440 µm using agar scanning which was shown in
Fig. 1(b). The scanning speed was about 10 pixels/s with the scanning step of 200 µm in this
study. The experiment was done under a controlled room temperature.

To investigate the spectroscopy of ischemic cerebral tissues in THz range, a commercially
available THz time-domain spectroscopy (TDS, Advantest Corp., TAS7500SP) in transmission
geometry was used. The spectrum reached over 2.0 THz from 0.5 THz, with the frequency
resolution and spatial resolution of 7.6 GHz and 2 mm, respectively. The measurements were
performed at room temperature (23°C) with dry air purge.
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(a)

(b)

Fig. 1. (a) Continuous-wave THz-ATR imaging system; (b) the resolution of the THz-ATR
imaging system.

2.2. Sample preparation and measurement protocol

To guarantee the reliability of the experiments, a reproducible measurement protocol was
established by standardizing all experimental steps of sample preparations and THz measurements.
The care of laboratory animals and the animal experimental operation have been conforming to
the China Administration Rule of Laboratory Animal. All animal experimental protocols and
euthanasia were reviewed and approved by the Laboratory Animal Welfare and Ethics Committee
of the Third Military Medical University.

Fifty-six male Sprague Dawley (SD) rats weighing between 220 g and 240 g were used in
this study. Permanent middle cerebral artery occlusion (MCAO) was carried out as previously
reported [33]. Briefly, a midline incision was made in the neck to expose the left common
carotid artery (CCA), external carotid artery (ECA), and internal carotid artery (ICA). A 4-0
monofilament suture (Shadong Biotech Corp. Ltd., Beijing, China) with a tip diameter of
0.32-0.36 mm coated with silicon was inserted into the ICA through the ECA stump to block the
blood flow to the middle cerebral artery. The filament was gently advanced into the left ICA
at approximately 17 mm above the carotid bifurcation until mild resistance was felt. The left
side of brain tissue was set as the ischemic side. Generally, ischemia within 24 hours is usually
considered as transient ischemic attack, and 3 hours after the onset of cerebral ischemia is the
golden time for surgical treatment [34]. Thus, the ischemia time points of 1, 2, 2.5, 3, 4, 6, and
24 hours were prepared. The rat brains were extracted after euthanasia at 1, 2, 2.5, 3, 4, 6, and
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24 hours after MCAO, and the intact brain tissues were excised and preserved in oleic acid for
water content preservation, where 7 rats were prepared for each ischemic point. For comparison,
the same surgical procedures were also performed on 7 normal rats, which were set up as the
sham group. Among the 7 rats in each group, 2 rats were used for TTC staining, 2 rats were
used for H&E staining, and 3 rats were used for THz-ATR imaging detection and THz spectral
detection of tissue slices. Generally, cerebral ischemia is visualized by staining brain slices with
TTC (Sigma-Aldrich). Normal tissue areas turn red due to internal dehydrogenase interacting
with TTC, whereas ischemic areas are unable to interact with TTC due to inactivation of internal
dehydrogenases, resulting in a white coloration. Besides, the intrinsic properties of cerebral
tissues can be detected using H&E staining photography. The freshly excised brain tissues of
different cerebral ischemic times were sectioned into a series of 20-µm-thick slices for H&E
staining and the images were obtained by a phase-contrast microscope. The average cell density,
cell size as well as intercellular substance were quantified by the ImageJ plugin ‘Cell counter’.
The measurements were replicated and the data was recorded for subsequent statistical analysis.
For the samples of THz-ATR imaging and THz spectroscopy measurement, the samples were
sliced from the coronal surface by the microtome (Leica, CM1950) to ensure that the surface
remains relatively flat. Moreover, 3 tissue slices from each rat with the thickness of 70 µm were
used for THz spectroscopy measurement.

2.3. Data analysis

For THz imaging, in order to reduce the image noises from slight power fluctuations, the reflected
THz beam by beam splitter and the transmitted THz beam were used as the reference Isubstrate
and the signal Isample, respectively. The image of sample was obtained with the pixel value
of Isample/Isubstrate. The THz imaging with and without sample were measured as the images
of Fsample and Fsubstrate, respectively. Considering the uniformity of the ATR prism, the total
reflectivity R of sample can be obtained with the pixel values of Fsample/Fsubstrate [32].

For THz spectroscopy measurement, two overlapped blank quartz windows were placed in
the optical path to collect the reference signal. After that, the brain tissue sample sandwiched
between two quartz windows was placed at the focus of the THz beam to collect the sample
signal. For each rat sample, 6 slices were prepared for the detection. The time-domain THz
pulses were collected at three different spots in ischemic hemisphere for each sample. Every
measurement point was repeatedly tested 3 times with the setting of 1024 times scan for each
measurement. Due to the biological diversity, all spectra were averaged results of 3 rat samples
and the standard deviation was shown as error bars. After completing the signal acquisition, the
fast Fourier transform of the time-domain signal was performed to obtain the frequency-domain
spectroscopy. The absorption coefficient α(ω) and the refractive index n(ω) can be calculated
with Eqs. (1)–(2) [35],

n(ω) = 1 − T(ω) ·
c
ωd

(1)

α(ω) = −
2
d
· ln

{︃
|T(ω)| ·

[1 + n(ω)] · [nsub + n(ω)]
2n(ω) · (1 + nsub)

}︃
(2)

Here, c is the velocity of light in vacuum, d is the sample thickness, nsub is the refractive
of the substrate, and T(ω) is the sample transfer function. These parameters have significant
physical interpretations and are commonly used to distinguish between normal and diseased
tissues [36,37].
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3. Results and discussion

3.1. THz image of fresh cerebral ischemic tissues

To study the THz characteristics of the fresh cerebral ischemic tissues, we measured the fresh
rat tissues at different ischemic stages (1, 2, 2.5, 3, 4, 6, and 24 hours) and the normal rat brain
samples (indicated as 0 hour) by THz-ATR imaging system. Figure 2 shows the TTC-stained
images and THz images of the fresh cerebral tissues of the rats. From the TTC-stained images
in Fig. 2(a)-(d), it is seen that there was no clear pale area observed in the cerebral tissues in
the first ischemic 2.5 hours. In the TTC-stained image of Fig. 2(e), a small pale area emerged
on the left side at the ischemic time of 3 hours. In the TTC-stained images of Fig. 2(f)-(h), the
pale area increased gradually from the ischemic time of 4 hours to 24 hours, which can indicate
the ischemic area was enlarged. In the THz images, different colors represented the change of
the total reflectivity of THz wave of samples, where these THz images have the same color bar.
As shown in the THz images of Fig. 2(a)-(h), the THz total reflectivity of brain tissues with
different ischemic degrees ranged from 31% to 43%. Among them, Fig. 2(a) is the THz image of
normal brain tissue, where the average total reflectivity was about 43% and image distribution
was relatively uniform. As ischemia time prolonged to, the green and yellow colors appeared, as
shown in Fig. 2(a)-(c). Then, when the ischemic time reached 2.5 hours, red areas with average
total reflectivity less than 41.4% emerged in Fig. 2(d). Subsequently, the yellow and red areas
in THz images gradually expanded as the increase of ischemic time, which indicated the total
reflectivity of both left and right brain tissues decreased. When the ischemic time reached 24
hours, the red areas occupy nearly half of the sample, and most areas of the sample have total
reflectivity close to 30%, which conforms to the characteristic of left brain ligation of ischemic
model.

Fig. 2. The TTC-stained images and the THz images of fresh cerebral ischemic tissue
samples with different ischemic times. In THz images, some areas are marked by a dashed
line, and the average total reflectivity of these areas was described in the right image. The
ischemic times of cerebral samples were (a) 0 hour, (b) 1 hour, (c) 2 hours, (d) 2.5 hours, (e)
3 hours, (f) 4 hours, (g) 6 hours, (h) 24 hours, respectively.
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In order to further analyze the THz characteristics of cerebral ischemic tissues, the total
reflectivity in THz images of 24 samples were analyzed. Firstly, the enclosing rectangular
region of THz images of brain tissue, depicted by white dotted line, was divided into two equal
sub-regions on the left and right sides. The length of the rectangular region was set to L and the
width was set to W. Thus, the area of each sub-region was 1

2L×W. The intermediate region with
the area of 1

2 ( 1
2L×W) of each sub-region was selected, which was marked by black dotted line.

Then, the average total reflectivity of each intermediate region, namely the ischemic hemisphere
sub-region A1 and non-ischemic hemisphere sub-region A2, was calculated, which was shown in
the right side of Fig. 2. Overall, the total reflectivity in A1 and A2 decreased significantly with
ischemia time increasing, and the difference between A1 and A2 at certain ischemia time shows
different trend.

Furthermore, the total reflectivity of 3 samples at each ischemic time was calculated respectively
and averaged to analyze the relationship between total reflectivity in different hemisphere regions,
as shown in Fig. 3. The total reflectivities in the ischemic hemisphere A1 and the non-ischemic
hemisphere A2 decreased significantly after 2.5 hours of ischemia. When the ischemic time
reached 24 hours, the total reflectivity in ischemic hemisphere A1 decreased by 11.4%, while
it decreased by 9.6% in non-ischemic hemisphere. The results indicate that THz imaging can
effectively reflect the difference between normal tissue and ischemic tissue through the change
of reflectivity, where the reflectivity of ischemic tissues show clear decreasing trend with the
increase of ischemic time. It can be attributed to that the degree of edema gradually became
serious with the time increase, which lead to the THz absorption enhancement.

Fig. 3. The average total reflectivity of THz wave in the areas A1 and A2, and their
differences within ischemic 24 hours.

Additionally, the relative difference of average total reflectivity for THz wave in areas A1 and
A2 within 24 hours was shown in the inset diagram of Fig. 3. The relative difference in reflectivity
between the left and right brain within 2 hours was less than 1.5%. From 3 hours of ischemia,
the relative difference between the left and right brain increased suddenly, which reached the
maximum of 8.17% at 6 hours. When the ischemia time reached 24 hours, the reflectivity
difference between the left and right brain regions decreased to 5.98% due to the reflectivity
of left and right brain both decreased. This is mainly due to the fact that, as the ischemia time
increased, the ischemic range with low reflectivity expanded from the left hemisphere to the right
hemisphere, which coincided with the results presented in TTC-stained images.
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3.2. THz spectra of fresh cerebral ischemic tissues

For the better understanding the spectral characteristics of cerebral ischemic tissue in THz range,
the spectra of 24 fresh cerebral ischemic tissue samples were measured. Considering the spatial
resolution of THz-TDS system was 2 mm, the brain tissue was sliced to ensure that the light
spot can totally cover the ischemic region or normal region. In order to avoid water loss and
other errors during sample measurement, the tissue with 70 µm thickness was sandwiched by two
quartz plates and wrapped with vaseline and oleic acid [24]. The time-domain THz pulses were
collected at three different spots in ischemic regions for each sample. Every measurement point
was repeatedly tested 3 times with the setting of 1024 times scan for each measurement. Due to
the biological diversity, all spectra were averaged results of samples and the standard deviation
was shown as error bars.

Figure 4(a) and (b) show the absorption coefficient spectra and the refractive index spectra of
ischemic regions in freshly brain tissue samples with different ischemic times, respectively. As
shown in Fig. 4(a), steady increasing of the absorption coefficients for brain samples from all
groups were observed when the frequency increased from 0.5 THz to 2.0 THz. The absorption
coefficient of sham group was lower than that of ischemic groups in 0.5-2.0 THz. Especially, the
absorption coefficient was positively correlated with the increasing of ischemic time. On the
contrary, it can be clearly seen from Fig. 4(b) that the refractive index of all groups was decreased
when the frequency increased from 0.5 THz to 2.0 THz. The refractive index of sham group was
higher than that of ischemic groups in 0.5-2.0 THz, and the refractive index decreased with the
increase of ischemia time. Overall, the discrepancy of absorption coefficient and the refractive
index between ischemia group and sham group increased with the THz frequency increasing. In
order to observe the temporal changes more clearly, the normalized absorption coefficient and
refractive index values at 1.4 THz were selected as an examaple, as shown in Fig. 4(c). At each
time node, the normalized values were obtained through dividing the absorption coefficient and
refractive index by the value of the sham group, which can indicate the relative difference of
absorption coefficient and refractive index between the control group and each ischemic group
more intuitively. With the increasing of ischemic time, the normalized absorption coefficients
began to rise gradually and reached the maximum at 24 h. Accordingly, the trend of normalized
refractive index in THz range was opposite to that of absorption coefficient, which decreased
corresponding the ischemic time.

In order to further analyze the reason for the difference in the absorption of THz waves by
tissues with different degrees of cerebral ischemia, the extra 2 rats were tested for pathology,
where the comsumed time was similar to that in THz imaging and spectroscopy detection.
H&E-stained microscopic images (×400) were obtained from the ischemic cerebral tissues of the
rats at 1, 2, 2.5, 3, 4, 6, and 24 hours after the induction of MCAO, as shown in Fig. 5(a)-(h).
Based on H&E-stained images, the cell size, cell density and the intercellular substance of brain
tissue samples at different ischemic time were counted separately by Image J, where the data was
the averaged results from two rat samples at each time and the standard deviation was shown
as error bars. The results showed that the cell size and density gradually decreased with time
extension, which were shown in Fig. 5(i) and (j). On the contrary, the intercellular substance of
the samples, including cell fiber, extracellular matrix, and fluid substances such as water-rich
tissue fluid and lymph, increased with time, as shown in Fig. 5(k). Especially, the cell structure of
brain tissue was destroyed obviously after 24 hours of ischemia. Until now, current research has
shown that the absorption of THz wave by dehydrated tissues was mainly affected by cell density
[38]. The greater the cell density, the greater the absorption coefficient. However, comparing the
relationship between the intercellular substance and THz absorption coefficient and refractive
index, it is known that the THz absorption of fresh cerebral ischemic tissue is mainly affected by
water content. Due to the high THz wave absorption of water, the THz absorption coefficient
increased as ischemic time prolonged. Moreover, due to the increasing of intercellular substance,
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(a)

(b)

(c)

Fig. 4. (a) The absorption coefficient of fresh cerebral tissue samples at different ischemic
time, (b) the refractive index of fresh cerebral tissue samples at different ischemic time, (c)
the normalized absorption coefficient and refractive index values at 1.4 THz.
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especially the water-rich tissue fluid, the refractive index of THz wave decreased, which showed
the similar trend of THz spectroscopy of water [39].

Fig. 5. (a)-(h): H&E-stained microscopic images (×400) of fresh cerebral ischemic tissues.
The ischemic times of the cerebral samples are (a) 0 hour, (b) 1 hour, (c) 2 hours, (d) 2.5
hours, (e) 3 hours, (f) 4 hours, (g) 6 hours, (h) 24 hours, respectively. i-k: quantitative
measurements assessed using ImageJ, (i) cell size, (j) cell density, (k) intercellular substance.

4. Conclusion

We obtained THz-ATR images of cerebral ischemic tissues from rat models by continuous-wave
THz-ATR imaging system at 2.52 THz. It was demonstrated that the ischemic tissues can
be detected using THz wave with high sensitivity as early as the ischemic time of 2.5 hours,
where the total reflectivity of the THz wave for ischemic cerebral tissue was lower than that for
normal cerebral tissues. Simultaneously, as the ischemic time increased, THz images showed
the ischemic area became larger and diffused, which was in agreement with the TTC-stained
images. It should be noted that THz imaging allows the ischemic zone to be visualized within an
ischemic time of 2.5 hours, which is earlier than TTC-stained images. Besides, the absorption
coefficients and refractive indices of fresh cerebral ischemic tissues with different ischemic time
have been measured by THz-TDS system in the range of 0.5-2.0 THz. The spectral results showed
that, as the ischemic time increased, the absorption coefficient of ischemic tissue increased,
whereas the refractive index decreased. Additionally, the cell density has been analyzed by
H&E-stained microscopic images. It is found that the cell size and cell density of the ischemic
tissues decreased as the time of ischemic time increased, but the intercellular substance of the
ischemic tissues increased as the time of ischemic time increased. It indicates that intercellular
substance, especially water content, has a stronger impact on absorption of THz wave than that
of cell density. Compared with other imaging techniques, THz imaging can realize the early
identification of cerebral ischemia with the advantages of label-free and high sensitivity. In order
to further realize the precise diagnosis of ischemic penumbral zone, the resolution and imaging
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speed of THz imaging system should be improved in the future. The unique ability of THz
imaging may become a new method for intraoperative real-time guidance, recognition in situ,
and precise excision.
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