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Abstract: In the past few decades, the applications of terahertz (THz) spectroscopy and imaging
technology have seen significant developments in the fields of biology, medical diagnosis, food safety,
and nondestructive testing. Label-free diagnosis of malignant tumours has been obtained and also
achieved significant development in THz biomedical imaging. This review mainly presents the
research status and prospects of several common continuous-wave (CW) THz medical imaging
systems and applications of THz medical imaging in biological tissues. Here, we first introduce
the properties of THz waves and how these properties play a role in biomedical imaging. Then,
we analyse both the advantages and disadvantages of the CW THz imaging methods and the
progress of these methods in THz biomedical imaging in recent ten years. Finally, we summarise
the obstacles in the way of the application of THz bio-imaging application technology in clinical
detection, which need to be investigated and overcome in the future.
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Terahertz (THz) occupies a frequency range from 0.1 to 10 THz in the electromagnetic
spectrum between millimeter and infrared waves, and the corresponding wavelength range
is between 30 µm and 3 mm. Due to their properties, THz waves have far-reaching research
value and broad application prospects in the field of biomedical imaging [1,2]. Researchers
have conducted a number of studies on THz imaging of in vivo biological tissues, including
brain tumours, teeth, bone density testing, liver cancer, and burnt skin tissues [3]. The rapid
development of THz imaging technology in biomedical applications is mainly due to four
excellent properties. Firstly, THz waves have stronger penetrating ability than visible
and infrared radiation, so that they can achieve perspective imaging for many opaque
non-polar substances [4], such as ceramics, paper, wood, plastics, and non-polar liquids.
THz imaging and detection technology is mostly used for the epidermis of tissues and
some organs. It can also penetrate the epidermis of animals to the depth of hundreds of
microns to image superficial tissues in vivo. THz imaging can serve as a novel technique
that complements conventional medical imaging modalities, such as magnetic resonance
imaging and X-ray imaging. Secondly, THz radiation has nondestructive properties [5]
because their energy is one millionth of the X-ray wave energy, making them suitable
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for the live detection of human and other organisms without ionising their component
elements and breaking their structure. Thirdly, the vibrational and rotational energy levels
of most biological macromolecules are located at the bandgap of THz, and every molecule
has its own unique signature and fingerprint spectrum [6], allowing researchers to identify
molecular structures and analyse substance components. Lastly, THz radiation have a
strong absorption effect with water [7], which can be used to distinguish cancer tissues
from normal tissues based on the difference of their water content.
According to different detection and signal processing methods, THz detection technology can be divided into spectral detection technology and imaging technology. The principle of THz spectrum detection technology is that the spectrum of most low-frequency
biomolecule motion (such as hydrogen bonds, molecular vibration and rotation, and van
der Waals force) and the biomolecules have their own unique THz fingerprint spectrum
characteristics so that researchers can identify biomolecular samples by analysing the
difference of the absorption coefficient or reflection coefficient [6]. The THz Time Domain
Spectroscopy (THz-TDS) system can distinguish diseased and normal tissues by analysing
the peaks, troughs, absorption spectra, and specific principal component information of
the time domain signal. THz-TDS has been widely studied with macromolecules, cells,
cancer tissues and other biological structures [8–11]. However, the THz-TDS detection area
is associated with the size of the radiation spot, and the tissues are not completely uniform,
which often affects the accuracy of the detection outcomes in clinical medicine. In contrast,
CW THz imaging technology can be more accurate and visualised to identify the difference
between lesions and normal tissues. Therefore, THz imaging for biological tissues samples
detection has more advantages.
Increased attention has been paid by researchers to THz biomedical imaging in recent
years. The key application of THz imaging technology in the field of biomedicine is to extract information such as the absorption or refractive index distribution and morphological
characteristics of biological samples from the THz intensity and phase images. In 1995,
Hu and Nuss demonstrated the first THz imaging system and successfully imaged a chip
and leaf by transmission single-point scanning imaging [12]. According to the difference of
the working mode of the THz sources, the THz imaging technology is divided into terahertz
pulsed imaging (TPI) and continuous-wave (CW THz) THz imaging. The photoconductive
method and the optical rectification method are commonly used to generate THz pulses
in the THz-TDS systems. The photoconductive method uses high-speed photoconductor
materials as the transient current source to generate THz radiation by a self-mode-locked
Ti sapphire laser. The optical rectification method utilises the reverse process of the electrooptic effect of ZeTe or LiTaO3 to generate THz pulses, and the power of the radiation is
related to the incident radiation power and energy conversion efficiency. The measurement
of the TPI is a coherent measurement method, which can obtain both the amplitude and
phase information. To detect THz waveforms with the time-domain pulse THz systems,
both the electro-optic sampling method and the photoconductive antenna technology are
commonly adopted. The electro-optical sampling method has a wide detected bandwidth,
so it is suitable for full-field imaging [13,14]. The photoconductive receiver, by using the
coherent delay scanning detection method, can obtain the real-time power of the THz
waveform. This method can improve the signal-to-noise ratio (SNR) of the system, but the
structures of the TPI systems are complex.
The CW THz imaging systems work in a narrow frequency band and utilise the
scattering effect of the THz wave on the edge of the internal defect of the samples by
detecting the distribution of the intensity of the scattering effect. The average output
power of CW THz is higher than that of the THz pulse sources, although the peak output
of the pulse sources can be higher than 14 mW [8]. Furthermore, the geometry of the
CW THz imaging systems is compact and real time without additional pump optical
detection elements. Due to the above advantages, the CW THz imaging technology is
more suitable for biomedical detection. The CW THz sources include optically pumped
THz gas lasers [15], backward-wave oscillators [16], quantum cascade lasers (QCL) [17],
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and Gunn diodes. The detector can be divided into point scanning and area array detection
according to the working principle. The former includes the Schottky diode [18] and Golay
cell [19], and the latter includes microbolometer arrays and pyroelectric cameras [20,21].
Correspondingly, the CW THz imaging technology mainly includes CW THz single-point
scanning imaging, full-field imaging, and CW THz three-dimensional imaging. Each has
its different imaging system and advantages that are suitable for specific application
conditions. The following sections will introduce the characteristics of these methods and
their developments in the biomedical field.
This paper gives an overview of the current state of CW imaging methods and applications with biomedical samples. The principle and application conditions of the CW
THz point-by-point scanning imaging methods are presented in Section 2. The features
and application situations of the CW THz full-field imaging methods are detailed in Section 3. The characteristics of the CW THz three-dimensional imaging methods and its
biomedical applications are outlined in Section 4. In Section 5, recent research on CW
THz imaging technology for various biological tissues applications is discussed. Finally,
we summarise the current research status and challenge of CW imaging technology in the
field of biomedical applications and offer an outlook on future development.
2. CW THz Single-Point Scanning Imaging
The modern CW THz single-point scanning imaging system has become one of the
main measurement methods due to the advantage of high SNR, high spatial resolution,
and the simple principle of detection in the proposed CW THz imaging methods. CW THz
single-point scanning imaging geometry can be divided into transmission and reflection
mode measurement.
2.1. CW-THz Transmission Single-Point Scanning Imaging
The transmission single-point scanning imaging method requires the sample to be thin
with weak absorption of the THz radiation; the sample is placed at the focal position of the
incident beam and then scanned pixel-by-pixel by moving it along the X-Y direction using
Appl. Sci. 2021, 11, x FOR PEER REVIEW
4 of 27
a two-dimensional translation stage. An example of the imaging arrangement is shown in
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In 2017, Qin et al. used the DET-900 GHz THz emission with a frequency of 900 GHz
Confocal CW THz microscope imaging is extensively studied in order to improve the
to scan a dry leaf point by point, and the leaf veins could also be seen clearly [28]. The transresolution and SNR of the system. The principle of the optical confocal microscope is that
mission single-point scanning imaging system can be used to distinguish the different
the positions of the pinholes in front of both the sample and the detector are mutually
conjugated. The first pinhole filters out scattered light emerging from the laser. The second pinhole in front of the sample under investigation, and the last pinhole in front of the
detector, filter out the central region of the image, eliminating the corrupted light scattered
by the sample. Stray light can be filtered out by the confocal pinhole in front of the detec-
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components in the tissues, with a beam diameter less than 6 mm. In 2017, Shi et al. used the
CW THz transmission imaging system to image a fresh rat brain tissue with a thickness
of 40 µm by raster scanning [31]; the THz source was a CW THz gas laser (FIRL100, Edinburgh Instruments, Edinburgh, UK) with the output frequency of 2.52 THz. The THz image
size was 100 × 60 pixels with the scanning step of 250 µm. The lateral resolution of this
imaging system is 260 µm. Mathematical morphology was proposed for CW THz imaging
to improve the peak signal-to-noise ratio (PSNR) and suppress the complex background of
the reconstructed image. The edges of the rat’s brain tissue could be clearly identified from
the reconstructed image. In 2018, Yang et al. directly distinguished the bacterial colonies of
four bacterial species by using the transmission single-point scanning imaging system [32].
The source was an optically pumped CW THz gas laser (FIRL100, Edinburgh Instruments
Ltd., Livingston, UK). The THz frequency was fixed at 2.52 THz with an output power of
40 mW. Golay cells (GC-1P, Tydex Ltd., St. Petersburg, Russia) were used as the detectors.
The difference of THz absorption could be observed in the THz image, and each colony of
the four bacteria could be directly distinguished.
Confocal CW THz microscope imaging is extensively studied in order to improve
the resolution and SNR of the system. The principle of the optical confocal microscope is
that the positions of the pinholes in front of both the sample and the detector are mutually
conjugated. The first pinhole filters out scattered light emerging from the laser. The second
pinhole in front of the sample under investigation, and the last pinhole in front of the
detector, filter out the central region of the image, eliminating the corrupted light scattered
by the sample. Stray light can be filtered out by the confocal pinhole in front of the detector,
and submillimeter resolution can be obtained, while the resolution of the imaging system
is determined by the size of the scanning spot at the front of the sample [33].
In 2010, Salhi et al. designed the first confocal CW THz microscope scanning imaging
system based on a far far-infrared gas laser at a frequency of 2.52 THz and a Golay cell
detector [23]. The THz radiation passed through a pinhole with a diameter of 1 mm
and imaged a single point of the sample onto the focus plane. The size of the pinhole
located in front of the detector was 0.5 mm, and it was used to produce additional spatial
filtering, which might lead to a better resolution of 0.46 mm, while the resolution along
the optical axis of the imaging system was 0.4 mm. A fresh leaf was selected to test the
spatial resolution. The veins in the leaf had low transmissivity to the THz radiation and
were represented as dark regions in the THz image. The results revealed minute details of
the leaf vein structure with a submillimeter resolution.
In 2012, Cumis et al. designed a confocal microscopic imaging system based on a
2.9 THz QCL [25]. The size of the first pinhole was 200 µm as a spatial filter to obtain
the point source, and the size of the pinhole was 300 µm in front of the detector. Lateral
and axial resolutions of 70 µm and 400 µm were detected. The size of the focus beam
spot was 132 µm by using the scanning knife-edge method. A fresh leaf was imaged
at a step of 50 µm within the selected local detection area of 200 × 200 pixels. In 2014,
Zhang et al. performed transmission single-point confocal imaging with dried spiders
and ants at 2.52 THz [34], the CW THz experiment setup used the SIFIR 50 THz laser and
emitted 2.52 THz with average output power was above 50 mW. The scanning step was
0.1 mm, and the spatial resolution was 145 µm. In 2012, Kim et al. used a horn antenna to
replace the pinhole in front of the sample [35] and improved the resolution by increasing
the transmission power. CW radiation at 0.2 THz was generated by the Gunn oscillator,
and a Schottky diode as detector was used to scan red ginseng point by point, obtaining a
THz image with a resolution of 500 µm.
Although the transmission mode imaging system has high resolution and good contrast, it is more restricted with fresh biological samples of moderate absorption, which is
caused by the THz radiation being strongly absorbed by water. Unfortunately, the preparation of thin specimens with exact thicknesses is difficult. So, the reflection mode imaging is
more common for biological tissues of strongly absorbing or scattering samples.
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In 2014, Gyeongsik et al. design a CW THz reflective high-speed point by point
scanning imaging system with the frequency of 0.21 THz and a Schottky diode detector [36].
The high scan speed was 15 s/frame and was improved by an aspheric f-theta scanning
lens, the scan area was 100 × 150 mm, and the spatial resolution was nearly 4 mm. Peanut
shells were used as samples to demonstrate this THz imaging system for food quality
inspection. The THz images showed that all the peanuts in their shells could be clearly
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identified. In 2015, Sung et al. obtained the reflectivity maps of the central corneal thickness
of rabbits in vivo based on the amplifier–multiplier chain (Virginia Diodes, Charlottesville,
VA, USA) at 650 GHz [37]. The curved surface of the cornea was scanned at normal
incidence. The intensity image could measure the change of water content in the corneal
tissue, thus predicting many pathologies. In 2020, Wang et al. performed the THz reflection
imaging of an ex vivo rat brain tissue sliced into frozen sections of 10 µm [39]. The THz
source was a CW THz laser (Edinburgh Instruments, FIRL100). The scanning area of the
sample was 51 × 59 pixels, the scanning speed was 13 pixels/s, and the scanning step
was 250 µm. The reflected information was collected by the Golay cell detector (TYDEX,
GC-1P). The THz images showed that a tumour could be accurately distinguished from
normal tissue and background.
The biggest advantage of the reflection imaging method is that it is more suitable
for the actual preparation of biological samples, but the SNR and imaging contrast are
lower than the transmission measurement. Therefore, both transmission and reflection
measurement possess their own advantages and are complementary with each other.
The appropriate imaging method should be chosen according to the characteristics of the
tested sample and experimental conditions.
2.3. CW-THz Polarisation Single-Point Scanning Imaging

Appl. Sci. 2021, 11, x FOR PEER REVIEW

Similar to the amplitude detection, high-performance and active polarisation detection can be realised with the polarisers. The polarisation of the beam will affect the
imaging results of the detected samples. When the line polarised beam is incident on the
sample, the two images can be obtained by co- and cross-polarised detection, and the
scattering information of the surface of the tissue can be obtained by subtraction. Since
the Fresnel signal comes from the interface plane between the glass and air with ordinary
reflective single-point scanning imaging geometry, the cross-polarised detection can avoid
the above situation.
In 2013, Doradla et al. proposed a reflective CW-THz single-point scanning imaging
system to acquire images of ex vivo fresh human colonic with a spatial resolution of 0.6 mm
and 5 mm thick colorectal tissues sections, the schematic of which is depicted in Figure 3.
A CO2 optically pumped far-infrared gas laser operating at 584 GHz (513 µm) was used
as the THz laser, and a liquid helium-cooled silicon bolometer was used as the detector.
The reflectivity of the cancerous region of colon tissue was significantly different from that
of the normal tissue shown in the THz images [41]. The cross-polarised (CRP) reflective
THz imaging system was able to show a good contrast between normal and cancerous colon
tissue and eliminate the interference caused by specular reflections. In 2014, Joseph et al.
promoted reflective polarised single-point scanning imaging geometry based on the same
THz laser and the detector [40]. Rotating the polariser located before the sample by 90◦
could obtain CRP images. The results correctly showed the CRP THz intensity images of
the location of the non-melanoma skin cancer tissues. The CRP and co-polarised (COP)
7 of 27
images could be subtracted to show the morphological characteristics of the tissue. The full
width at half max was 0.67 mm at the sample surface.

Figure
3. Schematic
of co- and
CW-THz reflection
imaging.
Figure
3. Schematic
of cross-polarised
co- and cross-polarised
CW-THz
reflection imaging.

They further modified a CW THz circular polarisation-sensitive detection technique
for the edge of a tumour in 2016, adding a quarter-wave plate (QWP) to the original linear
polarisation-sensitive detection system before the sample at 584 GHz [42]. Fresh ex vivo
human non-melanoma skin cancer sections with 5 µm thickness were imaged to demon-
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Figure 3. Schematic of co- and cross-polarised CW-THz reflection imaging.
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2.4. CW THz Attenuated Total Reflection Imaging
CW THz reflection imaging systems often use a quartz plate or poly acrylic window
to eliminate the inhomogeneity of the sample, which is inevitable for the sample surface.
By contrast, CW THz attenuation total reflection (CW THz-ATR) imaging geometry is
adjusted to the image for liquid, powder, or thin film samples without further preparation.
Additionally, it can obtain the exact absorption distribution of the sample [43]. The samples
are directly deposited on top of a prism. If the incident THz beam on the top surface of the
prism has a higher refractive index n1 and the surface of the sample has a lower refractive
index n2 , then the refraction angle will exceed the incident angle θ c (θ c = arcsin (n2 /n1 )).
When the incident angle increases to a certain degree, the refraction angle becomes 90◦ ,
and ATR occurs [44]. At this time, not all of the THz beam returns from the surface of
the prism, but it transmits into a depth of wavelength magnitude and is absorbed by the
sample along the interface, and then shot out from the prism along the direction of the
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In
In2013,
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etal.
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completed aa THz
THz fiber-scanning
fiber-scanningnear-field
near-fieldimaging
imagingsystem
systembased
based
on a Gunn oscillator at the frequency at 300 GHz as the source and a Schottky diode as
on a Gunn oscillator at the frequency at 300 GHz as the source and a Schottky diode as
the detector [48]. The THz beam was focused into a polyethylene fibre with a diameter
of 240 µm. A bull’s-eye metallic spatial filter was integrated behind the fibre to improve
the spatial resolution of 240 µm (<λ/4) [49]. The scanning area was 10 × 10 mm with
a scanning speed of 100 pixel/min, and the time consumed was 30 min. According to
the absorption distribution from the THz images, human liver cancer tissue and normal
tissue were clearly identified and matched the investigation by pathological H&E staining
inspection. At the same time, the group found that not all the THz images of the tissues
could be matched with the pathological micrographs through the features of size and
shape. This was because the fatty tissue was easily washed out by acetone during the H&E
staining process, which caused the sample to be deformed or even lost.
In order to break through the diffraction limit and achieve super-resolution imaging,
it is necessary to record the evanescent signal within the sample surface (<λ). Therefore,
the working distance between the sample and the detector should be very close to satisfy
the requirements for near-field detection. THz waveguides are a good choice for near-field
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In
2018,
Chernomyrdin
et
al.
developed
CW-THz
solid
≃ 1.54) and a truncated sphere made of high-resistivity float-zone silicon (nHRFZ-Si ≃ 3.415).im(SI) microscopy
imaging
with
a spatial
resolution
of 0.15
[53,54].
Themersion
THz images
areas was 4reflection
mm × 4 mm
of a leaf.
The
resolution
depended
on λthe
size ofIt is
based on a 0.5 THz BWO source and a Golay cell detector. The system is composed of a
large numerical aperture through an aspheric lens consisting of a high-density polyethylene (nHDPE ' 1.54) and a truncated sphere made of high-resistivity float-zone silicon
(nHRFZ-Si ' 3.415). The THz images areas was 4 mm × 4 mm of a leaf. The resolution
depended on the size of the focused THz beam spot, and it broke the Abbe diffraction limit.
The sub-wavelength structural information in the tissues was clearly viewed from the THz
images, such as veins. The THz intensity of the leaf veins was greater than the surrounding
area, which may be related to the difference in water content, density, and tissue structure.
2.6. CW-THz Single-Point Phase Contrast Imaging
The amplitude images can distinguish the area of the diseased tissue from the normal tissue, but it cannot obtain the information of the thickness and refractive index of
the diseased tissue. This information can be interpreted through phase contrast imaging.
CW THz single-point phase contrast imaging includes self-mixing detection and heterodyne detection [24,55]. The electro-optic modulator generates the THz beam and detects
the THz signal reflected from the sample surface, the THz detector uses a self-mixer on the
receiver side and then transmits signals along the opposite direction of the external cavity
module of the laser to the output port of the THz laser, where the self-mixing effect occurs
in the cavity of the laser.
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CW THz single-point scanning imaging can obtain high-quality THz images, but the
temporal and spatial resolution of the imaging system are limited by the size of the scanning
step and scanning speed. In addition, the mechanical errors caused by the translation
platform in the scanning process will indirectly affect the imaging quality. With the
increasing sensitivity of focal-plane array detectors, the full-field detection technology not
only realises real-time imaging but also improves the imaging spatial resolution.
3. CW THz Full-Field Imaging
Since the CW THz full-field imaging approaches require fewer optical components
compared to THz scanning ones, image acquisition will be faster, and it has been developed
into another coherent imaging technique of choice in biology. Employing array detectors
to realise a higher speed of data collection, CW THz digital holography (CW TDH) and
CW THz ptychography are being developed.
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3.1. CW THz Full-Field Amplitude Imaging
In 2017, Wen et al. achieved full-field THz imaging based on a self-developed uncooled
supramolecular array detector (128 × 128 pixels) for fresh spiders and dehydrated mint
leaves [57]. The main and branch vein of the leaf could be clearly identified from the THz
images. The fresh spider sample had a higher water content, so the THz radiation could
not penetrate it completely, but the image showed some detailed features clearly, including
its eight legs and tail. In 2019, Zhang et al. presented a THz transmission amplitude
imaging setup based on a microresonator frequency comb (microcomb) with a frequency
of 331 GHz and a THz focus-plane array camera (32 × 32 pixels) [58]. Two peanuts were
placed ≈135 mm away from the detector with a spatial resolution of 1.5 mm. The two
peanuts had different structures, one shell containing two nuts and the other containing
one nut. The THz images showed that the intensity distribution was lower, which was
caused by the fresh nuts having strong absorption of THz radiation.
3.2. CW THz Digital Holography
Continuous-wave THz digital holography (CW TDH) is an essential full-field, realtime two-dimensional quantitative phase contrast imaging approach, which has the advantage of high spatial resolution. It can obtain the distributions of amplitude and phase
without scanning. By recording the diffraction field information of the object or the interferometric pattern formed by the object and the reference beam, the amplitude and phase
information of the wavefront of the object are then reconstructed by the digital numerical
calculation [59]. The TDH scheme can be divided into in-line and off-axis TDH according
to the angle between the reference and object beam in the detecting plane [60,61].
In 2014, Rong et al. investigated an in-line CW TDH based on a 2.52 THz FIRL 100
and pyroelectric (PY-III) array detector, as shown in Figure 8 [62], which eliminated the
twin images through the iterative phase retrieval and reconstructed the amplitude and
phase images of a dragonfly’s rear wing by recording a single hologram. In addition,
the high-frequency information was obtained by the extrapolation of holograms, and the
cross veins of width 35 µm could be observed in the reconstructed THz image. In 2016,
Huang et al. used a QCL source and a microcalorimeter detector to form an in-line CW
TDH arrangement [63]. The synthetic aperture method was adopted to expand the size
of the hologram from 320 × 240 pixels to 660 × 580 pixels, corresponding to improving
the resolution from ≈253 to 125 µm, and the recording distance and the wavelength
respectively were 14.75 mm and 97 µm. The subpixel image registration algorithms could
reduce the subpixel displacement error of the sub-holograms before the synthetic process.
Finally, the phase retrieval method was used to reconstruct the distribution of the amplitude
and phase of the sample. The basic outline of the dehydrated mosquito could be observed
in the reconstructed images. In 2019, Li et al. further modified the in-line CW THD system
based on a 4.3 THz QCL and a microbolometer detector [64,65]. Both the synthetic aperture
algorithm and shortening the distance together can improve the resolution. The autofocus
algorithm was used to find the most accurate recording distance, and a sparsity-based
phase retrieval algorithm could solve the twin-imaging problem. The lateral resolution of
the reconstructed intensity image was up to 70 µm at the shortest recording distance of
≈13.5 mm. The phase contrast images of a cicada’s wing, a beetle’s leg, and a spider were
all high-quality reconstructions.
Although the geometry of the in-line CW TDH is simple, shortening the recording
distance can enhance the resolution, but the problem of twin-image caused by the propagation of the object and reference beams in the common path can be eliminated only
by a phase retrieval algorithm or the phase-shifting method [66], which waste more time
during the numerical reconstruction. The size of the object must be smaller than the incident beam to adopt such a scheme, or it should present a weak absorption distribution
of THz. To overcome the above problems, an independent reference beam is introduced
by the THz beam splitter, where the interference between it and the object beam form an
off-axis hologram. The off-axis TDH allows relatively easy reconstruction of a complex
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amplitude wavefront distribution of the sample in real time. The off-axis scheme not
only has no limitation on the size of the tested object, but it can also carry out reflection
mode imaging and obtain the complex amplitude wavefront distribution. In 2015, Locatelli et al. determined an off-axis CW TDH imaging device based on a Mach-Zender
interferometer [67]. The imaging system is shown in Figure 9. The system adopted a
2.8 THz QCL (power: 4 mW, operating temperature: ≈ 20 K), and recorded holograms by
micro-bolometer focal plane arrays of 640 × 480 pixels. The laser beam was divided into
two beams of comparable intensities: the so-called object beam, which was directed toward
the sample, and the reference beam, which was directed toward the camera. The system
Appl. Sci. 2021, 11, x FOR PEER REVIEW
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Figure 9. Schematic layout of the setup of off-axis CW TDH.
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3.3. CW THz Ptychography Imaging
3.3. CW THz Ptychography Imaging

Although the advantages of the digital holographic imaging are full-field and real
time while the field-of-view (FOV) is limited by the size of the illumination beam. CW THz
ptychography is a lensless coherent diffraction large field-of-view phase contrast imaging
method, which can retrieve the complex amplitude distribution of the sample robustly
from a set of diffraction patterns originating from overlapping sample illumination areas.
Both the probe function and the complex transmittance function of the sample can be
retrieved respectively by the extended ptychographical iterative engine (ePIE) algorithm
without a reference beam. However, the long acquisition time of the ptychography imaging
method limits its wide use.
In 2019, Rong et al. applied a CW THz ptychography imaging system consisting of an
FIRL 295 at 2.52 THz and a pyrocam III detector to image the forewing of cicadas, as shown
in Figure 11 [70]. The reconstruction quality was seriously affected by the incorrect probe
position during the process of recording the diffraction information. The translation
error was minimised to 0.01 pixel by a probe position correction method based on crosscorrelation registration on overlapped regions of the object wavefront. It was easy to
distinguish between the subcostal and the first radius vein by correction. The optical
thickness of the fourth meridian R4 measured was 9.30 µm, which was in good agreement
with the results measured by the self-referencing common-path CW TDH method in the
previous section.
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methods. THz radiation is non-ionising, which is safe for biomedical samples. Recently,
THz imaging technology has made some progress in identifying the intrinsic characteristics of cancer tissue samples. As a result of the abundant blood vessels or tissues oedema,
tumour tissues usually contain much more water than normal tissues do. Since THz is
more sensitive to the absorption of water, it can distinguish cancer and normal tissues
according to their water content. Furthermore, the intensity of the THz images will vary
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between cancer tissues and normal tissues can be observed through various imaging
methods. THz radiation is non-ionising, which is safe for biomedical samples. Recently,
THz imaging technology has made some progress in identifying the intrinsic characteristics
of cancer tissue samples. As a result of the abundant blood vessels or tissues oedema,
tumour tissues usually contain much more water than normal tissues do. Since THz is
more sensitive to the absorption of water, it can distinguish cancer and normal tissues
according to their water content. Furthermore, the intensity of the THz images will vary
according to the changes in tissue composition, such as structural changes in the cirrhotic
cells [74]. The main applications of CW imaging technology focus on animal tissues in
and ex vivo, and only a small amount of research has so far focused on superficial human
tissues such as skin and ex vivo breast tissues.
5.1. Tumour Tissues
When the THz beam passes through the network structure of the water molecules,
the hydrogen bonds of water oscillate and excite resonance, and the dipole direction
of the water molecules rotates and relaxes to form a new network structure of water
molecules. Many interactions are formed between water molecules in picosecond time,
so the absorption of THz radiation by water molecules is very strong [75]. Most biological
tissues have high water content and strong absorption characteristics for THz radiation,
depending on the tissues type and THz frequency. THz detection technology is limited to
the surface features of the tissues because the depth of THz radiation penetrating tissues
is limited to hundreds or even tens of microns, and the reflective measurement is more
suitable for measuring hydrated ex vivo tissues compared with transmissive detection.
Many in and ex vivo tissues can be THz imaged by utilising the strong interaction between
THz radiation and water, such as fibrous connective tissues of the breast with about 60–75%
water content [76], which have a high refractive index and absorption coefficient in the
THz frequency range. Oh et al. imaged a fresh mouse brain tumour and the same tissue
completely dehydrated, and they found that the refractive index and absorption coefficient
of the dehydrated brain tumour diminished [77]. In recent years, many optimised methods
such as paraffin embedding [78], tissue freezing [79], and glycerol [80] have been proposed
to enhance the penetration depth of THz radiation with biological samples.
5.1.1. Non-Melanoma Skin Cancers
Non-melanoma skin cancers (NMSC) mainly include basal cell carcinoma (BCC, 74%),
skin squamous cell carcinoma (CSCC, 23%), and other cancers, and their incidence has
been an upward trend in recent years. These cancers mostly grow continuously from
a single nidus, and complete surgical resection is the preferred treatment option [81].
Traditional surgery often removes excessive normal tissues or leaves behind residual
tumour tissues, so the judgment of the precise boundary between the tumour and normal
tissues is essential for surgery, and CW THz imaging can provide a valuable reference for
the determination of surgical tumour margins. In 2011, Joseph et al. utilised two lasers at
1.39 and 1.63 THz frequencies to image ex vivo NMSC tissues by transmissive scanning
imaging [82]. The NMSC tissues were soaked in pH-balanced saline in order to remain
fresh for a long time. The tryptophan content increased in the cancer tissues, leading to an
increase of the water content. The absorption characteristics of the THz waves by tissues at
1.4 THz depended on the water content and tryptophan, but at 1.6 THz, they related only
to the water content, because the tryptophan was not significantly absorbed at 1.6 THz.
The refractive index and absorption coefficient of the skin were respectively 20 mm−1 and
2500 mm−1 at 1.4 THz, and the spatial resolution was 0.39 mm. In contrast, the refractive
index and absorption coefficient were respectively 18 mm−1 and 3000 mm−1 in the same
condition at 1.6 THz, and the spatial resolution was 0.49 mm. In evaluating the imaging
results, they found that the H&E histology results were in good agreement with the THz
images, and also that the difference in transmittivity between the tumour and normal
tissues was about 60%. Although CSCC only accounts for 23% in NMSC, it invades the
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fatty tissues under the skin and spreads to the lymph nodes or distant tissue parts. In 2014,
the same research group imaged frozen CSCC tissues slices based on cross-polarised THz
reflective imaging system that is shown in Figure 3 [40]. A good consistency was found
between the THz images and H&E histology images. The intensity of the tumour regions
was higher in the cross-polarised THz images, indicating the lack of collagen and partial
structural damage in the cancerous areas. Further, they found that the THz images had a
higher contrast between the tumour and normal tissues. In 2016,
the same research group
Appl. Sci. 2021, 11, x FOR PEER REVIEW
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Figure 13. THz solid immersion microscopy of soft biological tissues with the spatial resolution
of 0.15 λ: (a) Photo of an ex vivo human breast tissue specimen; (b) THz SI microscopy image of
human breast tissue; (c) The diagnosis of the breast tissue specimen as confirmed by histology [54].
Copyright © 2018, AIP Publishing. All rights reserved.

Appl. Sci. 2021, 11, 71

17 of 26

5.1.3. Brain Glioma
Brain cancers are common malignant diseases in neurosurgery, and brain glioma is
the highest incidence brain cancer. The current treatment for glioma is a combination
of surgical resection, radiotherapy, and chemotherapy. The effect and prognosis of the
traditional treatment are not good, so the earlier the glioma is discovered, the more effective
the treatment can be for the patients [86]. Correct boundary division between normal and
cancerous tissues is important for surgery and the treatment of brain glioma. In 2019,
Wu et al. demonstrated the reflected CW THz imaging system that showed in Figure 2a
with human brain cancer tissues in and ex vivo and visualised the cancer tissue areas clearly
in both fresh resected and paraffin-embedded tumour sections [87]. Then, they utilised
the same system to image the frozen sections of mouse brain cancer ex vivo and found
good consistency with other traditional methods, including H&E staining, computed
tomography, magnetic resonance imaging, and fluorescence imaging. The difference
between normal and mouse cancer brain tissues is because of the increased water content
in cancer tissues, which is caused by new blood vessels, body fluids through necrotic debris,
and changes of the cell density [88]. The structure of normal brain tissues is complete,
regular, and orderly. On the contrary, due to the infinite growth of malignant tumour cells,
the structure of brain glioma tissues becomes deformed, dense, and irregular. Single-point
scanning THz imaging technology can distinguish normal brain from cancer tissues by
detecting the structure and shape of the glioma, providing a new tumour detection method
as the basis for clinical application of detecting brain glioma disease.
5.1.4. Human Colon Tissues
Colon cancer, with the highest incidence in the 40–50 years old age group, is a common
malignant tumor of the digestive tract in the colon and often occurs at the junction of
the rectum and the sigmoid colon. It is asymptomatic in the early stage, but abdominal
distension and indigestion can occur in the middle and late stages [89]. In 2016, Wahaia et al.
imaged human dehydrated colon tissue resections embedded in paraffin of 2 mm thickness
and 0.5 mm spatial resolution, using high-resolution transmissive and reflective imaging
technologies at 590 GHz [90]. The contrast of THz wave absorption between the tumour
and normal tissues reached 23%, and the colon cancer tissues had higher absorption and
reflectivity, which distinguished cancer tissues from normal tissues. They also used the
same system to image fresh samples and reached the same delimitation conclusion, which
meant that the high water content in THz images could distinguish cancer and normal
tissues in both fresh and dry samples. The imaging system could also distinguish the
tumour stages, such as pT3 type (underdeveloped) and pT4 type (slightly developed).
Due to the thickness and unevenness of samples, extracting accurate parameters (such
as absorption) from the THz images is challenging. In recent years, some optimised
CW imaging systems were developed to improve the imaging accuracy, such as THz
polarisation imaging technology. In 2013, Doradla et al. used an optically pumped farinfrared molecular gas laser to produce the frequency of 584 GHz, the reflective polarisation
THz imaging system as shown in Figure 3, and they imaged fresh human colon sections
with 4–6 mm thickness by reflective polarisation THz imaging with a 0.6 mm spatial
resolution [41]. The normal and cancerous tissues have a sharp contrast in their absorption
of THz waves, so the boundary of the colon tumours can be clearly identified in Figure 14.
For the minimally invasive diagnosis of malignant tumor, CW imaging technology can
be applied to the diagnosis and treatment methods, such as endoscopic and laparoscopic
surgery. In 2016, the same group demonstrated a THz endoscopic system at 584 GHz to
visualise human colon cancer tissues using the THz transmissive and reflective co- and
cross-polarised imaging methods [91]. The boundary of the cancer tissues could be clearly
observed from the cross-polarised THz images, paving the way for THz endoscopic system
clinical applications in colon cancer detection.
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Figure 14. Two datasets corresponding to different tissue samples. Photographs of normal and
cancerous colon tissue and cross-polarised THz image. “N” and “C” represent normal and cancerous
respectively: (a,d) Photographs of normal and cancerous colon tissue; (b,c) The cross-polarised THz
image of the normal and cancerous colon tissue. Reproduced from [41] CC BY 4.0.

5.1.5. Liver Cancer
There are no obvious symptoms in the early stage of liver cancer, and by the time
the patient feels pain or obvious discomfort of the liver, the condition of the liver cancer
has mostly entered into the middle or late stages. Therefore, the early detection and
treatment of liver cancer are necessary for high-risk groups of liver cancer patients [92].
In 2015, Rong et al. used the in-line CW TDH method shown in Figure 8 for the first
time to image frozen liver cancer tissue slices with sizes of 3.2 mm × 2.3 mm × 30 µm
thick [93]. The digital photo of the sample is shown in Figure 15a. This method proposed
the phase reconstruction algorithms of in-line digital holography optimised from the terms
of the constraint conditions and initial value optimisation, which improved the calculation
efficiency. They also used the subpixel micro-shift and extrapolation algorithms to improve
the reconstruction accuracy. With the THz images, they obtained the absorption and phase
contrast distribution of the tissue slices as shown in Figure 15c,d. The tissue fibrosis and the
signs of cirrhosis could be clearly observed from the intensity images. The micro vessels
in the tissue slices could be viewed from the phase contrast image, which indicated that
more detailed tissues information was reconstructed in the THz
phase distribution image,
Appl. Sci. 2021, 11, x FOR PEER REVIEW
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and that was of great significance for the detection and treatment of early liver cancer.

Figure 15. The CW THz in-line holography of human liver cancer sample: (a) Photo of the liver
Figure 15. The CW THz in-line holography of human liver cancer sample: (a) Photo of the liver
cancer sample; (b) In-line THz hologram; (c) The reconstructed amplitude and (d) phase images.
cancer
(b) In-line
THz information.
hologram;The
(c)tissue
Thefibrosis
reconstructed
The
phasesample;
image contains
more structural
arrows pointamplitude
to a sign of and (d) phase images.
cirrhosis that was untreated and developed into liver cancer. Adapted from [93] under the terms
The phase image contains more structural information. The tissue fibrosis arrows point to a sign of
of the Creative Commons Attribution 4.0 License.

cirrhosis that was untreated and developed into liver cancer. Adapted from [93] under the terms of

5.3.
theBones
Creative Commons Attribution 4.0 License.
The skeleton of most vertebrates is composed of hard bones, which not only support
and protect the vital organs in the body but also play an important role in maintaining
normal life activities. The imaging principle and setup of the CW THz-CT imaging technology have been described in Section 4, and this method can be applied to 3D imaging
the biological hard tissues such as teeth and bones. The effect of water absorbing the THz
waves becomes less because of the low water content of hard tissues, so clear structural
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5.2. Traumatic Brain Injury of Rat
Traumatic brain injury (TBI) is defined as damage exceeding the protective ability of
the brain caused by external mechanical forces, such as squeezing, falling, and exploding,
with high mortality and disability rates [94]. Therefore, the diagnosis for different degrees
of TBI is important for early care and clinical treatment. In 2018, Shi et al. demonstrated a
transmissive THz imaging system that is shown in Figure 1 to collect the intensity information of eighty TBI sample slices of mouse by raster scanning imaging [95]. Subsequently,
they proposed a machine learning method for TBI recognition and automatic evaluation
as well as a feature extraction method for TBI images. Then, they established a feature
database of TBI images to classify different degrees of TBI combined with a machine
learning method, achieving 87.5% classification accuracy. The automatic classification and
intelligent methods are significant in enabling the surgeon to distinguish different types
and degrees of TBI for carrying out clinical treatment.
5.3. Bones
The skeleton of most vertebrates is composed of hard bones, which not only support
and protect the vital organs in the body but also play an important role in maintaining
normal life activities. The imaging principle and setup of the CW THz-CT imaging technology have been described in Section 4, and this method can be applied to 3D imaging
the biological hard tissues such as teeth and bones. The effect of water absorbing the THz
waves becomes less because of the low water content of hard tissues, so clear structural
information of dehydrated tissue can be obtained by CW THz-CT imaging technology.
In 2012, Bessou et al. used 0.3–2.75 THz to image a dry human lumbar vertebra and skull,
indicating that dense bones had higher THz absorption at 110 GHz than spongy bones.
THz imaging provides many similarities with real objects [96]. The THz images could
easily obtain abundant information on the absorption, refractive index, and the density
distribution of bone tissues.
The chicken ulna is composed of the diaphysis and proximal epiphysis. The interior
proximal epiphysis mainly includes spongy bone with a dense grid shape. From the
outside to the inside of the two-dimensional cross-section view, the proximal epiphysis is
respectively composed of the periosteum, compact bone, spongy bone, and bone marrow.
In 2018, Li et al. combined CW THz technology with CT to image the internal structure
of a dry chicken ulna; the schematic of the THz-CT imaging system is shown in Figure 12.
They obtained two-dimensional cross-sectional images with different diameters of five
positions of the sample [97]. The backward-wave oscillators and a Golay cell detector were
utilised to build the imaging system. Furthermore, they used the filtered back projection
(FBP) algorithm to reconstruct the two-dimensional cross-sectional images of the samples.
Position I and position II were located in the backbone of the chicken ulna, as shown in
Figure 16a. There was an irregular pattern of light and shade in the central part of the
cross-sectional THz images, as shown in Figure 16c,e, because the liquid bone marrow
and spongy bone marrow in the marrow cavity had different absorption coefficients for
THz radiation in dry samples. The reconstructed cross-sectional images and the change of
absorption coefficient from position I to position V indicated that the closer to the proximal
epiphyseal bone, the smaller the marrow cavity.
A brief overview of the data is given in Table 1. It shows the CW THz imaging studies
with biomedical samples that have been conducted in the last 10 years.
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Figure 16. The reconstructed image of the chicken ulna obtained with CW THz-CT: (a) Schematic
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A brief overview of the data is given in Table 1. It shows the CW THz imaging studies
with biomedical samples that have been conducted in the last 10 years.
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tissues containing single fat
cells and their agglomerates
with 0.15 λ resolution

Chernomyrd et al., 2018
[54]

Fresh brain tissues of mouse

CW THz reflection imaging
system at the frequency of
2.52 THz

The tumour regions of in vivo
and ex vivo brain tissues could
be well distinguished and
corresponded closely with
H&E-stained images results
with a resolution of 600 µm

Wu et al., 2019 [87]

Dehydrated human colon
tissues

Transmission and reflection CW
THz imaging system working at
590 GHz

A contrast of 23% between the
neoplastic and control tissues.
The possibility of distinguishing
adenocarcinoma-affected areas
even without water in the tissue

Wahaia et al., 2016 [90]

Fresh human colonic excisions

Reflection CW THz polarisation
imaging system working at
584 GHz

Good contrast between normal
and tumorous tissues with a
resolution of 600 µm

Doradla et al., 2013 [41]

Human hepatocellular
carcinoma tissue

CW THz digital in-line
holography imaging system
working at 2.52 THz

The indication of fibrosis in the
liver cancer tissue could be
observed from the THz phase
image, and the appearance of
healthy liver tissue was more
homogeneous than that of the
cancerous tissue with a
resolution of 158 µm

Rong et al., 2015 [93]

Traumatic brain injury tissues

CW THz transmission imaging
mode working at 2.52 THz
based on machine learning

The highest classification of
different degrees of TBI
accuracy was up to 87.5%

Shi et al., 2018 [95]

Human lumbar vertebra,
coxal bone, and skull

CW THz CT imaging system
working at 110 GHz

Compact bone exhibits higher
THz absorption than spongy
bone at 110 GHz. The THz
radiation was absorbed by the
vault bones

Bessou et al., 2012 [96]

Chicken ulna

CW THz CT imaging system
working at 0.279 THz

The complex internal structure
of the chicken ulna at different
sections could be obtained

Li et al., 2018 [97]

Human breast specimen

SI: solid immersion, CT: computed tomography, LP: linearly polarised, CP: circularly polarised.

6. Conclusions and Perspectives
This paper mainly reviews the methods of CW THz imaging as applied in biological
imaging in recent research. We first introduce the characteristics of THz radiation, which
can be used in biomedical detection. Compared with the TPI system, the geometry of the
CW THz imaging system is simpler and more stable, and most such systems enable realtime detection at room temperature. The size of the optical elements in the imaging system
will make it easier to achieve the development of miniaturisation and portability in the
future. Secondly, we introduce many methods of CW THz single-point amplitude imaging,
including full-field imaging and three-dimensional imaging. The CW THz transmission
and reflection single-point scanning imaging systems are the most frequently used amplitude imaging method according to an analysis of various imaging systems. The internal
structure of tissues can be accurately distinguished by measuring the distribution of the
absorption and reflectivity in the THz radiation. Most of the information on the biological
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tissue obtained by CW THz phase contrast imaging and CW THz-CT imaging, such as the
refractive index and thickness information of the tissue, can be converted into the complex
refractive index, and all of this information contributes to the diagnosis of early-stage
cancer. Sub-wavelength imaging resolution can be obtained by the imaging method of
CW THz confocal scanning microscopy and near-field microscopy. CW THz differential
detection can improve the SNR of reconstructed imaging, while polarisation THz imaging
obtains accurate amplitude images of the samples without the strong Fresnel reflections
from the sample–holder interfaces. The algorithms of the extrapolation, sub-pixel matching,
and synthetic aperture are all used to enlarge the size of the detector to improve the resolution of the reconstructed images. Finally, the status of these imaging methods in biomedical
sample detection is introduced. Based on all these imaging methods, the CW THz full-field
phase contrast imaging and 3D imaging should be further explored. The former can not
only realize the real-time imaging but also calculate the refractive index distribution of
the measured object through the phase information. This has a very great significance for
recognizing the structure and properties of some biological slices. The 3D imaging can
observe the defects and injuries of the internal structure of biological tissues. This intuitive
imaging method can be helpful to doctors to make a more accurate clinical diagnosis.
Fresh biological samples retain the water content in tissues, but THz radiation is
sensitive to water content, which has both pros and cons for experimental research. On the
one hand, the water content enables the distinction between cancerous and normal tissues
in the THz images. On the other hand, the detection results are affected by the distribution
of the THz absorption by the water, which may be high enough to limit the THz penetration
of the tissues. In this case, sample pretreatment such as freezing, formalin fixation, paraffin
embedding, etc. may be helpful. In addition, if the thermal radiation effect of a sample is
detected for too long in transmissive imaging, the soft tissue structure will be broken due
to the strong THz radiation absorption by water. It is necessary to ensure the fixation of
tissues with the above methods or use reflective imaging and THz-ATR imaging.
A biopsy is a common method to diagnose tumours, but it is tedious and timeconsuming as well as traumatising for the boundary of the tumour area. In addition, while
X-ray CT imaging and magnetic resonance imaging (MRI) are also available for tumour
diseases, the patient needs to be subjected to higher radiation doses. Therefore, because THz
imaging has the advantages of a short imaging time, free labelling, and smaller radiation
doses for patients, it has become a significant research topic in recent years. THz imaging
allows the accurate distinction of tumours and normal tissue, but few studies have been
able to illuminate the mechanism that causes this contrast. The fact of the high absorption of
THz radiation by water contained in the organism is a crucial reason for the low penetration
depth of THz waves. Therefore, the non-invasive feature of THz radiation can only be used
for in vivo imaging except in the case of skin cancer. Currently, H&E-stained histology is
used to determine the area of tumour resection, but it is time-consuming. So, sometimes,
tissue freezing is used for ex vivo THz measurements, but this method sometimes leads to
destruction of the tissue structure. Thus, THz imaging technologies applied in biomedicine
still face the following challenges, which impede their clinical application.
(1)

(2)
(3)
(4)

The lack of high sensitivity, large dynamic range, and large number of pixels challenge
the development of THz array detectors for the observation and recording of biological
samples in real-time.
The lack of multiple and flexible THz beam shaping devices to achieve diffractionlimited spatial resolution and high-quality THz images.
The lack of THz waveguides for lossless transmission to access tissues.
The lack of an effective method to sustain the activity of tissue samples for a long
time through THz imaging acquisition.

THz imaging technology is an interdisciplinary research field at an early stage.
Many of the imaging systems described in this article rely on the performance of the highperformance THz source, detector and imaging system. Biological tissue measurements
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based on modern THz instruments and methods require the cooperation of physicists,
engineers, and medical personnel to be developed in the future.
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