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ABSTRACT. Significance: The identification of gastrointestinal bleeding holds significant impor-
tance in wireless capsule endoscopy examinations, primarily because bleeding is
the most prevalent anomaly within the gastrointestinal tract. Moreover, gastro-
intestinal bleeding serves as a crucial indicator or manifestation of various other
gastrointestinal disorders, including ulcers, polyps, tumors, and Crohn’s disease.
Gastrointestinal bleeding may be classified into two categories: active bleeding,
which refers to the presence of continuing bleeding, and inactive bleeding, which
can potentially manifest in any region of the gastrointestinal system. Currently, medi-
cal professionals diagnose gastrointestinal bleeding mostly by examining complete
wireless capsule endoscopy images. This approach is known to be demanding in
terms of labor and time.

Aim: This research used white-light images (WLlIs) obtained from 100 patients using
the PillCam™ SB 3 capsule endoscope to identify and label the areas of bleeding
seen in the WLlIs.

Approach: A total of 152 photographs depicting bleeding and 182 images depicting
non-bleeding were selected for analysis. In addition, hyperspectral imaging was
used to transform WLI into hyperspectral images using spectral reconstruction
through band selection. These images were then categorized into WLIs and hyper-
spectral images. The training set consisted of seven datasets, each including six
spectra. These datasets were used to train the Visual Geometry Group-16 (VGG-16)
model, which was developed using a convolutional neural network. Subsequently,
the model was tested, and its diagnostic accuracy was assessed.

Results: The accuracy rates for the respective measures are 83.1%, 65.8%, 66.2%,
72.2%, 73.7%, and 88%. The respective precision values are 78.5%, 47.5%, 30.6%,
59.5%, 77.7%, and 80.2%. The recall rates for the relevant data points are 83.3%,
67.9%, 86%, 74.2%, 68.6%, and 92.4%. The initial dataset comprises an image
captured under white-light conditions, whereas the final dataset is the most refined
spectral picture data.
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Conclusions: The findings suggest that employing spectral imaging within the
wavelength range of 405 to 415 nm can enhance the accuracy of detecting small
intestinal bleeding.
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1 Introduction

The small intestine is primarily composed of three distinct sections: the duodenum, the jejunum,
and the ileum. On average, the small intestine has a length of ~6 to 7 m.'” The part of the
digestive tract that spans from the posterior region of the stomach to the proximal end of the
large intestine is the longest segment. The gastrointestinal tract serves as the primary organ
responsible for the processes of food digestion and absorption. Although the prevalence of small
intestinal disorders is very low,* instances may arise where gastroscopy and colonoscopy fail to
provide a definitive diagnosis for unexplained stomach pain,® potentially indicating an under-
lying issue inside the small intestine.” The process of diagnosis often entails a significant time
investment, which subsequently leads to delays in the initiation of therapy. The occurrence of
small bowel disease poses significant challenges® for both patients and professionals, particularly
in terms of diagnosis and treatment. The peak incidence of smooth muscle tumors in the small
intestine in both male and female patients is between the ages of 50 and 59.” The root cause of
small intestinal bleeding lesions is contingent upon the patient’s age rather than their gender or
race. Small intestinal hemorrhage is predominantly attributed to vasodilation in the small
intestine.'%!'! Several risk factors have been identified for the occurrence of vasodilation, includ-
ing advancing age, the existence of aortic stenosis, chronic renal failure, utilization of a left
ventricular assist device, and several genetic abnormalities.'> The utilization of wireless cap-
sule endoscopy is of utmost importance in the identification of gastrointestinal bleeding.
Gastrointestinal bleeding is the most frequent anomaly in the gastrointestinal tract.'>!* Tt serves
as a significant indicator or concomitant manifestation of various gastrointestinal pathologies,
including ulcers, polyps, tumors, and signs of Crohn’s disease.'>'® Gastrointestinal bleeding can
be categorized into two distinct types: active bleeding, which refers to the presence of ongoing
bleeding, and inactive bleeding, which has the potential to manifest in any region along the gas-
trointestinal tract. Currently, the identification of gastrointestinal bleeding primarily relies on the
visual examination of complete wireless capsule endoscopy images'’ by medical professionals.
This approach is highly demanding in terms of labor and time.

Endoscopy remains the preeminent diagnostic modality for the identification of gastroin-
testinal disorders.'®>> Nevertheless, conventional endoscopy continues to exhibit certain limi-
tations in a therapeutic setting. The endoscope hose and accompanying equipment are introduced
to a significant depth within the gastrointestinal wall.**** Comprehensive treatment entails sig-
nificant time investment® and induces patient discomfort. Consequently, prioritizing capsule
endoscopy as the primary approach for conducting intestinal examinations is advisable. In cases
that require endoscopic assessment and intervention, various deep enteroscopy techniques may
be employed. In the absence of any contraindications, conducting capsule endoscopy prior to
deep enteroscopy is advisable. The application of computerized techniques in the detection of
gastrointestinal bleeding in wireless capsule endoscopy images has garnered significant interest
as a means of alleviating the burden on physicians.*?*° The literature study demonstrates that
prevailing approaches utilizing shallow network architectures typically commence with a man-
ually predetermined feature extraction phase, followed by an independent training procedure for
the classifier. During the initial phase, many attributes such as color, texture, statistical informa-
tion, and distinctive characteristics®® are manually retrieved from raw images obtained through
wireless capsule endoscopy. The feature vectors that are created are utilized to train binary or
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discrete classifiers. The presence of hemorrhaging in the small intestine, a complicated medical
condition that is notorious for its evasive nature, poses a substantial diagnostic challenge for
medical professionals.’! Determining the cause of the bleeding accurately and quickly is crucial
to deliver the proper treatment and improve the patient’s overall prognosis. Conventional diag-
nostic methods,*? such as endoscopy and radiographic imaging, have some shortcomings in pre-
cisely locating the source of bleeding in the small intestine. As a result, patients often must wait
longer for treatment, thus worsening their pain and discomfort. The field of medical imaging has
made significant strides in recent years, which has resulted in the development of creative sol-
utions to this complex clinical dilemma.

The purpose of this research is to investigate the expanding field of hyperspectral imaging
technology and its significant potential for accurately predicting the precise location of small
intestinal hemorrhage. Our goal is to provide insight into the potentially disruptive implications
of this technology in the field of gastrointestinal medicine by performing a comprehensive
examination of the underlying principles, methods, and current advances. To achieve this goal,
we will first undertake such an examination. Our goal is to lay a foundation for future research
and development in this fascinating and important area of medicine by analyzing the challenges
associated with the detection of small intestine hemorrhage and emphasizing the benefits of spec-
tral reconstruction through band selection.

2 Materials and Methodology

In this study, we collaborated with the Department of Gastroenterology and Hepatobiliary
Surgery at National Cheng Kung University, which provided white-light images (WLI) data cap-
tured using the PillCam™ SB 3%-%¢ capsule endoscope. Subsequently, the hemorrhage location
identified during the acquisition of the WLIs was labeled. The dataset consisted of a total of 1336
photos, comprising 608 photographs depicting hemorrhage and 728 images without hemorrhage.
The dataset comprises images from 100 patients who underwent routine diagnostic procedures.
The study protocol and informed consent form were approved by the Medical Ethics Review
Board of the National Cheng Kung University School of Medicine Hospital (IRB No. A-
ER-111-145). All participants provided informed consent, and the study was conducted in accor-
dance with relevant regulations and ethical guidelines. The experimental design and process were
reviewed by the Medical Ethics Review Committee, ensuring compliance with ethical standards.
As the study utilized pre-existing clinical data for analysis, it did not involve additional exper-
imental interventions. This ethical oversight ensures the integrity and transparency of the study,
supporting the validity of the results presented. Notably, the dataset did not include any low-
quality images resulting from blurring, defocus, mucus, or poor air blowing. The procedure for
evaluating hemorrhagic and non-bleeding segments is discussed comprehensively below. In this
research, the images preceding the occurrence of hemorrhage were segmented and categorized
into three time intervals: 5, 10, and 15 s prior to the hemorrhagic event, as depicted in Fig. 1. The
classification process involves identifying the distinctive characteristics of the image during spec-
tralization. For the non-bleeding section, 20 images were selected from the capsule images of
patients with small intestinal bleeding, where no bleeding is observed for a continuous duration
of 3 min. Figure 2 displays a picture depicting the absence of hemorrhage.

Fig. 1 Image taken before blood spots are taken out.
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Fig. 2 Image taken in the absence of hemorrhage.
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Fig. 3 Spectral reconstruction through band selection conversion construction flowchart, using
standard 24 color blocks (X-Rite Classic, 24 Color Checkers) as the common target object for
endoscope and spectrometer spectrum conversion, converting endoscope images into 401 bands
of visible spectral information.

The initial step is the translation of minor intestinal hemorrhage captured by the capsule
endoscope into 401 bands of visible-light spectrum information (ranging from 380 to 780 nm)
using spectral reconstruction through band selection. The procedure of converting the visual
spectrum is depicted in Fig. 3. Spectrometers, namely, the Ocean Optics-QE65000 model, and
a WLI endoscope are employed to measure the spectrum and capture photos of 24 color blocks.
The research developed a spectral reconstruction through a band selection mechanism capable of
transforming an red, green, blue (RGB) or a WLI captured from an endoscope into a HSI as
depicted in Fig. 3. First, it is necessary to establish the correlation between the WLI image and
the spectrometer for various colors. The Macbeth Color Checker (X-Rite Classic) is specifically
marked as the set of colors to be used for calibration purposes. This tool comprises 24 squares
displaying various color samples typically encountered in nature, including hues such as red,
green, blue, cyan, magenta, and yellow, with six tons of gray. X-Rite has gained popularity
as a preferred option for color calibration in recent years. The endoscopic camera was predomi-
nantly employed to collect photos that accurately represented the colors of the X-Rite board, also
known as the target. The image consisting of 24 colors was converted to the CIE 1931 XYZ color
space. The endoscopic images were saved in JPEG format using the standard RGB (sRGB) color
scheme. The R, G, and B values of the SRGB color space, ranging from 0 to 255, were first
converted to a narrower range between 0 and 1. Subsequently, the gamma function was employed
to convert the reduced sSRGB values into linearized RGB values. A translation matrix was
employed to convert the linearized RGB values into the CIE 1931 color space and depict the
numerical relationship between the wavelengths in the visible spectrum and the perceived colors
in nature. On the other hand, images taken with an endoscope can be influenced by non-linear
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response, dark current, incorrect color separation, or color distortion. Subsequently, the CIE XYZ
tristimulus values are derived by converting these normalized RGB values into XYZ values as
XYZ camera. This conversion is facilitated through the application of a specific transformation
equation as shown in Eq. (1).

X f(RscB) RraB
Y | = [Mu][T]| f(Geas) | x 100, 0< Gges =1, (1)
VA f(Bsrca) Bgren

where 0 < Rrgg> Grap, and Bgrgp < 1. Here, Rz, Grgg» and Bgrgp denote the three color
channels of the SRGB image. These channel values are linearized through a function defined by
gamma correction. For SRGB images, this correction can be approximated by a power function
with an exponent of 2.4, incorporating a linear segment for lower values to account for the non-
linear sensitivity of human vision at these intensities. The equation for removing gamma cor-
rection, or linearization, is defined in Eq. (2).

0.4104 0.3576 0.3576

[T] = 10.2126 0.7152 0.0722 |, 2)
0.0193 0.1192 0.9505

(895)™", > 0.04045

f(n) = , 3)
(ﬁ) otherwise
Xsw/Xew 0 0
M,y] = 0 Ysw/Ycw 0 : “4)
0 0 Zsw/Zcw

Converting the obtained spectral data R(4) (380 ~ 780 nm, 1 nm) into the XY Z color gamut
space requires the light source spectrum S(4) of the ophthalmoscope hyperspectral system and
the XYZ color matching function. Through Egs. (5)-(7), the spectral data are converted into the
XYZ values as XY Zgpecirometer- The brightness ratios are given in Eq. (3).

700 nm
X =k / SR(MT(A)dA, )
400 nm
700 nm
Y=k / SRAFA)AA, ©)
400 nm
700 nm
Z—k / S(R(A)Z(A)dA, )
400 nm
100

) 8
Sy ®

where S(4) is the light source spectrum in XYZ color gamut space, and X(4), ¥(4), and Z(4) are
the XY Z values of the color-matching function. The spectral data signal R(4) from the spectrom-
eter is converted to the XY Z color space. Equation (9) was employed to find the color correlation

between the spectrophotometer and the camera. Equation (10) was used to calculate the updated
X, Y, and Z values (XY Zcyeer) after error correction.

[C] = [XYZSpechum] X pil‘lV([V]), (9)
[XYZCorrecl] = [C] X [V] (10

The camera’s nonlinear response can be adjusted using a third-order equation, and the var-
iable that represents the modification of the nonlinear response is defined as Viyop-incar-

‘/Non—linear:[x3 Y3 Z3 X2 Y2 Y2 X Y Z l]T. (11)

In the dark current component of an imaging device, the dark current remains constant regardless
of the amount of light it receives. Therefore, a specific value is assigned to reflect the contribution
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of the dark current, and the variable for modifying the dark current is established appro-
priately as

VDark = [Cl] (12)

The variable matrix V is obtained by standardizing the product of Vg, and Vion-tinears
together with the inclusion of Vp,4. To avoid excessive correction, the standardization is
restricted to the third order,

Veoor = [XYZ XY XZ YZ X Y Z]T, (13)
X3 Y3 Z3 T
X%y X*7Z Y*Z
V= XY? X7? v7* ) (14)
XYZ X* Y? Y?

XYXZYZXYZa

Before using CIE DE2000 to calculate color differences, it is essential to translate XY Zc et
and XY Zgyeorum from the XY Z color system to the lab color space. The equation for conversion
is as follows:

() -l () A2)] () ()

s)

F(n) = {m n> 0.008856. (16)

7.787n+0.137931, otherwise

The spectra were organized into a matrix, denoted as (R(A))40; x 24, Where the columns re-
present the number of color checkers, and the rows correspond to the intensities of the wavelengths
at 1 nm intervals. Twelve eigenvectors, identified as having the most significant contribution, were
established as the basis for spectral calculation and organized into a matrix (E);, 4o, by calcu-
lating the eigen system and utilizing principal component analysis (PCA). The corresponding
eigenvalues of these six eigenvectors, denoted as (a);,, 24, Were determined using Eq. (17).

[a]" = [R(2)]pinv[E]. (17)

The reflectance spectrum data were converted into XYZ values (XY Zgpeciym), Which were
then normalized inside the XYZ color gamut space. The correction coefficient matrix C was
derived by the process of multiple regression, specifically using Eq. (18). The reflectance spec-
trum data (Rgpecrum) Were utilized to calculate the transformation matrix (M) for the colors
included in the X-Rite board. PCA was conducted on the Rgyecmum dataset to extract the six most
significant principal components (PCs) and their corresponding eigenvectors. The six PCs were
able to account for 99.64% of the information. The mean root mean square error (RMSE) of the
24 desired colors between XY Zcoeer and XY Zgpecrum Was 0.19, indicating that the difference is
insignificant. Subsequently, a multiple regression analysis was conducted on variable M, and its
correlation with the six significant principal components was examined. The six PCs were uti-
lized for conducting a multivariate regression analysis of XYZcgee- In this study, the variable
Vcolor Was selected with great care due to its ability to encompass all possible combinations of the
X, Y, and Z values.

[M] = [Score] X pinv([VColor])' (18)

The analog spectrum (Sspecum) Was computed from XYZcoge using Eq. (19). Next,
Sspecrum Was assessed in comparison with Rgyecum- The mean RMSE of the 24 color blocks
was merely 0.056, whereas the average discrepancy in color between the acquired analog spec-
trum and the reflectance spectrum produced by the spectrometer was only 0.75. This discovery
suggests that the colors derived from the reflectance spectrum closely matched the colors rep-
resenting the observed values. Thus, by employing the aforementioned technique, it is possible to
convert an RGB image captured by an endoscope into an HSI image.
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This method yields a collection of spectrum data and RGB three-channel images.
Subsequently, the two sets of data are processed to determine the disparity among them. The
conversion matrix is employed to transform the acquired spectrum information into the vis-
ible-light band (380 to 780 nm) through spectral reconstruction through band selection. By mark-
ing positions, we analyze the spectral disparities between lesions and non-lesions, as depicted in
Fig. 4. Specifically, we utilize spectral information ranging from 405 to 415, 470 to 500, and 540
to 780 nm, which are organized and combined into seven datasets that include WLIs for further
utilization. The initial dataset comprises white-light data lacking any discernible spectrum. The
extraction of additional datasets relies on the utilization of the separation spectrum range depicted
in Fig. 4 to ascertain the presence of any bleeding. The second dataset comprises measurements
within the wavelength range of 540 to 780 nm. This band was selected because it can achieve the
highest resolution within the red-light spectrum. The third dataset corresponds to the 470 to
500 nm range. This band was selected because of its superior degree of separation within the
green-light spectrum. The fourth dataset comprises a synthetic spectrum dataset spanning the
wavelength range of 470 to 500 and 540 to 780 nm. This study investigates the potential inte-
gration of differences in the overall spectrum of red and green light. The fifth dataset comprises
synthetic spectrum data ranging from 405 to 415, 470 to 500, and 540 to 780 nm, which helps in
investigating the potential for synthesizing differences in spectrum synthesis across red, green,
and blue light. The sixth dataset corresponds to the range of 405 to 415 nm. This particular band
was selected because of its superior differentiation within the range of blue-light wavelengths.
The eighth dataset consists of wavelengths ranging from 405 to 415 and 535 to 545 nm. The
rationale behind selecting this band is rooted in its alignment with the spectral range commonly
utilized in traditional narrow band imaging.

The Visual Geometry Group-16 (VGG-16) model is primarily designed for the purpose of
feature extraction. The subject matter is discussed comprehensively in the initial section of the
Supplementary Material. The architectural representation of VGG-16 consists of many convolu-
tional neural networks, as previously discussed.

The VGG model is a prominent method in the field of image classification. It is designed to
assign an entire image to a specific category without determining the precise position or coor-
dinates of objects inside the image, unlike object detection. Object detection involves determin-
ing the precise location of an object inside an image. Hence, when the VGG model is used to
identify unfamiliar images, the unknown image should have only a solitary object, whereas the
background is ideally kept minimalistic.
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Fig. 4 Spectrum distribution chart of the small intestine captured by endoscopy, distinguishing
between bleeding and non-bleeding areas. Subsequently, after the observations were analyzed,
a composite array is formed by combining spectral data within the ranges of 405 to 415, 470 to 500,
and 540 to 780 nm.
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VGGNet can be considered a more detailed version of the AlexNet architecture. The
AlexNet design employs a convolutional kernel with a size of 7 X 7, whereas the VGGNet archi-
tecture utilizes a convolutional kernel with a size of 3 X 3, enabling the implementation of a more
intricate and extensive convolutional neural network. Research has demonstrated that aug-
menting the depth of a convolutional neural network by incorporating additional hidden layers
and weights can yield notable enhancements in recognition accuracy. The architectural design of
VGGNet resembles that of AlexNet but with the incorporation of more hidden layers. This aug-
mentation results in an expanded parameter adjustment range, hence leading to the final model
parameters being approximately three times greater than those of AlexNet. The VGG model
employs a dataset consisting of one million images for the purpose of training, afterward cat-
egorizing them into a thousand distinct classes. This paradigm has evolved into a widely appli-
cable solution. If the image does not fall within the scope of these 1000 categories, then the input
convolutional layer can be substituted and the middle layer can be used to extract features. This
approach is commonly referred to as transfer learning. The VGG architecture consists of two
variations, namely, VGG-16 and VGG-19. VGG-16 is composed of 13 convolutional layers and
3 fully connected layers, whereas VGG-19 has 16 convolutional layers and 3 fully connected
layers.

3 Results

This study utilized capsule endoscopic images from a sample of 100 patients to develop prediction
models for chromaticity (RGB) and hyperspectral images to distinguish between hemorrhage and
non-bleeding cases. Three spectral ranges were extracted and combined to create a total of seven
models, which were then evaluated. Figure 5(a) displays the prediction results of the white-light
esophageal cancer image detection model and the white-light hyperspectral esophageal cancer
image detection model. The left side of Fig. 5(a) presents the spectrum selection range of the
WLI, whereas the right side depicts a schematic of image reproduction. The left side of
Fig. 5(b) illustrates the spectrum selection range of 540 to 780 nm, whereas the right side depicts
a schematic of image reproduction. Similarly, the left side of Fig. 5(c) displays the spectrum selec-
tion range of 540 to 780 and 470 to 500 (nm), with the right side showing a schematic of image
reproduction. The left side of Fig. 5(d) presents the spectrum selection range of 470 to 500 nm,
accompanied by a schematic of image reproduction on the right side. Finally, the left side of
Fig. 5(e) pertains to the range of 470 to 500 nm. The spectral selection range of 405 to 415 and
540 to 590 nm is depicted in the schematic of picture reproduction. The left side of Fig. 5(f) shows
the spectrum selection range of 405 to 415 nm, whereas the right side represents the image repro-
duction. The schematic in Fig. 5(g) illustrates the spectrum selection range of 405 to 415 and 535
to 545 nm on the left side, whereas the right side depicts a schematic of image reproduction.
The results of the WLI small intestinal bleeding image detection model indicate that out of a
total of 121 hemorrhage photos, 95 were accurately predicted. Similarly, out of 145 non-bleeding
images, 126 were successfully predicted. Calculations determine that the overall accuracy rate is
83.1%. The bleeding sensitivity is 83.3%, whereas the non-bleeding sensitivity is 82.9%. The
confusion matrix for the detection model of small intestinal bleeding images in the wavelength
range of 540 to 780 nm consists of a total of 121 bleeding photos, of which 57 predictions were
accurate. In addition, the matrix includes 145 non-bleeding images. A total of 118 predictions in
the photos were accurately identified, resulting in an overall accuracy rate of 65.8%. The sensi-
tivity for detecting bleeding in the images was 67.9%, whereas the sensitivity for detecting non-
bleeding cases was 64.8%. Small intestinal bleeding image detection was performed within the
wavelength range of 470 to 500 and 540 to 780 nm. Within the confusion matrix of the model, 37
out of 121 hemorrhage photos were accurately predicted, whereas 139 out of 145 non-bleeding
images were successfully predicted. Computations indicate that the overall accuracy rate was
66.2%. The model for detecting small intestinal bleeding images at a wavelength range of
470 to 500 nm achieved a sensitivity of 86% for images with hemorrhage and 62.3% for images
without hemorrhage. In the confusion matrix, out of the total 121 hemorrhage images, 72 were
correctly predicted as hemorrhage, whereas 145 were correctly forecasted as no hemorrhage. A
total of 120 predictions were accurate, with a total accuracy rate of 72.2%. The sensitivity for
detecting blood was 74.2%, whereas the sensitivity for detecting the absence of bleeding was
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Fig. 5 Diagrams depicting different spectra for data collection. (a) Spectrum selection range of
the white light picture on the left and schematic design for image reproduction on the right.
(b) Spectrum selection of 540 to 780 nm on the left and the corresponding image reproduction
on the right. (c) Spectrum selection range of 540 to 780 and 470 to 500 nm on the left and the
picture reproduction diagram on the right. (d) Spectrum selection of 470 to 500 nm on the left and
the picture reproduction diagram on the right. (e) Spectrum selection range of 470 to 500, 405 to
415, and 540 to 590 nm on the left and the schematic on the right. (f) Spectrum selection range of
405 to 415 nm on the left and the corresponding image reproduction on the right. (g) Spectrum of
405 to 415 and 535 to 545 nm on the left and the corresponding image reproduction on the right.

71%. In addition, the wavelength ranges used in the analysis were 405 to 415, 470 to 500, and
540 to 590 nm. In the confusion matrix pertaining to the small intestinal bleeding image detection
model, 94 out of a total of 121 bleeding photos were accurately predicted. Similarly, 102 out of a
total of 145 non-bleeding images were correctly predicted. This result indicates an overall accu-
racy rate of 73.7%. The sensitivity for hemorrhage is 68.6%, whereas the sensitivity for non-
bleeding is 79.1%. The confusion matrix of the small intestinal bleeding image detection model
consists of values ranging from 405 to 415 nm. Out of a sample size of 121 bleeding photo-
graphs, a total of 97 predictions were accurate. Similarly, out of a sample size of 145 non-bleed-
ing images, 137 predictions were accurate. The overall accuracy of the small intestinal bleeding
image detection model was 88%. The sensitivity to bleeding was 92.4%, whereas the sensitivity
to non-bleeding was 85.1%. The confusion matrix for the model, specifically for the wavelength
range of 405 to 415 and 535 to 545 nm, revealed that out of a total of 121 bleeding images,
69 predictions were accurate. Similarly, out of 145 non-bleeding images, 113 predictions were
correct. The overall accuracy was computed, obtaining a 68% sensitivity for both bleeding and
non-bleeding.

4 Discussion

Table 1 presents the results of the evaluation standard. The data in the table show that several
performance metrics of WLI, including accuracy, recall, specificity, and F1 score, exceed 80%.
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Table 1 Results of model evaluation indicators for seven distinct datasets.

Accuracy  Precision Recall ~ Specificity =~ F1 score

WLI 0.831 0.785 0.833 0.829 0.809
540 to 780 nm 0.658 0.471 0.679 0.648 0.556
470 to 500 and 540 to 780 nm 0.662 0.306 0.860 0.623 0.451
470 to 500 nm 0.722 0.595 0.742 0.710 0.661
405 to 415, 470 to 500, and 540 to 590 nm 0.737 0.777 0.686 0.791 0.729
405 to 415 nm 0.880 0.802 0.924 0.851 0.858
405 to 415 and 535 to 545 nm 0.684 0.57 0.683 0.684 0.62

Figure 5(a) displays the original image on the right side. The objective of this study is to utilize
spectral reconstruction through band selection to enhance the accuracy of predicting the relative
location of small intestinal bleeding. This objective is achieved by conducting subsequent spec-
tral analysis on the basis of WLI. Spectral images whose evaluation indices surpass those of WLI
will be considered effective spectra for the detection of small intestinal bleeding.

4.1 540 to 780 nm

The first spectrum encompasses the wavelength range of 540 to 780 nm. Figure 5(b) displays the
replicated picture and the chosen band. The image graphically demonstrates the presence of
several distortions inside the shown elements. Even though the learning rate and the number
of training iterations were adjusted, the accuracy did not improve, but the loss was successfully
decreased. This result is hypothesized to be due to the fact that, although a significant disparity in
reflection intensity between 540 and 780 nm occurs within the spectrum selection, a similar
situation arises across the entire spectrum. Consequently, the magnitude of reflection intensity
change varies minimally. Therefore, this spectrum is unsuitable for application in small intestine
imaging.

4.2 470 to 500 and 540 to 780 nm

The spectral range of the subsequent replicated image spans from 470 to 500 and 540 to 780 nm.
The process of replicating the image and choosing the specific band is illustrated in Fig. 5(c).
Comparable issues are observed within the wavelength range of 540 to 780 nm and a significant
loss of information occurs, as indicated by a comparison of the 540 to 780 nm range to the level
of detail perceivable by the naked eye. The data in Table 1 indicate that the recall rate for
detecting bleeding in the small intestine within this particular band is 86%, surpassing the value
obtained within the 540 to 780 nm wavelength range. Nevertheless, the precision and various
other metrics are significantly lower than those of WLIs, thus requiring further study.

4.3 470 to 500 nm

To investigate the potential obscuration of small intestinal details by red light, we conducted an
experiment involving the observation of spectra visible to the human eye. Specifically, we omit-
ted the 540 to 780 nm wavelength range and replicated the image. Subsequently, we selected the
band as depicted in Fig. 5(d). The spectral range of this band is limited to 470 to 500 nm. The
findings in Table 1 show that the accuracy rate significantly increased to 72%. This improvement
suggests that the exclusion of the red-light spectrum may provide more favorable outcomes in the
context of learning. However, the accuracy rate remains lower than that associated with white
light. Therefore, other light spectra need to be explored.

4.4 405 to 415, 470 to 500, and 540 to 590 nm

An examination of the typical spectral characteristics of hemorrhage and non-bleed cases shows
distinct separations in the spectra within the wavelength ranges of 405 to 415, 470 to 500, and
540 to 780 nm. However, previous experimental findings suggest that incorporating the red-light
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spectrum into the reproduced image spectrum reduces the indicators. Consequently, for the 540-
to 780-nm band, only the green-light spectrum within the range of 540 to 590 nm is utilized for
image reproduction and selection. The bands are depicted in Fig. 5(e). The data presented in
Table 1 show that the current accuracy rate of the wave band reached 74%, indicating a notable
improvement. The imaging of the bleeding small intestine demonstrated enhanced outcomes,
with greater accuracy and a comprehensive index F1 score of 100%. Incorporating the 405-
to 415-nm band into the model significantly enhanced the curve, resulting in a comparatively
high score of 73%. This finding suggests that this particular band contains a greater number of
eigenvalues within the spectrum.

4.5 405 to 415 nm

On the basis of the aforementioned experimental data, the spectral range of 405 to 415 nm is
postulated to exhibit a greater number of characteristic values. Consequently, the single band
encompassing 405 to 415 nm within the blue band was used. The image reproduction and selec-
tion of bands are shown in Fig. 5(f). The findings in Table 1 show that the measurements within
the 405- to 415-nm wavelength range achieved an accuracy of 88%. Furthermore, other data
parameters improved, surpassing the evaluation criteria established by the wavelength index.
Hence, this spectrum is considered effective in detecting minor intestinal hemorrhage in images.

4.6 405 to 415 and 535 to 545 nm

The 405- to 415-nm spectral band is within the narrow band (NB) image. Thus, exploring the
utilization of the standard NB image band, namely, the range of 405 to 415 + 535 to 545 nm, is
advantageous. Employing this approach may potentially enhance the image quality and sub-
sequently allow an informed decision to be made regarding the selection of the band. As depicted
in Fig. 5(g), according to the data in Table 1, the accuracy declined to 68%. Interference poten-
tially occurred among the green-light spectrum—specifically, the range above 470 nm—and the
blue-light spectrum—specifically, 415 nm—in the visualization of the small intestine.

The findings in Table 1 show that the evaluation index for the 405- to 415-nm band surpasses
that of the remaining five spectra, hence exhibiting superior accuracy to WLIs. On the basis of
scholarly literature, this band can be inferred to be a constituent of the NB image. The NB images
were selected to facilitate the examination of microvessels inside surface mucosal tissue. The
primary factor contributing to the absorption rate of hemorrhage at 415 nm is its relatively high
magnitude, although the penetrating capability of blue light is comparatively weaker than that of
red light. Surface tissue can absorb both light and green light and thus can be effectively utilized
to enhance the visibility of microvascular tissue. The inclusion of the 535 to 545 nm band in the
analysis may decrease the accuracy due to the obstruction caused by small intestinal villi to other
spectra with greater penetration capabilities. Superfluous spectral data are introduced when the
blue-light spectrum is combined with the green-light spectrum, which is not absorbed by the
villus wall of the small intestine. The majority of the visual representations observed within the
small intestine pertain to the small intestinal villi, which are anatomical structures characterized
by the presence of villous capillaries. Small intestinal hemorrhage is predominantly attributed to
aberrant growth of vascular tissue. Hence, atypical proliferation of vascular tissue occurs on the
surface of the small intestine. The spectral range between 405 and 415 nm is advantageous in the
identification of surface mucosal tissue lesions. Consequently, this spectral band can be used as a
dataset to predict the location of a small intestinal bleeding model. This study employs a spectral
conversion process using band selection to transform WLI into spectral data, focusing on evalu-
ating specific spectral ranges. Unlike traditional hyperspectral imaging methods that analyze full-
spectrum data, this approach targets narrow spectral bands for bleeding detection. Direct com-
parisons with state-of-the-art HSI methods may not be meaningful due to methodological
differences in data acquisition and spectral processing. Our work establishes a foundation for
enhancing imaging techniques through targeted spectral analysis.

5 Conclusion

Our research has demonstrated that spectral reconstruction through band selection technology
significantly improves the rapid detection and accurate positioning of minor gastrointestinal
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hemorrhages in comparison with conventional WLIs. Utilizing the VGG-16 model, which has
been created for analyzing hyperspectral information related to minor intestinal hemorrhage, our
research derived valuable insights. Our evaluation index identified the 405- to 415-nm wave-
length range as the most promising option for accurate lesion identification. Moreover, our model
has an excellent average accuracy rate of 88%, indicating that we have made substantial progress
in achieving precision. Although there is still room for improvement, this achievement highlights
the significance of an in-depth examination of the spectral characteristics within this specific
wavelength range. Our upcoming endeavors include the procurement of additional data to
improve the model’s precision. We anticipate that the widespread application of this technology
in our future endeavors will substantially improve the ability of endoscopists to recognize signs
of bleeding. Incorporating spectral reconstruction through band selection into clinical practice
can have a revolutionary effect on the field of gastrointestinal diagnostics, resulting in enhanced
patient care and treatment outcomes. As the investigation of spectral reconstruction through band
selection progresses, attaining greater precision and efficacy in the localization of bleeding
becomes increasingly possible.
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