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Abstract: Endoscopic imaging is the main method for detecting gastrointestinal diseases, which adversely
affect human health. White light endoscopy (WLE) was the first method used for endoscopic examination
and is still the preliminary step in the detection of gastrointestinal diseases during clinical examination.
However, it cannot accurately diagnose gastrointestinal diseases owing to its poor correlation with
histopathological diagnosis. In recent years, many advanced endoscopic methods have emerged to improve
the detection accuracy by endoscopy. Chromoendoscopy (CE) enhances the contrast between normal and
diseased tissues using biocompatible dye agents. Narrow band imaging (NBI) can improve the contrast
between capillaries and submucosal vessels by changing the light source acting on the tissue using special
filters to realize the visualization of the vascular structure. Flexible spectral imaging color enhancement
(FICE) technique uses the reflectance spectrum estimation technique to obtain individual spectral images
and reconstructs an enhanced image of the mucosal surface using three selected spectral images. The i-Scan
technology takes advantage of the different reflective properties of normal and diseased tissues to obtain
images, and enhances image contrast through post-processing algorithms. These abovementioned methods
can be used to detect gastrointestinal diseases by observing the macroscopic structure of the digestive
tract mucosa, but the ability of early cancer detection is limited with low resolution. However, based on
the principle of confocal imaging, probe-based confocal laser endomicroscopy (pCLE) can enable cellular
visualization with high-performance probes, which can present cellular morphology that is highly consistent
with that shown by biopsy to provide the possibility of early detection of cancer. Other endoscopic imaging
techniques including endoscopic optical coherence tomography (EOCT) and photoacoustic endoscopy (PAE),
are also promising for diagnosing gastrointestinal diseases. This review focuses on these technologies and

aims to provide an overview of different technologies and their clinical applicability.
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Introduction incidence of cancer in the digestive tract is the highest in
the United States (1).

Gastrointestinal diseases seriously affect human health, and As the main method of detecting gastrointestinal

gastrointestinal tumors are characterized by high morbidity diseases, traditional endoscopy is of great significance for

and mortality. Cancer statistics, 2018 shows that the improving the quality of life of humans. In recent years,
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Figure 1 Images of the esophagus. (A) White light endoscopy; (B) chromoendoscopy using Lugol’s solution for a patch of high-grade

dysplastic squamous epithelium. The dysplastic area remained unstained, whereas normal squamous epithelium shows coloration.

Scale bar =2 cm. Reproduced with permission from (12).

endoscopic techniques have made numerous advancements,
providing a powerful guarantee for the accurate diagnosis of
gastrointestinal diseases. This article reviews the available
advanced endoscopic imaging modalities, as well as relevant
evidence that may improve the diagnosis of gastrointestinal
diseases.

White light endoscopy (WLE)

As the first method used in endoscopic examination,
WLE remains the fundamental step for the detection and
characterization of gastrointestinal diseases in clinical
practice. Considering the poor correlation between
WLE findings and histopathological analysis (2), WLE
cannot reliably diagnose Helicobacter pylori gastritis (3,4).
However, some studies have shown that WLE remains
promising for the detection of preneoplastic lesions. Real-
time high-definition WLE (HD-WLE) has an accuracy
rate of 88% for the identification of intestinal metaplasia,
with a sensitivity of 74.6% and specificity of 94.2% (5).
WLE is still an effective method to detect gastrointestinal
diseases. However, in some previously published studies,
a poor correlation between macroscopic findings and
histopathological diagnosis was found (2). Further, for the
same images obtained by WLE, endoscopists with different
abilities will make different diagnoses (6). In addition, for
early lesions of digestive tract diseases, because of the lack
of clear endoscopic viewing, WLE is prone to misdiagnosis.
Thus, the diagnostic accuracy mostly depends on the ability
of the endoscopist (7).
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Chromoendoscopy (CE)

CE refers to the topical application of biocompatible dye
agents at the time of endoscopy in an effort to enhance
tissue characterization and differentiation, and thus improve
the detection rate of gastrointestinal diseases (8). Common
stains include Lugol’s solution, methylene blue, and toluidine
blue. Because of the use of dyes, the pathological tissue and
normal tissue are distinguished based on their appearance.
CE is considered safely at the dye concentration used.

Currently, CE has been widely used for the diagnosis of
esophageal squamous neoplasia (9), Barrett’s esophagus (10),
gastric neoplasia (7), colorectal neoplasia (11), and other
diseases (8). CE with Lugol’s solution can significantly
increase the image contrast between normal and pathological
tissues to determine the lesion areas (Figure 1) (12). Zhao
et al. showed that the detection rates for early gastric
cancer (P<0.01) and precancerous lesions (P<0.01) were
higher by CE than by standard WLE (13). Compared with
conventional endoscopy, Brown ez 4l. showed that CE had a
higher detection rate for colorectal polyps (11).

The use of dyes can enhance image contrast, while
introducing other issues. After staining the tissue with
Lugol’s solution, early esophageal cancer can be graded
according to the lesion edge clearance, size of lesion
range, depth of lesion staining, degree of swelling of lesion
site, and changes in esophageal mucosa (14). With the
characteristics of fast staining and high accuracy, CE is
currently the main method for diagnosing early esophageal
cancer, but it is forbidden for patients with allergies to
iodine or hyperthyroidism (9). Intestinal metaplasia cells
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Figure 2 Images of magnifying endoscopy (ME) with narrow-band imaging (NBI). (A) An abnormal form and arrangement of the crypt

openings is observed in the fundic gland mucosa with inflammation; (B) elliptical or groove-like shapes with white color is observed in the

fundic gland mucosa with inflammation; (C) atrophic mucosa of the corpus. Yellow arrows indicate a light blue crest (24).

and necrotic tissue can be stained with methylene blue,
whereas normal epithelial tissue remains unstained; thus,
methylene blue is mostly used in the diagnosis of Barrett's
esophagus and early esophageal adenocarcinoma. CE with
methylene blue staining has improved the identification
of gastric lesions (7,15). However, this method has a long
dyeing time and high technical requirements, resulting in
few clinical applications. Toluidine blue has been used for
the detection of premalignant and malignant lesions because
of its affinity for nuclear matter. Using this stain, the
premalignant and malignant cells are stained blue, whereas
normal cells are unstained or not significantly stained. It has
a high sensitivity and specificity in the diagnosis of Barrett’s
esophagus and adenocarcinoma with a characteristic of
staining the columnar epithelium(16). However, this
method still has limitations of a long staining time and high
technical requirements, which limit its clinical application.

Computerized virtual chromoendoscopy (CVC)

Although CE is effective in many applications, this method
still has some problems, such as the difficulty of completely
and evenly coating the mucosal surface with the dye,
additional cost of the equipment for dye spraying, and extra
time required to perform the procedure (17). Computerized
virtual CE can realize tissue staining by an optical method
and enhance the contrast of the mucosa, thereby enabling
the distinction between the normal mucosa and diseased
tissue. CVC technology includes narrow band imaging
(NBI), flexible spectral imaging color enhancement (FICE),

and i-Scan.
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NBI

NBI techniques use a special filter, electronically activated
by a switch in the conventional endoscope, to act on the
light source, leaving narrow bands with central wavelengths
of 415 and 540 nm to enhance the detail of certain aspects
on the surface of the mucosa. Because the peak light
absorption of hemoglobin occurs at these wavelengths,
the blood vessels appear very dark, which improves their
visibility and the identification of other surface structures,
facilitating the observation of tissues for diseases associated
with microvasculature (17-19). Currently, NBI has been
widely used in the detection of gastrointestinal diseases
(18,20,21).

NBI can be used to perform preliminary histological
diagnosis of early esophageal lesions and is useful for guiding
targeted biopsy of lesions. Brownish epithelium and brownish
dots found by NBI are used for the diagnosis of squamous
mucosal high-grade neoplasia of the esophagus (22).
NBI had a sensitivity of 97% for the detection of high-
grade dysplasia or carcinoma in Barrett’s esophagus, with
a specificity of 94% and an accuracy of 96% (23). NBI has
established definitions of gastric mucosal tumors. Muto
et al. (24) proposed a diagnostic algorithm for magnifying
endoscopy of early gastric cancer based on the previously
developed vessel plus surface NBI classification by Yao
et al. (25) (Figure 2). Compared with WLE, NBI has a
higher detection rate for intestinal metaplasia of local
lesions in the stomach (26). NBI can diagnose diseases
associated with micro-vessels. However, because of the
limited resolution of NBI and its inability to detect cell-
level lesions, it is prone to show false-negative results (25).
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In a previous study, endoscopic findings using magnifying
NBI suggested that the tissue is normal, whereas the
histopathological findings of biopsy specimens suggested a
diagnosis of signet-ring cell carcinoma (25).

FICE

NBI is very useful for cancer detection (27-29), but it
is difficult to get a clear image using NBI because of
respiratory motion, heartbeat, and insufficient light
intensity of the system, and an experienced endoscopic
operator is required to diagnose diseases (30). FICE
technology was invented by Miyake ez 4/. (31-34). Contrary
to NBI, this technology does not rely on filters. Spectral
images of each wavelength are generated from conventional
endoscopic images by reflectance spectrum estimation
technique. Three spectral images are selected and allocated
to the three channels of red, green, and blue to reconstruct
the image (30). FICE can detect changes in early gastric
cancer and confirm the diagnosis of cancer with low
or half magnification (35). It also can enhance color
contrast between normal and malignant lesions without
magnification (36). In the study by Pittayanon et al., the
accuracy rate of FICE for intestinal metaplasia was 85.5%,
and the accuracy with the observation of a light blue crest
was 95.2% and that with the observation of a long large
crest was 96.8% (37).

i-Scan

Endoscopy should not only identify minute mucosal lesions
but also accurately characterize the identified lesions during
ongoing endoscopy (38). The i-Scan technique is developed
based on the difference in the reflective properties of the
normal and abnormal mucosa. After optical staining, the
normal mucosa and the lesion can be distinguished with
different colors. The i-Scan technology consists of three
types of algorithms: surface enhancement (SE), contrast
enhancement (CE), and tone enhancement (TE). SE and
CE are suitable for the detection of gastrointestinal tumors
at an early stage, and TE is suitable for detailed examination
of lesions (39). It can provide detailed analysis based on
blood vessels (i-Scan V), patterns (i-Scan P), and surface
architecture (i-Scan SE) (38), as well as imaging modes for
different tissues, enabling multi-channel and multi-color
contrast (39).

A previous study shows that high-definition endoscopy
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combined with i-Scan and CE can ideally detect the micro-
damage of the esophageal mucosa and guide targeted
biopsy, which can pathologically confirm the diagnosis
of non-erosive reflux disease (38). Qi et 4/. found that
compared with magnification WLE, magnifying i-Scan can
provide a better image quality for type 2-3 gastric mucosal
pit pattern, and the accuracy of diagnosis for Helicobacter
infection using i-Scan is 94%, with a sensitivity of 95.5%
and a specificity of 93.5% (40).

Owing to the limited data on FICE and i-Scan for the
diagnosis of precancerous lesions and neoplasia in the
digestive tract, there is currently insufficient evidence
to confirm their clinical availability in the detection of
digestive tract tumors and precancerous lesions (41).

Although there are many endoscopic methods for
the diagnosis of digestive tract mucosal diseases, only
macroscopic structures such as blood vessels and polyps can
be observed by endoscopy. Biopsy is still the gold standard
for the diagnosis of gastrointestinal diseases. However,
such operations and analysis take a longer time and affect
the doctor to make diagnosis in time. It is desirable to
acquire a direct histological image of the iz vivo human
gastrointestinal living mucosa without an actual biopsy.
This method also means that digital images can be acquired
without damaging the tissue, and such digital images are
comparable to the images seen by conventional cytological
methods (42). An endoscope with the ability of cell
resolving is of great significance for "in vivo biopsy" to assist
doctors in diagnosis.

Confocal laser endomicroscopy (CLE)

CLE is an endoscopic modality that obtains high
magnification and resolution images of the mucosal layer of
the gastrointestinal tract, presenting cellular morphology
which is highly consistent with that presented by biopsy,
making it a promising modality for early cancer detection.
It is based on the principle of a confocal microscope, using
low-power lasers to illuminate tissue, and then detecting
tissue fluorescence through a pinhole for selective imaging
with “optical sectioning” capability (43). Optical fibers and
fiber bundles are not only used as light guiding media, an
optical fiber, and a single fiber in the fiber bundle but also
acts as a pinhole. Studies have shown that CLE has great
potential in the diagnosis of early colon cancer lesions,
Barrett’s esophagus, gastroesophageal reflux, and other
diseases of the digestive tract (44).
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Contrast agents

An exogenous contrast agent is usually used to achieve
good contrast images using CLE. Currently, fluorescence
contrast agents reported for human in vivo microscopic
imaging include acriflavine hydrochloride and cresyl violet,
which can be applied topically, and fluorescein sodium
and indocyanine green (ICG) that can be administered
intravenously (45-47). The most commonly used agents
are acriflavine hydrochloride, fluorescein sodium, and
ICG. Acridine hydrochloride can be used topically to stain
nuclei and cytoplasm in the superficial epithelium of the
mucosa. After a few seconds of spraying, it gets absorbed,
allowing judging of the nuclear structure. However, it
is not allowed for clinical examination owing to the risk
for possible mutagenic activity. In contrast, fluorescein
sodium is administered intravenously for imaging. It is
found to bind extensively to the serum albumin, labeling
the extracellular matrix and basement membrane of the
surface epithelium, showing the crypt structure of the
mucosa, epithelial cells, connective tissue of the lamina
propria, vascular morphology, and red blood cells in it,
and resulting in a strong contrast between the connective
tissue and microvascular system (48). The absorption and
fluorescence spectrum of both acriflavine hydrochloride
and fluorescein sodium are in the visible region, whereas
those of ICG are in the near infrared region. Combined
with fluorescence detection, lasers with a wavelength of
around 780 nm are commonly used. At this wavelength, it is
still possible to detect the fluorescence of ICG by filtering
out the scattered light from the excitation beam (49). After
intravenous administration, ICG tightly binds to plasma
proteins, albumin, or alpha-lipoprotein, and is eliminated
directly from the liver (50,51). Fluorescence contrast
agents approved for iz vivo optical imaging in humans
by the United States Food and Drug Administration are
fluorescein sodium and ICG (52). Although other contrast
agents are not clinically available, they can still be used in
basic research in biology.

CLE based on distal scanning

CLE has a magnification of 1,000x and can observe the
mucosa at a cellular level. CLE instruments are generally
divided into two categories based on distal or proximal
scanning and the type of light guide. The distally scanned
endomicroscope performs beam scanning at the distal or
tissue end, using one or two optical fibers for illumination
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and signal collection. One endomicroscope that uses an
optical fiber for illumination and signal collection is the
single-axis confocal laser endomicroscope developed by
Optiscan Pty. Ltd (53). It is also known as endoscope-based
CLE (eCLE), and a miniaturized confocal scanner has been
integrated into the distal tip of these flexible endoscopes (54).
Scanning of the distal end of an optical fiber is performed
via cantilever mechanism, and a GRIN objective is used to
focus the beam. eCLE has a high resolution of 0.7 pm with
a field of view of 475 pm x 475 pm. eCLE has been widely
used in the detection of digestive tract diseases. However, it
is an integrated endoscope with a 12.8-mm outer diameter,
which is too large to be compatible with biopsy channels
of conventional endoscopes. Further, its imaging speed is
slow, 0.8 fps or 1.6 fps, which greatly affects the diagnostic
speed and limits its clinical application. A dual-axis CLE
was proposed by Liu ez al., separating the illumination
and collection beams along different optical axes, using
the region of overlap between the two beams to define the
resolution (55) (Figure 3). A long working distance was
made by low numerical aperture (NA) objectives so that
the scanner can be placed on the tissue side or in the post-
objective position. Further, a microelectromechanical
system (MEMS) scanner performs beam scanning while
maintaining the fixed region of intersection between the
two focal beams below the tissue surface. With an outer
diameter of 5.5 mm and a lateral resolution of 5 pm, images
can be acquired with a field of view of 362 pm x 212 pm at
5 fps. Dual-axis CLE was first applied for in vivo imaging
of human lower gastrointestinal tract in 2012, and the
individual human colon crypts could be visualized in real
time (47). However, it cannot realize a high level of cell
recognition with its limited resolution. Nevertheless, for
both eCLE and dual-axis CLE, the miniaturization of the
distal scanning device remains a problem for compatibility
with conventional endoscopes and other applications (48).

CLE based on proximal scanning

Probe-based confocal laser endomicroscopy (pCLE) for
in vivo high-resolution imaging uses high-performance
probes based on the proximal scanning mechanism (56).
pCLE employs approximal scanning on the sides of the
system using a fiber bundle instead of a single optical
fiber for light guidance (56,57). The advantage of this
technique is that the scanning system is not contained in the
endoscopic probe, and therefore, the size of the scanning
device is not limited; thus, commercial scanning systems can
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Figure 3 Dual-axis confocal laser endomicroscope. (A) Two collimated beams are focused by a parabolic mirror; (B) photograph of a 2D

microelectromechanical system (MEMS) scanner mounted on the axial translation stage; scale bar =3 mm; (C) a dual-axis confocal laser

endomicroscope is passed through the instrument channel of an endoscope; (D) the distal end of dual-axis confocal laser endomicroscope;

scale bar =5 mm,; (E) lateral resolution is 5 pm; scale bar =20 pm; (F) a mosaic large field of view en face image of normal colonic mucosa

at a depth of 60 pm and (G) a histologic (H&E) image of normal colonic mucosa. Scale bar =100 pm. The white rectangle represents an

individual en face image (362 pm x 134 pm) obtained using a dual-axis confocal laser endomicroscope (47).

be used without miniaturization. However, the resolution of
the pCLE is limited by the distance between neighboring
fiber cores within the fiber bundle. To avoid this limitation,
a high-NA miniature objective can be used at the distal end
of the probe to focus the illuminated light passing through
the fiber bundle into the tissue by collecting the light
signal and coupling it into the same fiber to compensate for
the resolution loss. Thus, various probes can be designed
for different applications. In recent years, Mauna Kea
technologies (MKT) has developed a variety of probes for
different purposes, such as the S-series for surface imaging,
M-series for high-resolution imaging, and Z-series for
depth imaging (58). The pCLE can provide iz vivo imaging
at a speed of 12 fps.

Our group has developed a visible probe-based
confocal laser endomicroscope in which a 488-nm laser
source was used for illumination, which is similar to the
endomicroscope developed by MKT. The outer diameter of
the visible probe is 2.6 mm, enabling real-time imaging of

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

the colon mucosa of C57BL/6 mice with a lateral resolution
of 1.4 pm and a field of view of 300 pm x 300 pm at the
depth of 150 pm from the surface (59,60). To achieve
deep imaging, we have also developed a near-infrared
endomicroscope. The optical structure of a near-infrared
probe-based confocal laser endomicroscope is similar to
that of a visible probe-based confocal laser endomicroscope
(59,60). The excitation light was emitted from the laser
(OBIS 785 LX, Coherent) and was expanded and then
reflected by a dichroic mirror (DM, Di02-R785-25 x 36,
Semrock). A two-dimensional scanner (CRS, Cambridge,
6215H, Cambridge) was used to scan the light, and then
the beam was relayed into the back aperture of the objective
lens (UMPLANFL N 20x/0.50, Olympus) and coupled with
the fiber bundle. A miniature objective lens at the distal end
of the fiber bundle focused the beam onto the tissue while
collecting the fluorescent signal. The fluorescence returned
along the same path, and passed through a dichroic
mirror and a filter (FF01-835/70-25, Semrock). Finally,
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Figure 4 Homemade 785-nm near-infrared probe-based confocal laser endomicroscope. (A) Schematic diagram of probe-based confocal

laser endomicroscope; (B) probe of the endomicroscope; (C) imaging of normal colon mucosa of C57BL/6 mice after intravenous ICG

(15 mg/kg). Scale bar =30 pm.

the fluorescence was focused by a condenser through a
pinhole and collected by a photomultiplier tube (PMT,
R3896, Hamamatsu) (Figure 4). Compared with the outer
diameter of a visible endomicroscope probe, that of a near-
infrared endomicroscope probe remains 2.6 mm, yet it
can achieve real-time deep imaging with a higher contrast,
lateral resolution of 1.55 pm, and field of view of 330 pm
x 330 pm at the depth of 300 pm from the surface. Deep
tissue imaging using near-infrared probe-based confocal
laser endomicroscopy has been demonstrated in mice
for esophageal imaging at different depths. Deep tissue
imaging of ulcerative colitis shows the ability of this system
to diagnose diseases of deep-layer tissues (61). Tuble 1
compares the main parameters of our system with those of
other CLE systems. In distally scanned endomicroscopy,
the single-axis system has a higher resolution than the two-
axis system, but the outer diameter of probe is lager in the
former. Compared with the distally scanned CLE system,
pCLE system, which uses a proximal scanning device, has
a smaller outer diameter and can address different clinical
applications as a variety of probes can be developed for it.
For pCLE, the near-infrared system and not the visible
system enables deep tissue imaging, and is useful for clinical
disease diagnosis.

pCLE system is compatible with biopsy channels of
traditional endoscopes for its small outer diameter, and
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enables real-time microscopic imaging of upper and lower
gastrointestinal mucosa (62-65). Currently, commercial
visible pCLE systems are widely used for the detection of
diseases related to the esophagus (66,67), stomach (68,69)
and intestine (70,71). Endoscopists can make a diagnosis by
observing structural changes in these organs. Studies have
shown that pCLE has a sensitivity of 100% and a specificity
of 56% for the diagnosis of Barrett's esophagus (72). The
overall accuracy of pCLE in the diagnosis of adenocarcinoma
is 91.7%, suggesting that pCLE can provide an accurate
diagnosis for superficial gastric tumors (68). For the diagnosis
of gastrointestinal metaplasia, pCLE has a high sensitivity
and accuracy of 90.9% and 88.0%, respectively (69).
pCLE can be used for monitoring ulcerative colitis with a
sensitivity, specificity, and accuracy of 65%, 82%, and 81%,
respectively (70). Compared with standard histological
analysis, the diagnostic accuracy of pCLE for the detection
of dysplasia is higher with a sensitivity of 100%, specificity
of 90%, and positive predictive value of 83% (71). pCLE
has been used for characterizing abnormalities of the
capillary and lymphatic vessels and epithelium in the small
bowel. Significant changes can be observed before and after
treatment, indicating that pCLE is useful for detecting
small bowel diseases (73) (Figure 5).

Moreover, visible pCLE is not only used for the clinical
detection of gastrointestinal diseases but also for basic
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Table 1 Confocal laser endomicroscope probes

Li et al. Advanced endoscopic methods in gastrointestinal diseases

Probes Outer diameter (mm)

Lateral resolution (um)

Field of view (um x pm)

Working distance (um)

Proximal scanning

Homemade
U-240 2.6
D-300 2.6
MKT
S 650 0.65
UltraMiniO 2.6
MiniZ 0.94

Distal scanning
Single-axis CLE
ISC-1000 12.8
Dual-axis CLE 5.5

1.4
1.55

3.3
1.4
3.5

310x310
330x330

600x600
240%240
325x325

475%475
362x212

150
300

30
50/70

0-250
0-140

CLE, confocal laser endomicroscope.

Figure 5 Follicular lymphoma in the ileum. (A) Enteroscopic view before treatment; (B) “Soccer ball-like pattern” capillary vessels can be

observed in a probe-based confocal laser endomicroscopic image; (C) enteroscopic view after rituximab monotherapy; (D) a probe-based

confocal laser endomicroscopic image doesn’t show a “soccer ball-like pattern” capillary vessels after rituximab monotherapy (73).
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biological research, such as deep brain imaging, functional
imaging, and observation of substance distribution. Vincent
et al. achieved in situ deep-brain imaging at single-cell
resolution, with the visualization of the striatum and ventral
tegmental area, which is 4.5 mm below the surface of the
mouse skull, and monitored neural activity in deep-brain
regions for the first time, using a pCLE system with a probe
with an outer diameter of 300 pm (74). Gore et al. visualized
the fear-induced calcium signals in midbrain dopamine
neurons with a probe identical to that used by Vincent
et al. (75). pCLE is used for imaging the distribution of
unmodified nanoparticles and IL-13p onto nanoparticles
from blood vessels to tumor cells for analyzing the work
of tumor-targeted delivery systems (76). Furthermore,
pCLE is used to monitor the functional angiogenesis
of endometriotic lesions by measuring the flow of the
fluorescent dye in new microvessel (77), and assessing
tumor vascular morphology and permeability (78).

pCLE can provide high-resolution images of the tissue
with features similar to those of histological analysis.
It can be used to guide biopsy to the target site, reduce
unnecessary biopsies, increase the diagnostic yield, and
reduce the incidence of surgical treatments. pCLE provides
images and diagnostic information in real time, allowing
endoscopists make prompt decisions. It has been shown
to have high sensitivity and specificity compared with
traditional endoscopies. pCLE provides an important tool
for the in vivo investigation of many biological questions
under a variety of physiological and pathological conditions.

Other endoscopic imaging techniques
Endoscopic optical coberence tomography (EOCT)

Optical coherence tomography (OCT) is a cross-sectional
imaging method that uses a low-coherence near-infrared
laser to identify optical inhomogeneities in biological
tissues (79). EOCT is a method for endoscopic imaging
based on OCT principle (80). To date, EOCT has been
used for the imaging of the esophagus, stomach, and
colon, among other organs (81). EOCT images reveal
five distinct layers of normal human esophagus, namely
epithelium, lamina propria, muscularis mucosa, submucosa,
and muscularis propria (80,82). The ability of EOCT for
imaging Barrett’s esophagus, high-grade dysplasia, and
esophageal adenocarcinoma has been demonstrated (83).
Although it can easily identify intestinal metaplasia within
a normal esophagus, its ability to identify dysplasia within
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Barrett’s esophagus is relatively poor. EOCT has an overall
accuracy rate of 92.7% for assessing tumor invasion in
superficial esophageal squamous cell carcinomas (84). A
study has shown that EOCT has a sensitivity of 90.0%
and specificity of 83.3% in detecting the structure of the
disrupted layer of the colon wall, indicative of transmural
inflammation (85). OCT is a promising imaging technology
that is easily accessible through the working channel of
an endoscope. Standardized terminology and criteria for
normal and neoplastic tissue are needed for OCT imaging.
However, further studies on identification specificity and
yield rate are required before it can be routinely used in
clinical practice.

Photoacoustic endoscopy (PAE)

Photoacoustic imaging is a technique that acquires tissue
images based on photoacoustic effect (86,87). Photoacoustic
effect refers to changes in stress caused by the absorption of
electromagnetic wave energy when the tissue is irradiated
by a pulsed laser or an amplitude modulated laser, thereby
emitting an acoustic wave, namely a photoacoustic
signal. The photoacoustic signal is detected by the
ultrasound transducer, and the tissue image is subsequently
reconstructed (88-90). An ultrasound sensor with a high
sensitivity, high frequency, and wide frequency band is
beneficial for improving the performance in photoacoustic
imaging (91,92). Based on the principle of photoacoustic
imaging, a photoacoustic endoscope uses a miniaturized
probe for both light delivery and acoustic detection to
achieve endoscopic imaging (93-97). So far, PAE has been
used for detection in the upper gastrointestinal tract of
rabbits and lower gastrointestinal tract of rats (98,99). The
clinical feasibility of using PAE has been demonstrated by
an experiment distinguishing normal human colorectal
tissue from colorectal cancer tissue in a previous study (100).
With further enhancement of image contrast and accuracy
of PAE, it has the potential to be used for the clinical
detection of gastrointestinal diseases.

Future directions

With the development of the technology, endoscopy
provides a powerful assurance for the detection of digestive
tract diseases; in particular, CLE for cell resolution imaging
is promising for providing virtual histology. However,
pCLE systems with visible light still have some problems.
Because of the fixed-focus probe, it can only observe the
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Table 2 Overview of advanced endoscopic imaging techniques

Techniques Technology Tissue target Clinical performance Comments
Chromoendoscopy  Tissue characteristic Surface enhancement;  Identification of esophageal Additional equipment
(CE) enhancement with normal tissue and squamous neoplasia, Barrett's and operations

Narrow-band
imaging (NBI)

Flexible spectral
imaging color
enhancement
(FICE)

i-Scan

Confocal laser
endomicroscopy
(CLE)

biocompatible dyes at the time
of endoscopy

Application of a special

filter leaves narrow bands

of 415 and 540 nm in center
wavelength onto the mucosal
surface

Generation of a spectral image
of each wavelength from a
conventional endoscopic
image through reflectance
spectrum estimation technique.
Selection of three spectral
images reconstructs an image

Enhancement of the image
contrast with post-processing
algorithm, basing the different
reflective properties of normal
mucosa and abnormal mucosa

Tissue illumination with a low-
power laser, and then detection
of fluorescence signal through
a pinhole

diseased tissue
show different
characteristics due to
staining

Improved vascular
contrast of capillaries
and submucosal
vessels

Mucosal surface
enhancement;
improving the contrast
between normal tissue
and diseased tissue

Structure and vascular
enhancement with
different modes. Such
as SE, CE, and TE

Image resolution
improvement and
cellular structure
observation

esophagus, gastric tumor,
colorectal cancer, and other
diseases

Reveal both vascular and
mucosal patterns, and
identification of high-grade
esophageal squamous
intraepithelial neoplasia, Barrett’s
esophagus, early gastric cancer,
precancerous lesions, etc.

Identification of early gastric
cancer, intestinal metaplasia,
and other diseases

Identification of non-erosive
reflux disease, infection

by Helicobacter, and other
diseases

Identification of Barrett’s
esophagus, adenocarcinoma,
precancerous lesions,
ulcerative colitis, and dysplasia

required, with long
dyeing time and
high technical
requirements

Possibility of false-
negative results with
exclusive use

More clinical

data required for

demonstration of
clinical availability

More clinical

data required for

demonstration of
clinical availability

Professional training
required for accurate
diagnosis

information on the fixed-deep mucosal surface. Accordingly,
deep mucosal imaging using a near-infrared light source has
also been reported (61,101). Moreover, two-photon imaging
technology is also promising for endoscopic deep tissue
imaging.

However, irrespective of the light source being visible
light or near-infrared light, pCLE has the following
limitations: (I) as the field of view is small, the area that
can be observed at one time is limited and (II) it is difficult
to detect small lesions and to assess the lesions that have
completely developed. These limitations may be overcome
in our next study, in which we include fiber bundles with a
larger diameter and a custom-designed miniature objective
with a large field of view. Also, professional training is
necessary in pCLE for an accurate diagnosis. However,
intelligent diagnosis may reduce the requirement of
professional training of endoscopists, which is beneficial for
the popularization of pCLE.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

In addition to these endoscopic imaging techniques,
other methods, such as autofluorescence endoscopy
(102,103), Raman spectroscopy (104,105), endocytoscopy
(106-108), and photodynamics (109) also have potential
for clinical application in the diagnosis of gastrointestinal
diseases. However, the specificity and accuracy of a
single endoscopy for diagnosing gastrointestinal diseases
are limited, and a combination of multiple endoscopic
imaging methods can improve the diagnostic accuracy.
Furthermore, the compact and cost-effective smartphone-
based endoscope may be a powerful tool for detecting
gastrointestinal diseases in resource-poor settings (110).

Conclusions

Early diagnosis of digestive tract diseases is beneficial for
early treatment and better prognosis. Table 2 provides
a summary of several endoscopic imaging methods
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discussed in this review. WLE is still the basic step in the
detection of gastrointestinal diseases; the diseases can
then be characterized by CE or CVC methods, and finally
a biopsy is performed for accurate diagnosis. However,
such procedures are complicated and insensitive to early
lesions, and ultimately biopsy is still the “gold standard” for
diagnosis, increasing patient suffering. pCLE enables early
diagnosis because of the ability of cellular-level imaging.
Further, it is promising to achieve “in vivo biopsy” using
pCLE systems. In addition, EOCT and PAE are promising
for detecting gastrointestinal diseases. The application of
multiple endoscopic techniques is more helpful for making
an accurate diagnosis of digestive tract diseases.
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