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Abstract

Background: Chromoendoscopy has not been fully integrated into capsule endoscopy. This study aimded to develop and
validate a novel intelligent chromo capsule endoscope (ICCE).
Methods: The ICCE has two modes: a white-light imaging (WLI) mode and an intelligent chromo imaging (ICI) mode. The
performance of the ICCE in observing colors, animal tissues, and early gastrointestinal (GI) neoplastic lesions in humans
was evaluated. Images captured by the ICCE were analysed using variance of Laplacian (VoL) values or image contrast
evaluation.
Results: For color observation, conventional narrow-band imaging endoscopes and the ICI mode of the ICCE have similar
spectral distributions. Compared with the WLI mode, the ICI mode had significantly higher VoL values for animal tissues
(2.154 6 1.044 vs 3.800 6 1.491, P¼0.003), gastric precancerous lesions and early gastric cancers (2.242 6 0.162 vs
6.642 6 0.919, P<0.001), and colon tumors (3.896 6 1.430 vs 11.882 6 7.663, P<0.001), and significantly higher contrast for dif-
ferentiating tumor and non-tumor areas (0.069 6 0.046 vs 0.144 6 0.076, P¼0.005). More importantly, the sensitivity, specific-
ity, and accuracy of the ICI mode for early GI tumors were 95.83%, 91.67%, and 94.64%, respectively, which were significantly
higher than the values of the WLI mode (78.33% [P<0.001], 77.08% [P¼0.01], and 77.98% [P<0.001], respectively).
Conclusions: We successfully integrated ICI into the capsule endoscope. The ICCE is an innovative and useful tool for differ-
ential diagnosis based on contrast-enhanced images and thus has great potential as a superior diagnostic tool for early GI
tumor detection.
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chromo imaging

Submitted: 12 November 2022; Revised: 15 March 2023; Accepted: 16 March 2023

VC The Author(s) 2023. Published by Oxford University Press and Sixth Affiliated Hospital of Sun Yat-sen University
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.
For commercial re-use, please contact journals.permissions@oup.com

1

Gastroenterology Report, 11, 2023, goad021

https://doi.org/10.1093/gastro/goad021
Original Article

https://orcid.org/0000-0002-0796-9944
https://academic.oup.com/
https://academic.oup.com/


Introduction

Gastrointestinal (GI) cancers, including gastric cancer, colorectal
cancer, and esophageal cancer, are common malignant tumors
and the leading cause of cancer deaths worldwide [1]. Digestive
endoscopy is an important tool for the early diagnosis and treat-
ment of GI tumors, which is critical for reducing morbidity and
mortality [2–4].

Electronic chromoendoscopy technologies such as digital
and optical chromoendoscopy provide image enhancement and
may improve the diagnosis of mucosal lesions [5]. Digital chro-
moendoscopy includes Fuji intelligent color enhancement and
i-SCAN, and optical chromoendoscopy includes narrow-band
imaging (NBI), blue-light imaging, and linked-color imaging. In
NBI, a special filter after the light source restricts the incident
light to two narrow bands with wavelengths of 415 nm (blue)
and 540 nm (green) [6]. The blue and green bands are absorbed
by hemoglobin in blood vessels, which can be reflected by the
mucosal surface, thereby enhancing the tissue microvascula-
ture. Thus, NBI provides unique images that emphasize the sur-
face, mucosal, and submucosal vasculature of lesions in the GI
tract [7]. NBI is useful for differentiating neoplasms from non-
neoplasms and for predicting histopathological diagnosis for
mucosal lesions in the GI tract [8] and has better diagnostic per-
formance than conventional white-light imaging (WLI) [9].

Currently, NBI technology is installed on conventional endo-
scopes and combined with magnification endoscopy. However,
conventional endoscopy uses a long, flexible endoscope, which
is invasive and may prevent its use in patients with severe un-
derlying disease and poor tolerance [10]. These issues can be
addressed by capsule endoscopy (CE). Magnetically controlled
CE is a non-invasive endoscopy technique with better tolerabil-
ity than conventional endoscopy [11, 12], although it cannot be
used in patients with obstruction due to the risk of capsule re-
tention. The control accuracy of magnetically controlled CE is
slightly lower than that of a conventional endoscope, and the
biopsy and spraying functions of CE are still under development
[13]. Studies have shown that the diagnostic accuracy of mag-
netically controlled CE is comparable to that of conventional
gastroscopy [14, 15]. In addition, CE minimizes aerosol genera-
tion and is safer than conventional endoscopy, particularly in
the current era of the coronavirus disease 2019 (COVID-19) pan-
demic [16].

However, chromo imaging is not available for CE in clinical
practice. Therefore, this study developed a new type of CE that
combines the noninvasiveness and flexibility of CE with image-
enhancing endoscopy technology to observe the microscopic
structure and microvessels of the mucosal surface of the GI
tract and improve the diagnostic performance of CE for GI
tumors.

Methods
Intelligent chromo capsule endoscope and study design

An intelligent chromo capsule endoscope (ICCE) was developed
in this study, and its performance in observing colors, animal
tissues, and early GI neoplastic lesions was evaluated.

The overall design of the ICCE is illustrated in Figure 1A. The
ICCE has two observation modes: WLI (Figure 1B) and intelligent
chromo imaging (ICI) (Figure 1C). The ICCE (26 mm � 11.6 mm) is
composed of four main parts: an imaging module consisting of
a camera, 10 light-emitting diodes (LEDs), and a vertical-cavity
surface-emitting laser; batteries; a microcontroller unit; and a

wireless transmission module. The light source has three types
of LEDs: four white-color LEDs, four blue-color LEDs with a
wavelength of 415 nm, and two green-color LEDs with a wave-
length of 540 nm (Figure 1D). The detailed spectral information
is shown in Table 1. In both modes, the image resolution is
480� 480 and the maximum frame rate is 6 frames/s.

The WLI mode is the traditional imaging mode and is suitable
for observing the mucosal surface of the digestive tract. Images are
captured when the white-color LEDs are on. The whole WLI system
is identical to the current CE with proven effectiveness [17, 18].

The ICI mode combines blue-color and green-color LEDs.
Blue light is strongly absorbed by hemoglobin in the shallow
depth of the mucosa that is permeated with surface blood ves-
sels, and green light is transmitted to the middle depth of the
mucosa and the middle-depth blood vessels [19]. Therefore, the
ICI mode is able to enhance the visualization of blood vessels.
The relative intensity of these LEDs can be adjusted by adjusting
the voltage through pulse width modulation to achieve the best
observation effect.

The study was approved by the Ethics Committee of Tongji
Medical College, Huazhong University of Science and Technology
(IORG No. IORG0003571), was registered in the Chinese Clinical
Trial Registry (registration No. ChiCTR2200058461), and was per-
formed in accordance with the Declaration of Helsinki. The animal
study was approved by the Animal Experimentation Ethics
Committee of Huazhong University of Science and Technology.

Observations of colors

To evaluate the imaging effects of the ICCE on different colors,
we used conventional NBI magnifying endoscopy and the ICCE
to observe a circular 18-color palette and collected images. As
the field of view and depth of field of the capsule are limited, to
ensure a consistent imaging effect of each color, six gray cards
were removed from the 24-color standard color card to con-
struct the circular 18-color palette. Detailed information about
the 24-color standard color card and the 18-color palette is pro-
vided in Supplementary Figure 1. The numbers 1–18 on the color
palette in Figure 2A correspond to the numbers 1–18 in
Supplementary Figure 1B. The red–green–blue images taken by
the conventional NBI endoscope and ICCE were converted to
International Commission on Illumination (CIE) L*a*b* color val-
ues using the D50 reference white. The L*a*b* color model con-
sists of three elements: brightness (L*) and two independent
color channels (a* for green-to-red and b* for blue-to-yellow).
The orthogonality of L*, a*, and b* enables the 3D representation
of colors and ultimately provides three sensing factors in our
sensing platform [20]. As the brightness (L*) could be influenced
by exposure conditions, only the a* and b* values of the L*a*b*
images were analysed. The sampling areas on the color blocks
were marked by white circles with green number marks. Each
sampling area consisted of 5� 5 pixels and the average value of
the pixels was calculated.

Animal experiments

Male Sprague–Dawley rats weighing �230 g were purchased
from SPF (Beijing) Biotechnology Co., Ltd. Three rats were fasted
the night before the experiment. The rats were intraperitoneally
anesthetized with 3% chloral hydrate and their stomachs were
observed. The WLI and ICI modes of the ICCE were used to ob-
serve the same regions of the stomachs in the dark and images
were collected.
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Comparison of the ICI and WLI modes in differentiating
tumor lesions and non-tumor lesions

The diagnostic performance of the ICCE was tested on 20 early
GI tumor lesions and 8 non-tumor lesions. All lesions were ob-
served in both WLI and ICI modes, and images were captured.
After imaging, the specimens were immersed in formaldehyde
and routine histopathological examinations were conducted.
The histopathological diagnosis was considered the gold stan-
dard. Gastroenterologists (six experienced doctors and six inex-
perienced doctors) reviewed the images and made diagnoses
separately in WLI mode and ICI mode. All participating gastro-
enterologists were blinded to the histopathological diagnoses.
The diagnostic performance of the WLI and ICI modes of the
ICCE was evaluated by comparison with the histopathological
diagnosis.

Image sharpness evaluation

The variance of Laplacian (VoL), a traditional image sharpness
evaluation operator [21, 22], was used to analyse the images
taken by the ICCE in the WLI and ICI modes. Compared with
other traditional image sharpness operators, Laplacian-based

operators have better overall performance under normal imag-
ing conditions. The VoL utilizes the variance of the image
Laplacian, which is defined as follows:

/ ¼
X

IL x; yð Þ � IL

� �2

where IL is the mean value of the image Laplacian IL. Higher /

values indicate sharper images.

Image contrast evaluation

To quantify the image contrast between lesion and non-lesion
areas, the following formula was used [19]:

Contrast ¼ jYN � YLj
YN

Here, Y¼ 0.299R þ 0.587G þ 0.114B is the brightness of a pixel
in the red–green–blue image, where R, G, and B represent the
pixel values of the R, G, and B channels, respectively. YN and YL

represent the average brightness of the non-lesion and lesion
areas, respectively.

Statistical analysis

GraphPad Prism v6.0c (GraphPad Software, San Diego, CA, USA)
or MATLAB 2015a (The MathWorks, Inc.) was used for the statis-
tical analysis of the experimental data, which are expressed as
the mean 6 standard deviation of at least three independent
experiments. The t-test was used to compare the VoL and con-
trast values between the WLI and ICI modes. A value of P< 0.05
was considered statistically significant.

Figure 1. The overall design of the ICCE. (A) The ICCE (the red cube represents the vertical-cavity surface-emitting laser); (B) the image of the ICCE model in the WLI

mode; (C) the image of the ICCE in the ICI mode; (D) the spectra of the blue and green light. WLI, white-light imaging; ICI, intelligent chromo imaging; ICCE, intelligent

chromo capsule endoscope.

Table 1. Spectral information of the blue and green light

Type Central
wavelength

(nm)

Peak
wavelength

(nm)

Full width at
half maxima

(nm)

Blue light 435.3 413.7 16.7
Green light 544.1 532.9 32.2
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Results
The ICCE and conventional NBI endoscopy have similar
spectral distributions in color imaging

To evaluate color imaging by the ICI mode of the ICCE, both the
conventional NBI endoscope and the ICCE were used to observe
an 18-color palette (Figure 2A). As shown in Figure 2B, the colors
of each color block were similar between the ICI mode and con-
ventional NBI, which shows that the two systems have similar
spectral distributions.

Imaging of rat gastric mucosa by the ICCE

We used the ICCE to observe the blood vessels on the rat gastric
serosal surface (Figure 3A and B). The ICI mode of the ICCE
clearly imaged the blood vessels on the gastric serosal surface,
including thick blood vessels and fine blood vessels (Figure 3B).
The VoL values were higher in the ICI mode than those in the
WLI mode (3.800 6 1.491 vs 2.154 6 1.044, P¼ 0.003, Figure 3C),
indicating that the ICI mode had an image enhancement effect
and provided clearer images, which may improve the diagnosis
of mucosal lesions in the GI tract.

The ICI mode is superior to the WLI mode in observing
early neoplastic lesions in the GI tract

The ability of the WLI and ICI modes to diagnose gastric precan-
cerous lesions and early gastric cancer lesions was evaluated by
observing seven cases of high-grade intraepithelial neoplasia
and intramucosal carcinoma, and one case of low-grade intrae-
pithelial neoplasia. The ICI mode clearly imaged irregular

mucosal microsurface and microvasculature of a gastric precan-
cerous lesion (Figure 4A–C) and more representative images of
gastric precancerous lesions and early gastric cancer lesions are
shown in Supplementary Figure 2. Compared with the WLI
mode, the ICI mode had higher VoL values (2.242 6 0.162 vs
6.642 6 0.919, P< 0.0001) (Figure 4D).

The ability of the WLI and ICI modes to diagnose early co-
lonic tumors was evaluated by observing eight cases of tubulo-
villous adenomas and one case of neuroendocrine tumor. The
ICI mode clearly displayed the vessel and surface patterns of
the colonic tumor (Figure 5A–C) and more representative images
of colonic tumors are shown in Supplementary Figure 3.
Similarly, the ICI mode showed superior VoL values than the
WLI mode (11.882 6 7.663 vs 3.896 6 1.430, P< 0.0001) (Figure 5D).

Discrimination contrast of the ICI mode for non-tumor
lesion and tumor lesion areas

The ICI mode of the ICCE clearly distinguished tumor areas
from non-tumor areas (Figure 6A–D). The ICI mode had a higher
discrimination contrast between tumor and non-tumor areas
than the WLI mode (0.144 6 0.076 vs 0.069 6 0.046, P¼ 0.005)
(Figure 6E and Table 2). The high discrimination contrast be-
tween tumor and non-tumor areas under the ICI mode may be
helpful for the detection of GI tumors.

Diagnostic accuracy of the WLI and ICI modes on early
GI tumor specimens

To assess diagnostic performance, images of 20 early GI tumor
lesions and 8 non-tumor lesions acquired in the WLI and ICI

Figure 2. Imaging comparison of the ICCE and conventional NBI endoscopy in color observation. (A) Representative images of the 18-color palette acquired in the WLI

and NBI modes of the Olympus endoscope (left panel) and the WLI and ICI modes of the ICCE (right panel); (B) a* and b* values of the L*a*b* images of the 18-color pal-

ette acquired in the NBI mode of the Olympus endoscope and the ICI mode of the ICCE. WLI, white-light imaging; ICCE, intelligent chromo capsule endoscope; NBI, nar-

row-band imaging; ICI, intelligent chromo imaging.
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modes were reviewed and diagnosed by endoscopists. The rep-
resentative images of non-tumor lesions acquired under the
WLI and ICI modes are shown in Supplementary Figure 4. The
20 early GI lesions included eight cases of tubulovillous ade-
noma, seven cases of high-grade intraepithelial neoplasia and
intramucosal carcinoma, one case of low-grade intraepithelial
neoplasia, three cases of esophageal squamous cell carcinoma,
and one case of neuroendocrine tumor. For experienced endo-
scopists, the ICI mode had significantly higher sensitivity
(95.83% [95% confidence interval fCIg, 90.00%–100%] vs 78.33%
[95% CI, 65.00%–85.00%], P¼ 0.0005), specificity (91.67% [95% CI,
87.50%–100%] vs 77.08% ([95% CI, 62.50%–87.50%], P¼ 0.01) and
accuracy (94.64% [95% CI, 89.29%–100%] vs 77.98% ([95% CI,
67.86%–85.71%], P¼ 0.0002) than the WLI mode. For inexperi-
enced gastroenterologists, the accuracy of the ICI was also sig-
nificantly higher than that of the WLI mode (87.50% [95% CI,
78.57%–96.43%] vs 72.62% [95% CI, 64.29%–78.57%], P< 0.01).

Discussion

In this study, we developed a novel intelligent chromo CE and
validated its performance in observing colors, animal tissues,
and early GI neoplastic lesions in humans. Several highlights
should be emphasized in our study. First, to our knowledge, this
is the first study to integrate chromo imaging functions into CE.
Second, we found that the ICCE has a good imaging in color and

animal tissue. More importantly, the ICI mode is superior to the
WLI mode in observing early GI neoplastic lesions.

Early detection and treatment of GI cancer is crucial and en-
doscopic screening can reduce GI cancer mortality in high-risk
countries [23]. Although conventional endoscopy is the current
gold standard for clinical diagnosis, due to limited endoscopy
resources, poor patient acceptance, adverse GI events, and the
risk of anesthesia, early cancer screening in large populations
has not been achieved.

CE can be used to examine the esophagus, stomach, small
intestine, and large intestine, and the advent of magnetically
controlled capsule endoscopes allows endoscopists to make de-
tailed observations of the GI mucosal surface [24–26]. By apply-
ing an external magnetic field, the position and direction of the
capsule can be actively controlled in magnetically controlled CE
systems, thereby allowing a comprehensive observation of the
gastric mucosa and upper GI tract [18, 27]. Compared with con-
ventional gastroscopy, magnetically controlled capsule gastros-
copy has similar sensitivity, specificity, and overall accuracy in
the diagnosis of gastric diseases and is better tolerated by
patients [28, 29]. Similarly, colon CE has proved to be a safe and
effective tool for the detection of colorectal cancer, and the diag-
nostic accuracy of colon CE for colon cancer and polyp detection
is equivalent to that of colonoscopy [30].

Electronic chromoendoscopy has high sensitivity for detect-
ing early GI neoplastic lesions by observing mucosal microstruc-
ture and microvessels [31, 32]. Compared with WLI, NBI

Figure 3. Comparison of WLI and ICI modes in observation of stomach in rats. (A) Representative images of rat stomach acquired in the WLI mode of the ICCE; (B) repre-

sentative images of rat stomach acquired in the ICI mode of the ICCE; (C) the VoL values of rat stomach images were significantly higher in the ICI mode than those in

the WLI mode. WLI, white-light imaging; ICI, intelligent chromo imaging; ICCE, intelligent chromo capsule endoscope; VoL, Variance of Laplacian. **P<0.01.
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significantly improves the rate of detection of GI cancers [33,
34]. However, the observation of the GI mucosa by CE has been
mainly limited to WLI. Integrating electronic chromoendoscopy
into CE may facilitate the diagnosis of GI diseases, especially
neoplastic diseases. Therefore, in this study, we developed ICCE
and evaluated its ability to image colors, animal tissues, and hu-
man specimens in vitro. The ICI mode of the ICCE and conven-
tional NBI had similar observation performance on an 18-color
palette. The ICI mode could clearly image mucosal surface blood
vessels in both animal models and human GI tumors. In addi-
tion, the ICI mode provided clear images of abnormal blood ves-
sels in neoplastic lesions of the GI mucosa. Compared with the
WLI mode, the ICI mode of the ICCE provided higher discrimina-
tion contrast between tumor and non-tumor areas, which can
facilitate their differentiation. Most importantly, the overall ac-
curacy of the ICI mode for the diagnosis of early GI neoplastic
lesions was significantly higher than that of the WLI mode.
Therefore, we believe that the ICI mode is a good auxiliary diag-
nostic function of CE.

Although several studies over the past decade have focused
on the development of NBI capsule endoscopes, none is avail-
able on the market. In 2010, Dung et al. [35] developed a capsule
endoscope that incorporates an NBI chip and tested it on the
backside mucosa of human tongue and porcine small intestine.
They found that the NBI capsule endoscope significantly im-
proved image quality but did not test it on human specimens or
evaluate its ability to detect GI tumors. In 2018, Yen et al. [36]

proposed an optical design with NBI for a capsule endoscope
and focused on the design and optimization of optics in the cap-
sule system. By contrast, we not only developed an ICCE with
image enhancement but also validated its application in animal
and human GI tumor diagnosis, bringing this technology a step
closer to clinical application.

This study has several limitations. First, the diagnostic per-
formance of the ICI mode was only validated by observing
lesions at close distances. The ability of the WLI and ICI modes
to detect suspicious lesions at “screening” distances will be
compared in a future study. Second, similarly to common CE,
the ICCE requires magnetic control for complete imaging of the
GI mucosa. The magnetic control design and data need to be
further improved. Third, well-designed prospective studies are
needed to confirm the imaging effects.

Conclusions

We successfully integrated ICI into a capsule endoscope. The
ICCE adds the ICI mode to all of the functions of a traditional
white-light capsule. The effectiveness of the ICI mode of the
ICCE surpassed that of the WLI used in clinical practice. The
ICCE enabled excellent imaging of color and animal and human
specimens. Furthermore, the WLI and ICI modes can be
switched at will through wireless control to meet the needs of
diagnosis, which has the potential to expand the clinical appli-
cation of CE as a diagnostic tool for the GI tract.

Figure 4. Imaging comparison of WLI and ICI modes in observation of early GI neoplastic lesions. (A) and (B) Representative images of different regions of a gastric pre-

cancerous lesion acquired in the WLI mode (A) and ICI mode (B) of the ICCE; (C) histopathology showed low-grade intraepithelial neoplasia; (D) the VoL values of gastric

precancerous lesion and early gastric cancers (eight lesions) images were significantly higher in the ICI mode than in the WLI mode. WLI, white-light imaging; ICI, intel-

ligent chromo imaging; ICCE, intelligent chromo capsule endoscope; VoL, Variance of Laplacian. ****P< 0.0001.
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Figure 5. Imaging comparison of WLI and ICI modes in observation of the early colonic tumors. (A) and (B) Representative images of different regions of a colonic tumor

lesion acquired in the WLI mode (A) and ICI mode (B) of the ICCE; (C) histopathology showed tubulovillous adenoma; (D) the VoL values of colonic tumor (nine lesions)

images were significantly higher in the ICI mode than in the WLI mode. WLI, white-light imaging; ICI, intelligent chromo imaging; ICCE, intelligent chromo capsule en-

doscope; VoL, Variance of Laplacian. ****P<0.0001.

Figure 6. Comparison of WLI and ICI modes in the identification of non-tumor lesions and tumor lesions. (A)–(D) Representative images of non-lesion and lesion areas

acquired in the WLI mode (left panel) and ICI mode (right) of the ICCE; (E) the contrast values were higher in the ICI mode than in the WLI mode. WLI, white-light imag-

ing; ICI, intelligent chromo imaging; ICCE, intelligent chromo capsule endoscope; N, non-lesion area; L, lesion area. **P<0.01.
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