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Abstract
Terahertz (THz) imaging is progressing as a robust 
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platform for myriad applications in the field of security, 
health, and material science. The THz regime, which 
comprises wavelengths spanning from microns to mil
limeters, is non-ionizing and has very low photon energy: 
Making it inherently safe for biological imaging. Colorectal 
cancer is one of the most common causes of death in the 
world, while the conventional screening and standard of 
care yet relies exclusively on the physician’s experience. 
Researchers have been working on the development 
of a flexible THz endoscope, as a potential tool to aid 
in colorectal cancer screening. This involves building a 
single-channel THz endoscope, and profiling the THz 
response from colorectal tissue, and demonstrating 
endogenous contrast levels between normal and dis
eased tissue when imaging in reflection modality. The 
current level of contrast provided by the prototype THz 
endoscopic system represents a significant step towards 
clinical endoscopic application of THz technology for in-
vivo colorectal cancer screening. The aim of this paper is 
to provide a short review of the recent advances in THz 
endoscopic technology and cancer imaging. In particular, 
the potential of single-channel THz endoscopic imaging 
for colonic cancer screening will be highlighted. 
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Colon; Cancer detection; Flexible waveguides; Metal-
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Core tip: Terahertz (THz) imaging is progressing as a 
robust platform for a myriad of applications in the field 
of medicine. The non-ionizing THz radiation associated 
with safe energy levels has the potential to achieve 
high-resolution images of an organ or tissue, effectively 
combining both macroscopic and microscopic information. 
THz reflection imaging provides an intrinsic contrast 
between normal and diseased tissues, in real-time. This 
review describes the design, development, and practical 
implication of flexible THz endoscopic system, while 
simultaneously obtaining an overview of the existing 
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technology. In addition to the state-of-art THz endoscopy, 
the feasibility study of a single-channel THz endoscopic 
system for colorectal cancer screening will be highlighted.
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INTRODUCTION
Colorectal cancer 
Cancers represents the most common reason for death 
worldwide causing 8.2 million deaths each year with 
more than 14 million new diagnosed cases. Colorectal 
cancer (CRC) is the third most commonly diagnosed 
cancer in the world causing 0.7 million deaths per year 
(WHO Data and Statistics). The most effective method 
of bringing down the cancer risk is the early diagnosis. 
The current staging and treatment of CRC relies on the 
traditional imaging technologies; such as conventional 
colonoscopy[1,2], optical coherence tomography 
(OCT)[3,4], computed tomography (CT)[5,6], magnetic 
resonance imaging (MRI)[7,8], and positron emission 
tomography (PET)[9,10]. The present method for CRC 
screening is colonoscopy, which relies exclusively on 
the physician’s experience and judgment. During 
colonoscopy, the obtained abnormal tissue will be sent 
for pathological examination for diagnosis.

Besides colonoscopy, the aforementioned CT, MRI 
and PET are the conventional diagnostic imaging mo­
dalities for the detection of CRC. Optical coherence 
tomography offers micrometer resolution and is proved 
to be ideal for cancer imaging. However, it has the 
limitation due to unwanted high optical scattering in 
the tissue[11]. Computed tomography is a noninvasive 
technique and provides 3D tomographic images of 
the entire colon. CT is better at detecting small lesions 
(less than 1 cm size) as compared with MRI. Despite 
of that CT cannot detect most common tumors, 
especially the lesions smaller than 0.5 cm diameter[12]. 
Furthermore, CT uses harmful ionizing X-rays[13] and 
cannot be used in renal failure patients[14]. In contrast, 
magnetic resonance imaging relies on liquid enema for 
contrast and hence is expensive[12]. On the other hand, 
positron emission tomography provides good sensitivity 
and specificity of 80%-90% and can differentiate 
tumors from scar tissue created by surgery. However, 
MRI provides very low resolution if the tumor is not 
metabolically active and also has less sensitivity for 
lymph node staging[15]. 

Macroscopic information of the tissue can be attained 
using conventional CT and MRI techniques, but they 
provide low-resolution images with less specificity. The 
microscopic (structural and functional) information can 

be extracted only from the biopsied samples. It is still 
not plausible to achieve in-vivo high-resolution images 
of an organ or tissue with microscopic information in 
real-time using conventional imaging methods. One 
can potentially bridge this gap between macroscopic 
and microscopic imaging using the terahertz (THz) 
wavelengths spanning from microns to millimeters. In 
addition, to ascertain the presence of cancer during 
conventional colonoscopy, a biopsy will be performed 
from the suspected regions or polyps[16]. Since most 
of the CRCs, above 80%, are difficult to detect in the 
early stage; clinicians often schedule regular patient 
visits and perform biopsy excisions for pathological 
examination. If an imaging modality provides the ability 
of delineating the diseased or abnormal region of fresh 
tissue in real-time, without staining the tissue, it’s not 
only time effective but also improves the screening 
capability of endoscopy. Since, THz is nonionizing and 
provide endogenous contrast within the tissue based 
on the abnormalities[17], alternative to the conventional 
colonoscopy, a THz endoscope can potentially be used 
for the in-vivo cancer screening. 

Tissue abnormality and cell disorder
Figure 1 displays the histology slides[18-20] of hyperplastic, 
normal, and various stages of colon cancer tissues. 
Usually, a tumorous tissue contains larger size nuclei 
with irregular shapes. The structures are disorganized 
and crowded. Figure 1 (N) shows the enface section of 
normal mucosa with an inset showing normal mucus-
secreting colon cell. In the enface direction, Figure 
1 (HP) shows both normal and hyperplastic mucosa 
structures for comparison. Crypts are the columnar 
structures in the mucosa layer of the colon tissue, made 
up of goblet cells, with approximately 100 μm diameter. 
The hyperplastic crypts tend to be order of magnitude 
larger and elliptical in shape. The hyperplastic crypts 
shown in the Figure 1 (HP) are 4 times larger than 
normal crypts and oblong in shape. Figure 1 (P) shows 
an enface cut of a sporadic juvenile polyp (benign). 
The smooth eroded surface with numerous mucus 
retention cysts is typical of these polyps. Figure 1 (S1) 
shows a benign neoplasm of mucus-secreting colon cell. 
The Mu denoted in the figure is the mucin contained 
inside goblet cells. The benign tumor is characterized 
by crowded nuclei and shortage of mucin production in 
goblet cells. Figure 1 (S2) exhibits neoplasm of mucus-
secreting colon cell. The characteristics shown are larger 
nuclei, nuclei that are no longer arranged at the bottom 
of goblet cells, and almost no mucin production.

The typical size of the nucleus is around 1 micron, 
whereas in neoplastic cells the nuclei tend to be 
larger and around 3 to 5 μm. Figure 1 (S3) shows a 
malignant neoplasm of mucus-secreting colon cell, 
which is characterized by the disorganization of cellular 
components such that it no longer resembles the 
normal colon tissue. The aggressive tumor cells are 
randomly arranged and contain large nuclei that vary 
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in size and shape, dominating most of the cell volume. 
Therefore, the normal tissue is very homogenous at 
THz wavelengths while cancerous and dysplastic tissue 
has structures approaching the size of the wavelength. 
In addition, the dense structure of abnormal region 
can lead to higher refractive indices and can result in 
greater reflectance values. As a result, both of these 
mechanisms can engender an intrinsic contrast between 
normal and cancerous regions.

Screening techniques
CRC is one of the most common cancers across the 
world. The disease is slow to develop, but the early 
diagnosis and removal of abnormal growths is an 
effective method of reducing cancer risk. Expert groups 
recommend that people at average risk for CRC should 
start regular screening at the age of 50. Several tests 
can be used to screen CRCs[21] and these tests were 
classified into two types; tests that can detect both 
polyps as well as cancer and tests that detect mainly 
cancer. The first kind looks at the structural information 
to recognize abnormal regions, which can be achieved 
with the insertion of scope into the rectum or by using 
a special X-ray imaging method. This test can prevent 
CRC, since the polyps found in the benign stage will be 
removed during the test. The second type diagnostics 
involve testing stools for the presence of cancer. These 
tests are less invasive and can be easily performed but 
are less likely to detect polyps. Although most expert 
groups generally recommend high sensitivity fecal 
occult blood test, sigmoidoscopy, and colonoscopy for 
cancer screening; several other tests such as virtual 
colonoscopy and barium enema are also used. Table 
1 describes the merits and demerits of the techniques 
used for CRC screening. 

THz endoscopy
The THz frequency region is situated between 
microwave and infrared regions of the electromagnetic 
spectrum with frequencies ranging from 1011 to 5 × 
1012 Hz. THz imaging has shown a great potential for in-
vivo and ex-vivo identification of tissue abnormalities, 
hydration and sub-layer probing[22]. Since THz 
frequencies are sensitive to water content and they can 
penetrate deep into the tissue, THz was proven to be 
ideal for cancer[23,24] imaging. Researchers have affirmed 
the use of THz wavelengths and in turn the potential 
of THz colonoscopic imaging by demonstrating positive 
results with dental[25,26], skin[17,27], breast[28], liver[29], 
oral[30] and especially gastric cancer studies[31]. 

Endoscopy is a less invasive medical procedure to 
diagnose the interior surfaces of an organ or cavity 
of body without the need for surgery. To address the 
physician’s requirement in accessing different areas of 
the body[32], endoscopes were traditionally designed in 
“rigid” and “flexible” configurations. Rigid endoscopes 
relay images from the tip of the scope to eyepieces with 
the help of arranged stack of lenses and provide high-
quality images. These rigid endoscopes are surgical 
devices and have to be inserted through temporary 
access ports created by the physician. Unlike the rigid 
endoscope, flexible endoscope is more versatile and can 
be directly inserted through natural body cavities. Usually 
flexible endoscopes provide low quality images and 
typically contain either a fiber-optic or miniature video 
camera at the tip[33]. Using conventional endoscopes, 
the cancer screening and decision to remove abnormal 
region solely depends on the visual inspection and 
experience of a physician. In contrast, a THz endoscope 
integrated into a conventional endoscopic system will 
suffice the in-vivo CRC screening requirement in real 
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Figure 1  Enface histology[19,20] sections of hyperplastic mucosa (HP), normal (inset: Mucus secreting colon cell) (N), sporadic juvenile benign polyp (P), 
low grade stage Ⅰ (S1), intermediate stage Ⅱ (S2), and high grade stage Ⅲ colon (S3). Mu: Mucin; E: Epithelium; M: Mitoses.
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time. The THz endoscope is a medical device consisting 
of a flexible THz waveguide instead of an optical fiber 
and uses a THz laser as light source and a THz detector 
in place of a video camera for examining the interior 
surface of an organ or cavity and detects abnormal 
regions. 

THz endoscopic imaging has the potential to offer a 
safe, minimally invasive medical imaging modality for 
screening and detecting CRCs. To test this hypothesis, 
the experimental measurements have to be performed 
in four steps: Obtaining ideal system-imaging frequency, 
evaluating base contrast, testing flexible THz waveguides 
for use as an endoscope, and demonstrating THz 
waveguide based imaging of colorectal tissue. To confirm 
system-imaging frequency, the frequency dependent 
absorption coefficient and refractive index of colorectal 
tissues must be acquired using a traditional time domain 
pulsed THz system with frequency bandwidth of 0.1 to 
5 THz. To evaluate the base contrast, THz reflectance 
images of human colonic tissues need to be obtained 
on ex vivo specimens and compared with the tissue 
histology. To test the flexible THz waveguides for use as 
an endoscope, waveguides should be characterized at 
the desired imaging frequency prior to the determination 
of waveguide operational parameters. Finally to 
demonstrate THz endoscopic imaging, the requirement 
is to integrate flexible waveguide with the transceiver 
system, implement waveguide based reflection modality 
imaging, and obtain sensitivity and specificity of the 
device from colorectal specimens.

Previously proposed THz endoscopes fall into two 
categories. The first category uses an uncoated polymer 
tube to transmit THz radiation and works in transmission 
modality. This study based on anti-resonant hollow core 
waveguides used a Teflon pipe to transmit THz radiation. 
However, the guiding capability is compromised due 
to the radiation not confining inside the bent tube and 

results in high bending losses[34]. Also, for endoscopic 
applications that require extensive bending, the guided 
field easily escapes into the air and interacts with the 
surrounding and ultimately contaminates the resultant 
image. In addition, a recent study that relied on a 
polymer tube to propagate the THz beam with an attached 
bull’s-eye structure, works in transmission modality, to 
obtain near-field enhancement[35]. However, in general, 
the high absorption associated with THz demands 
reflection based imaging for in vivo applications. The 
second category uses a mode locked femtosecond laser 
and relies on optical fibers for pulse propagation. It 
contains the THz source at the end of the optical fiber 
and is inserted into the patient[36]. Consequently, electrical 
connections to drive the THz source must be inserted into 
the patient. Also it requires two channels, including a first 
channel for guiding radiation to the sample and a second 
channel for guiding the reflected light to a detector. In 
addition, the photoconductive antenna connected with 
the optical fiber necessitates high input voltage that is 
inadmissible for in-vivo imaging. 

A recent study by Doradla et al[37] demonstrated a 
bendable prototype endoscopic system that relies on 
metal-coated THz waveguides for cancer imaging. The 
endoscopic system uses a single flexible waveguide 
channel to transmit the THz and collect the reflected 
signal from the tissue. The system is able to operate in 
both transmission and reflection configurations. Using 
a metal-coated THz waveguide provides 99% inner 
surface reflectivity at all THz wavelengths and confines 
the THz radiation. It preserves the linearly polarized 
launched mode and exhibits low bending loss even 
at larger bending angles. The hyper hemi spherical 
lens attached to the waveguide output end provides 
diffraction limited, approximately half the wavelength 
(λ/2) sized beam waist, which is free from lens aber­
rations. The resulting THz intensity images, attained 

Table 1  Merits and demerits of current conventional techniques used in colorectal cancer screening

Test Advantages Disadvantages

Flexible sigmoidoscopy Quick and safe method Bowel cleansing is required
Biopsy or polypectomy can be done Can miss small polyps

Usually doesn’t require full bowel preparation Views only the lower third of the colon
Sedation is not required Can’t remove all polyps

Done every 5 yr If an abnormality is found, colonoscopy will be required
Standard colonoscopy Very sensitive Full bowel preparation needed

Can view entire colon Can miss small polyps
Can do biopsy and remove polyps More expensive

Can diagnose other diseases Minor sedation is required
Done every 10 yr Small risk of bleeding, bowel tears, or infection

Virtual colonoscopy Quick and noninvasive Need full bowel preparation
Can view entire colon Cannot detect polyps < 5 mm
No sedation is needed Possibility of false positive test results

Done every 5 yr Cannot remove polyps
If an abnormality is found, colonoscopy will be required

Fecal occult blood test Non-invasive May miss polyps and cancers that doesn’t cause bleeding
No bowel preparation is required Some false positive results

No sedation is required Pre-test dietary limitations
Inexpensive Should be done every year

Sampling done at home If an abnormality is found, colonoscopy will be required

Doradla P et al . Terahertz endoscopic imaging for CRC detection
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using polarization sensitive detection, exhibited an 
endogenous natural contrast between normal and 
abnormal (cancer) regions of both formalin fixed and 
fresh tissues. Henceforth, this study shows the potential 
of THz endoscopic imaging for cancer screening and 
detection. 

OVERVIEW OF EXPERIMENTAL WORK
THz spectroscopy of colorectal tissue
Intrinsic contrast observed in THz images of human 
colonic tissues is indicative of a change in the complex 
refractive index between cancer and normal tissue 
at THz frequencies. Thus the first step to develop an 
imaging system is to measure the THz spectroscopic 
response of colorectal tissues and determine frequency 
regimes for the contrast. Reid et al[38] and Faustino 
et al[39] performed THz time domain spectroscopy on 
cancerous and normal colon tissues, in this section we 
summarize their results.

Reid et al[38] used a conventional THz-TDS system to 
image cancer, dysplastic and healthy colon tissues from 
30 patients. Their study was carried out in reflection 
mode and histopathological sections of the imaged 
tissues were used as the gold standard to classify 
tissue regions as cancer/dysplastic/normal and the 
corresponding optical properties were determined and 
averaged over different specimens. Their results for 
the frequency dependent absorption coefficient and 
refractive index are shown in Figure 2. As expected, 
the absorption increases with increasing frequency (this 
mimics how liquid water responds in this frequency 
region) and the refractive index (real part) is fairly 
steady in the region of interest. What is of interest for 
imaging applications, however, is the variation of these 
parameters between healthy and diseased tissue. 

Faustino et al[39] investigated the THz reflectance and 
transmittance of specimens of paraffin embedded colon 
cancer and normal tissues. The samples investigated 
were cut to 2 mm thicknesses and the results are 
displayed in Figure 3. 

As seen in Figure 3, there is a difference in the 
absorption coefficient of normal and cancerous colon 
in dehydrated formalin fixed samples. This result is 
extremely interesting as it indicates that water is not the 
sole contributor to THz contrast. Other studies[40], have 
shown that while water does contribute to the observed 
contrast in fresh tissues, it is not the sole mechanism. 
Other factors such as tissue morphology leading to 
scattering might also measurably affect the tissue 
response. We discuss possible contrast mechanisms 
later in this review, however, at this point the complete 
mechanism for the intrinsic contrast seen in THz images 
of colon tissue is not completely understood. 

When determining the exposure frequency for THz 
imaging of colon cancers, it is the difference in the 
complex refractive index that ultimately determines 
contrast. Transmission images rely primarily on dif­
ferences in the absorption coefficient while sample 
reflectance is dominated by changes to the real part 
of the refractive index. As seen in Reid et al[38]’s data 
(Figure 3) while the absorption increases with increasing 
frequency, the difference in absorption decreases- thus 
frequencies above approximately 0.7 THz are not suited 
for transmittance based images. For reflection based 
imaging, however, the frequency region of interest 
spans 0.2-1 THz, as the difference in refractive index is 
equitably constant.

Different imaging approaches are discussed in later 
sections; however, there are other factors that also 
influence modality and frequency selection that we 
discuss below. In vivo applications require reflection 
based imaging-THz radiation is strongly absorbed by 
tissue, thus transmission through thick sections is 
not feasible. Lower frequencies correspond to longer 
wavelengths and thus lower resolution in the far field. 
However, higher frequencies experience stronger 
absorption, thus exhibit less penetration into tissue. 
Most single frequency systems used for imaging 
colon tissue thus far work at around 0.6 THz (500 
µm) as a compromise between these two factors. A 
notable exception is the work done by Chen et al[41] 
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in transmission imaging at 0.3 THz (approximately 1 
mm); they compensate for the lower far-field resolution 
by using a specially designed aperture which allows for 
significantly higher resolution in the near field.

THz imaging of human colorectal tissues 
Continuous-Wave (CW), or single frequency imaging 
of ex vivo samples of normal and cancerous colon 
tissues has been demonstrated. Faustino et al[39] have 
imaged paraffin embedded, formalin fixed specimens of 
normal and cancerous colon in both transmission and 
reflection modalities. They used a solid-state multiplier/ 
amplifier chain as their source (VDI systems) and a 
microbolometer array for detection. The frequency 
of the imaging system was 0.6 THz (500 µm). As 
can be seen in Figure 4, the transmittance images of 
dehydrated fixed tissue still show contrast between 

normal and cancer, while the reflection images do not 
show any appreciable difference. This is expected based 
on the spectroscopy results for these tissues, which are 
discussed in prior section. The change in absorption 
persists in the imaging while the lack of difference in 
the real part of the refractive index shows up as no 
observable contrast in the reflectance images.

Reid et al[38] have imaged excised healthy, dysplastic, 
and cancerous colonic tissues obtained from 30 patients 
in reflection modality. They used a stand-alone portable 
THz imaging system TIP imaga1000. The frequency 
of the imaging system was 0.03-1 THz. The difference 
in the reflected waveforms and the ultimate contrast 
between normal, dysplastic, and cancerous tissue 
regions were depicted in Figure 5.

Doradla et al[42] measured the THz reflectance of 
thick, fresh excisions of cancerous and normal colon 
tissue using a CW THz imaging system operating at 
0.584 THz (513 µm). They used far-infrared laser based 
on CO2 gas and a silicon bolometer that runs with 
liquid helium as a detector. Figure 6, below shows a 
schematic of the imaging system. The beam is incident 
normal to the sample and the reflectance is measured 
using a beam-splitter. Wire-grid polarizers allow for 
the selection of specific polarizations and both images 
comprised of the co-polarized and cross-polarized 
remittance of the samples can be measured. The 
samples used in this study were thick fresh excisions 
of normal and cancerous colon tissues. The samples 
were measured the same day as the surgical procedure 
and were backed with saline soaked gauze during the 
measurement process to make sure that they did not 
dry out. Figure 7 shows some of the images collected 
alongside digital photographs of the sample.

As shown in Figure 7, the cross-polarized reflectance 
of normal colon is lower than the cross-polarized re­
flectance of cancerous colon. This result was found 
for all 4 sample sets (each sample set consisted of 
one normal and one cancerous tissue) measured in 
this study. The authors also computed the percent 
reflectivity difference between normal and cancerous 
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colon tissue for both the cross-polarized and co-
polarized data for each sample set while accounting for 
background. 

As can be seen in Table 2, the cross-polarization 
channel exhibits a significantly larger reflectivity dif­
ference than the co-polarized channel. Moreover, the 
difference observed in cross-polarization is consistent 
across different sample sets (i.e., it is consistent across 
samples from different patients), thus it presents a 
potential quantitative screening tool for cancer detection.

Waveguide based imaging
Biomedical imaging of organs or hollow cavities of 
human body often demands endoscopic access. Highly 
bendable waveguides with low transmission loss are 
inevitable for endoscopic applications. Therefore, 
flexible THz waveguides with good mode preservation 

characteristics and low propagation and bending 
losses are essential for in-vivo THz imaging of CRC. 
Previously, THz waveguides were fabricated from 
various materials[43-45] with multifarious cross sectional 
designs[46-48]. Most of these waveguides are either 
rigid or not flexible at larger bore diameters[49,50]. In 
addition the flexible THz waveguides suffered from 
excessive propagation losses[51,52]. On the other hand, 
the fabrication technique used for the fabrication of the 
cylindrical waveguides is not applicable for waveguides 
with < 3 mm diameter[53]. Doradla et al[54,55] reported 
the characteristics of hollow, flexible, cylindrical THz 
waveguides that were fabricated with inner metal and 
metal/dielectric coatings. They provide low loss (less 
than 1 dB/m) and are small enough in diameter and 
satisfy the criteria for endoscopic applications. 

The three operational parameters of waveguides 
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that are crucial in determining the transmission losses 
and modal characteristics are waveguide inner diameter, 
coating material, and material thickness. Selection of 
coating materials such as silver and polystyrene were 
described in the preliminary investigation[56]. Also, the 
optimal coating thicknesses and requisite fabrication 
processes were detailed[55]. In order to choose a suitable 
candidate waveguide for THz endoscopic imaging, the 
characterization was done in three steps: Measuring 
propagation loss of the waveguide as a function of its 

inner diameter and coating material, obtaining bending 
loss as a function of bend radius and bending angle, and 
acquiring modal characteristics as a function of bending 
angle, bend radius, waveguide inner diameter, and 
coating material. The transmission losses and modal 
characteristics for flexible waveguides can be obtained 
using the optical layout shown in Figure 8. Harrington 
et al[49] showed that when the waveguide bore size is 
about 17 times wavelength the guide is multimode, 
but when it is 12 times the wavelength or less then the 
waveguide becomes essentially single mode[54]. The 
characterization of flexible waveguides at the selected 
frequency[56], suitable for THz endoscopic system, is 
described in Ref 56. 

Two groups so far have demonstrated waveguide 
based THz imaging. Chen et al[41] used a polymethyl-
methacrylate waveguide to demonstrate THz trans­
mission imaging of human colon tissue and Doradla et 
al[37] demonstrated reflection modality imaging using a 
single channel THz waveguide.
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Figure 7  Digital photograph (A) and corresponding terahertz reflectance images (B) of normal (N) and cancerous (C) colon tissue[42].

Table 2  The relative reflectance difference between normal 
and cancerous colonic tissue[42]

Sample # Co-pol (× 10-1 %) Cross-pol (%)

Set 1 1.53 7.74
Set 2 3.03 7.74
Set 3 1.56 7.75
Set 4 2.44 7.30
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Figure 8  Experimental setup for the transmission loss measurement in metal and metal dielectric. Inset: A: 4 mm Ag (top), 3 mm Ag, 2 mm Au, and 2 mm Ag; B: 
3 mm Ag/PS (top), 2 mm Au/PS, and 4 mm Ag/PS) coated terahertz waveguides[54].
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The work by Chen et al[41] utilized a continuous-
wave source (Gunn diode) centered at 0.3 THz. Figure 
9 shows a schematic of their system. As mentioned in 
Section 2, while 0.3 THz offers contrast in absorption, 
the resolution is limited in the far-field by the relatively 
long wavelength (1 mm). Chen et al[41] overcome the 
resolution restriction by using a bull’s eye structure with 
a sub-wavelength aperture to get a near field resolution 
of 0.2 mm.

Figure 10 shows THz transmission images at 0.3 
THz of specimens of fresh normal and cancerous colon 
that have been sectioned into 30 µm thick slices. As 
expected, the cancerous specimens exhibit significantly 
higher absorption than normal tissue. Chen et al[41] 
investigated the response of 30 specimens and were 
able to demonstrate 100% sensitivity and specificity.

The work by Doradla et al[42,57,58] utilized a far-
infrared gas laser operating at 513 μm wavelength 
(0.58 THz). The THz endoscopic system contains THz 
transceiver system, system optics and a low-loss flexible 
THz waveguide. The transceiver system is used for the 
generation and detection of the THz signal. System 
optics control and guide the THz beam based on the 
coupling requirements. Hollow metal-coated waveguide 
confines and transport the THz beam. Ultimately, 
to achieve the maximal coupling efficiency and 
transmission through the waveguide, off axis parabolic 
mirror (OAP1 of Figure 11) has been adjusted to 
maintain the ratio of beam size and waveguide diameter 
as 0.77. This prototype endoscopic system utilized a 
single-channel for the THz signal transmission, collection 
from the specimen and works in both transmission and 
reflection configurations to overcome the higher THz 
absorption associated with the tissue and satisfy the in-
vivo imaging criteria. It uses a highly reflective flexible 
waveguide lens assembly to propagate THz beam. 

Metal-coated waveguides provide 99% inner surface 
reflectivity at all THz wavelengths and confine the 
radiation inside the tube. Metal-coated waveguides 
preserve the linearly polarized launched mode and 
exhibits low bending loss even at larger bending 
angles. The hyper hemispherical lens attached to 
the waveguide output end provides an aberration 
free diffraction limited beam waist. The technique in 
accordance with the present work acquires both co- and 
cross-polarized THz images using polarization sensitive 
detection. The data analysis indicates utilizing the cross-
polarized component not only helps in obtaining Fresnel 
reflection free volume sampling but also in achieving a 
reflectance parameter that doesn’t vary with patient/
individual[42,58]. The THz endoscopic system doesn’t need 
any conventional contrast agents to detect abnormal 
tissue as an intrinsic contrast was observed between 
normal and diseased tissue in fresh colonic specimens. 
Also, the device uses just one channel and hence 
can be easily integrated with the conventional optical 
endoscope. Moreover, the prototype THz endoscope 
is integrated with the flexible THz waveguides, which 
are small enough in diameter (2 mm to 100 μm). 
Therefore, based on the application and requirement, 
the dimensions of the THz probe can be reduced further. 

This study[37,58] demonstrated the first prototype 
continuous-wave THz endoscopic system for cancer 
detection. The 2D THz intensity images attained using 
polarization based detection scheme exhibited an 
endogenous natural contrast between normal and 
abnormal (cancerous) regions of both formalin fixed and 
fresh colorectal tissue (Figure 12). The imaging system 
demonstrated the capability of identifying cancerous 
colonic tissue based on the intrinsic reflectance 
difference. The optical layout evident the potential and 
the experimental manifestation confirms the feasibility 
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Figure 9  Schematic of waveguide based terahertz near-field transmission imaging system[41] (printed with permission). PMMA: Polymethyl methacrylate.
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of using THz endoscopic device in accessing data from 
previously inaccessible organs[59]. Furthermore, this 

study significantly increased and prevail the overall 
impact of THz imaging for biomedical detection/
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Figure 10  Terahertz transmittance images and stained histology sections showing cancerous and normal colon tissue[41] (printed with permission). 
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Figure 11  Schematic of single-channel prototype terahertz endoscopic imaging setup. Inset: Terahertz (A) transmission imaging of a small 10 mm leaf, and (B) 
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screening applications[60].

CONCLUSION
CRC is the third most commonly diagnosed cancer in 
the world. Early detection and treatment of CRC can 
significantly reduce the number of deaths. Current 
standard of care for CRC screening is an optical 
endoscopy, which relies on physician’s visual inspection 
and experience followed by histological analysis of 
biopsied specimens. Thus, an in vivo imaging modality 
capable of measuring quantitative differences between 
diseased (cancerous) and normal colon can significantly 
improve the screening of CRCs. THz imaging, which is 
non-ionizing and highly sensitive to tissue water content 
can potentially fill this niche.

This review article has outlined the steps required 
for clinical application of THz imaging of CRC and 
provided an update on the current status of the tech­
nology. The first step was to measure the refractive 
indices and absorption coefficients of normal and 
diseased colon tissue in the THz region. This has been 
accomplished by several groups using both fresh and 
formalin fixed dehydrated colon tissue. The results 
indicate a measurable difference in specific frequency 
ranges for both fresh and fixed tissue. The second step 
was to image normal and cancerous colon at desired 
frequencies to confirm the contrast can be imaged. 
This has also been accomplished for both fresh and 
fixed tissue in both transmission and reflection imaging 
modalities using THz imaging systems. In order to 

proceed to clinical systems, the next step was to 
develop thin, flexible waveguides capable of endoscopic 
applications. This step has also been accomplished by 
multiple groups postulating a variety of endoscopic 
setups. The fourth step was to integrate the waveguide 
with a THz imaging system and test if waveguide 
enabled image acquisition was feasible. This was also 
demonstrated by different groups in both transmission 
and reflection modalities on fresh colon tissues. There is 
considerable evidence that THz imaging can potentially 
screen for colon cancers. A lot of the technological 
barriers have been overcome and the next step for 
the field is the development and testing of an in vivo 
THz endoscopy system capable of providing sensitivity 
and specificity numbers for the technique in identifying 
multiple stages of colon cancer.
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