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Abstract: We propose a multimodal endoscopic system based on white light (WL), 
multispectral (MS), and photometric stereo (PS) imaging for the examination of colorectal 
cancer (CRC). Recently, the enhancement of the diagnostic accuracy of CRC colonoscopy 
has been reported; however, tumor diagnosis for a variety of lesion types remains challenging 
using current endoscopy. In this study, we demonstrate that our developed system can 
simultaneously discriminate tumor distributions and provide three-dimensional (3D) 
morphological information about the colon surface using the WL, MS, and PS imaging 
modalities. The results demonstrate that the proposed system has considerable potential for 
CRC diagnosis. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 
The progress of colorectal cancer (CRC) follows the multistep chronological model, wherein 
the growth of genetic mutations and epigenetic alterations form cancer precursors over time, 
such as polyps, finally metastasizing to lymph nodes and distant organs [1]. Early-stage 
cancer, which generally protrudes or is recessed from the lumen, progresses to more advanced 
stages, such as colon submucosa invasion, and metastasizes to other organs, ultimately 
leading to death [2]. The progression to high-grade intraepithelial neoplasia or invasive 
carcinoma is correlated with the tumor distribution, morphology, and histological findings 
[3]. Thus, the documentation and description of the tumor distribution and morphology using 
the Paris classification system are recommended. For example, on the basis of the shape, the 
lesions on the colon are differentiated as pedunculated (Ip), sessile (Is), and nonpolypoid 
(slightly elevated (IIa), flat (IIb), or depressed (IIc)) or as excavated/ulcerated lesions in the 
Paris classification system. Besides, sessile and flat polyps are described as granular or 
nongranular laterally spreading tumors [4]. Therefore, colonoscopy screening is a critical 
procedure for preventing the worsening of the situation by determining a suitable treatment 
plan for CRC, according to the distribution and morphology of the tumors on colon-tissue 
surfaces. CRC detection is currently being realized using white light (WL) endoscopic 
imaging, and the tumor distributions are identified by endoscopists who are trained to observe 
properties, such as the contrast and color changes in the region of interest (ROI). However, 
smaller and variously shaped tumors reduce the WL endoscopy discrimination rate [5]. 

To overcome the above limitation of WL endoscopy, fluorescence colonoscopy has been 
employed to recognize the CRC region on normal tissues for accurate resection. However, no 
significant enhancement in the CRC detection rate has been demonstrated, although advanced 
endoscopic imaging modalities such as narrow-band imaging, autofluorescence imaging, and 
chromoendoscopy, have been developed [6–8]. Among them, fluorescence spectroscopy 
showed considerable potential for recognizing mucosal abnormalities during endoscopy, with 
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a sensitivity and specificity of 100% and 97%, respectively, because the disease-related 
alterations of metabolic molecules, proteins, and others in the tissue affect the emission-light 
profile [9]. This indicated that multispectral (MS) imaging could become a powerful imaging 
modality for cancer margin detection. MS imaging acquires a set of images at the broader 
range of the spectrum with a high spectral resolution and spatial information. Hence, this 
spectral analysis-based imaging technique is advantageous for identifying and classifying 
tumors and normal tissues through their spectral signatures, with a high detection rate [10]. 
Therefore, MS imaging has been suggested and demonstrated as an advanced imaging 
technique, which can be utilized for discriminating between normal tissues and tumors, by 
various previous studies [11–14]. 

Furthermore, a few techniques have been proposed to provide the three-dimensional (3D) 
morphological information of lesions during endoscopy, utilizing customized hardware. 
However, it is generally challenging to implement within the physical constraints of 
colonoscopy. Structured illumination-based endoscopy for 3D imaging [15] requires a 
complex illumination system for pattern construction. Time-of-flight based or polarization-
based 3D endoscopy needs a dedicated camera, including a time-of-flight sensor or rotating 
polarizer filter [16,17]. On the contrary, photometric stereo (PS) endoscopy could be 
conveniently developed with the addition of four illumination channels in flexible 
conventional endoscopy [18]. For example, this system can be implemented with only a few 
additional light sources at the distal face of the probe and can calculate the surface normal, 
which represents the surface directions, as well as the reflectance map, called the albedo. By 
merging WL and 3D morphological imaging techniques, the detectability and classification 
accuracy of lesions can be increased owing to the unique surface shape of colorectal 
adenomas, known as the precursor of invasive adenocarcinoma [18,19]. Therefore, we 
employed the PS imaging technique to reconstruct the 3D morphology, although it does not 
allow measurement of quantitative information about the tumor regions such as the height of 
the target, with high accuracy. However, MS and PS imaging techniques have inherent 
advantages and limitations, when utilized in isolation, resulting in a low tumor diagnosis 
accuracy. On the other hand, certain multimodal imaging systems that simultaneously offer 
varied and synergetic information can be highly beneficial biomedical tools for tumor 
diagnosis [20–22]. In particular, the combination of fluorescence and optical coherence 
tomography (OCT) techniques showed the capability to differentiate early dysplasia, 
adenocarcinoma, and normal mucosa on the basis of the injection of a near-infrared (NIR) 
dye and topographical information only along the laser-scanning direction [23,24]. 

In this paper, we propose a novel multimodal endoscopic system for tumor diagnosis, 
which provides complementary information from each imaging technique. This endoscopic 
system combines three imaging modalities: (1) WL imaging, which is capable of examining 
the colon in real time and determining the ROI; (2) MS imaging, which enables the 
discrimination of different biological tissues by comparing the inherent autofluorescence 
spectral signatures; and (3) PS imaging, which qualitatively offers 3D morphological images 
of the lesions. The proposed system is evaluated using a polyp-mimicking phantom that 
includes fluorescent microspheres in the protruding region and nine sessile polyp phantoms 
with different sizes. Also, multimodal endoscopic imaging of four colon tissues including 
tumors excised from mice is performed. The results demonstrate that the proposed 
multimodal endoscopic system can detect the tumor distribution and provide 3D 
morphological information of the colon, suggesting that it has the potential to be an advanced 
tool for enhancing the CRC diagnosis accuracy. 

2. Materials and methods 
2.1 System and probe design 

Three imaging modalities were integrated into a stand-alone endoscopic system in order to 
obtain WL-based color, spectral-classified, 3D morphological images of the ROI. A program 
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customized using LabVIEW controlled the multimodal endoscopic imaging system. Figure 
1(a) presents the overall schematic of the multimodal endoscopic system, which includes the 
real-time WL, autofluorescence MS, and PS imaging systems. For the MS imaging system, a 
highly sensitive CCD camera (Pco.edge 4.2, PCO), 365-nm light-emitting diode (LED), and 
customized filter wheel, which includes 15 optical narrow bandpass filters (BrightLine, 
Semrock), an empty hole, and a servo motor are used. The pixel size and resolution of the 
CCD camera are 6.5 μm × 6.5 μm and 2048 × 2048, respectively. The filter wheel includes 
the empty hole for acquiring a broadband image for the other imaging modalities. Ultraviolet 
(UV) light was delivered using four single optical fibers with outer diameters of 500 μm after 
passing through a plano-convex lens and collimator. For the real-time WL and PS imaging 
systems, an RGB camera (GS3-U3-60QS6C-C, FLIR systems) and four 1.6 mm × 1.6 mm × 
1.6 mm white LEDs are used. The pixel size and resolution of the RGB camera are 4.54 μm × 
4.54 μm and 2736 × 2192, respectively. All these LEDs can be simultaneously turned on for 
even illumination or one at a time to acquire four images at different illumination directions. 
All the white LEDs were located on the distal face of the endoscopic probe and connected 
with two electrical wires to control and supply power. These imaging modalities utilize a 
path, which includes a GRIN lens (GT-IFRL-100-020-50, GRINTECH); a fiber bundle 
(FIGH-40-920G, Fujikura); an apochromatic 10 × objective lens; a tube lens; and a beam 
splitter. The fiber bundle has approximately 40,000 pixels within the image circle, which has 
a diameter of 854 μm. The outer diameters of the fiber bundle and GRIN lens are 1 mm. The 
working distance of the GRIN lens is 20 mm. 

 

Fig. 1. Multimodal endoscopic system: (a) system diagram, (b) photographs of the system, and 
(c) endoscopic probe. 

The endoscopic probe is separated into three parts; the two types of holes located outside 
the probe are for white and UV illumination, whereas that at the center of the probe is for 
imaging. Four single fibers for UV-light illumination, the four white LEDs, the GRIN lens, 
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and the fiber bundle were fixed to the probe using optical epoxy. The diameter and length of 
the probe are 14 and 10 mm, respectively. Figures 1(b) and 1(c) show the photographs of the 
developed multimodal endoscopic system and probe. 

2.2 White light and multispectral imaging and analysis 

For real-time WL imaging, we utilized the RGB camera and four white LEDs. Real-time WL 
imaging determines the ROI for the MS and PS imaging techniques. For MS imaging and 
analysis, the target was excited by UV illumination. The light emitted from the target was 
acquired by a highly sensitive CCD camera, after passing through the 15 optical-bandpass 
filters sequentially from 420 nm to 700 nm with a step size of 20 nm. The full-width-at-half-
maximum of each optical bandpass filter was approximately 20 nm. The images were stacked 
and then classified using a spectral angle measure (SAM), using the following equation [25]: 
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where si is the spectral signature of the i-th pixel of the collected image, uj is the j-th 
predefined reference spectral signature, and L is the number of the wavelength. Using Eq. (1), 
each pixel was mapped to the predefined color of the corresponding reference spectral 
signature, when the value was calculated as the smallest angle compared to each reference 
spectral signature. Note that red and green colors are used to represent tumors and normal 
tissues, respectively, in this paper. 

2.3 Photometric stereo imaging 

For PS imaging, each white LED was controlled to acquire four images at different 
illumination directions, and the RGB camera acquired the images. Using this set of images, 
the surface normal for each pixel can be calculated on the basis of conventional modeling, as 
per the following equation [26]: 
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where I is the intensity of the i-th and j-th pixels of the image, kd is the reflectance coefficient 
(albedo), N is the surface normal, and L is the vector in the direction of illumination. Note that 
we replaced kdN with G to simplify the equation. From Eq. (2), the surface normal and albedo 
can be deduced using the least-squares solution as follows: 
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The light vector, L, for each LED is calculated using the chrome sphere by determining 
the specular reflection from the chrome sphere in an image as follows: 
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where n is the normal vector of the highlighted region on the sphere and r is the viewing 
direction in an image. 

In the classic PS solution based on the Lambertian reflectance model, reconstruction of 
the surface is challenging in practice owing to the non-Lambertian surfaces, cast-shadow, and 
nonuniform illumination of light [27]. Furthermore, the fiber bundle, which shows 
honeycomb patterns on the image, causes distortion, when calculating the surface normal, and 
certain optical lenses can cause radial distortion. Therefore, we applied several conventional 
image-processing algorithms to correct the set of images acquired at different illumination 
directions. The set of images was corrected using the intrinsic, extrinsic, and lens distortion 
parameters [28], after which the honeycomb patterns were eliminated by applying image 
histogram equalization and Gaussian spatial filtering, as described in a previous study [29]. In 
addition, a homomorphic filter was applied to normalize the brightness across an image to 
reduce the bias at a flat surface caused by nonuniform illumination [30]. Besides, the region 
of the shadow of an image due to the direction of illumination was determined by applying an 
algorithm, as described in previous studies [31,32]. The shadow of the original image was 
then corrected by replacing the shadow region with the average pixel intensities from the 
other images. Furthermore, a spatial-lowpass filter was applied to prevent image 
discontinuity, which can emerge from the boundary of the replaced region. These procedures 
were iterated for each image, obtained under different illumination directions. In order to 
reconstruct the 3D morphology of the target, the gradients in each pixel from the surface 
normal were integrated [33]. The 3D morphological image was overlaid with the skin color. 
The surface-normal image was represented using red, green, and blue for the x, y, and z 
components, respectively. 

2.4 Preparation of the polyp-mimicking phantom 

For evaluating the performance of the proposed system, a polyp-mimicking phantom was 
constructed using 3D printing and was painted with the skin color. The phantom has a 
protruding region. The diameters of the bottom and top surface of the protruding area are 3 
and 2 mm, respectively. Moreover, the height is 1.5 mm. The top of the protruded region has 
a recessed shape like a crater with a depth of hundreds of micrometers, which can position 
fluorescent microspheres (about 15 μm in diameter) to mimic the chemical properties of 
CRC. 

To evaluate the detectability for the height difference of the target using PS imaging, we 
performed additional phantom experiments. Polyp-mimicking phantoms with the shape of a 
sessile polyp were constructed by 3D printing and painted with the skin color. Note that a 
sessile or flat polyp significantly increases the misdiagnosis rate in the colonoscopic 
screening. Moreover, the misdiagnosis rate for the detection of polyps with a diameter of less 
than 5 mm was reported as ~35.4% using an endoscope [34]. The height of a flat and sessile 
polyp is typically less than half of the diameter of the polyp [35]. Thus, phantoms with sessile 
polyps having diameters of 0.5–4.5 mm with a size difference of 0.5 mm were constructed. 
Their heights were here determined according to the diameter of each polyp. For example, if 
the diameter of a polyp is 4 mm, the height is 2 mm. 

2.5 Preparation of the colorectal cancer model 

HT-29 cells (human colon cancer cell line) were cultured in an RPMI 1640 medium 
supplemented with 10% FBS and 1% penicillin/streptomycin. The cells were incubated at 37 
°C in 5% CO2 atmosphere. 

Six-week-old BALB/c nude nu/nu male mice (Central Lab. Animal Inc.) were located in 
the animal facilities of the Daegu Gyeongbuk Institute of Science and Technology (DGIST) 
for two weeks. All animal experiments were conducted as per the approved protocol 
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(Approval Number: DGIST-IACUC-18090401-01) of the Institutional Animal Care and Use 
Committee (IACUC). 

The orthotropic CRC model was prepared, as previously reported [36], with minor 
modifications. In brief, mice were made to fast overnight with an ample supply of drinking 
water; the next morning they were anesthetized by intraperitoneal injection using a ketamine 
and xylazine mixture. Fifty microliters of 4% acetic acid were then applied to the rectal area 
with a narrow disposable plastic gavage and allowed to disrupt the colorectal epithelium for 2 
min, followed by washing with 1 mL of PBS. Three hours after rectal mucosal disruption, the 
HT-29 cells (2 × 106) were placed in 50 µL of ice-cold Matrigel (Corning Life Science, 
Tewksbury), mixed, and instilled on the rectal mucosal surface by inserting a 28-gauge needle 
up to 5 mm from the anal ring. To prevent the leakage of cells, the anal opening was blocked 
with tape, until the mice recovered from anesthesia. The mice were observed for four weeks, 
for tumor development. They were then sacrificed, and the separated colorectal area was 
opened by incision, attached to a Whatman filter paper, and fixed in a 4% PFA solution. 

Immediately after multimodal endoscopic imaging, samples were embedded in paraffin. 
These samples, with a sectioned thickness of 4 μm, were stained with hematoxylin for 10 
min, washed, and then stained with eosin for 2 min. After washing with water, every slide 
was gradually dehydrated in 50%, 70%, 90%, and 100% ethanol. The hematoxylin and eosin 
(H&E)-stained images were acquired using a light microscope (Leica ICC50 HD, Leica 
Microsystems, Wetzlar). 

2.6 Statistical analysis 

The spectral signatures of CRC and normal tissues were obtained from four colon samples for 
quantitative statistical analysis. A paired two-tailed t-test was performed for the quantitative 
analysis. Here the significance level was chosen as a p-value <0.05. 

3. Results 
3.1 Evaluation of the performance of a multimodal endoscopic system 

Using the multimodal endoscopic system that we developed, images of a grid target and 1951 
USAF resolution target were obtained to evaluate the performance of the system. Figure 2 
shows the grid and resolution target images. The grid target image shows slight barrel 
distortion (Fig. 2(a)). The barrel distortion was corrected by image processing with the 
intrinsic, extrinsic, and lens distortion parameters [28]. Figure 2(a) shows the image with 
barrel distortion correction. The diameter of the field of view at the focal length was 
measured to be 9 mm (Fig. 2). Note that all images acquired in this study were corrected by 
the barrel distortion correction algorithm. The distinguishable minimum frequency in the 
corrected resolution target image is approximately 8 cycles/mm, as shown in Fig. 2(b). 

 

Fig. 2. (a) Color image of the grid target (left) and image corrected for barrel distortion (right) 
using WL imaging. (b) Target resolution (8 cycles/mm) (left) and intensity profiles in the 
lateral and axial directions along dotted lines A’ (middle) and B’ (right). 
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The spectral transmission profiles of the optical bandpass filters provide the spectral 
resolution of the developed endoscopic system. The average spectral bandwidth is ~20 nm, as 
shown in Fig. 3(a). In addition, we measured the spectral profiles of the WL and UV-light 
sources to offer additional information about the system as shown in Fig. 3(b). 

 

Fig. 3. (a) Transmission spectra of the optical bandpass filters, and (b) spectra of the WL and 
UV-light sources. 

3.2 Evaluation of the proposed system using the polyp-mimicking phantom 

For evaluating the multimodal endoscopic system, we performed multimodal imaging of the 
polyp-mimicking phantom with the endoscopic probe. Figure 4(a) shows the structure of the 
polyp-mimicking phantom, which was constructed using 3D printing and then painted with 
the skin color. The magnified image in Fig. 4(a) shows a fluorescent microsphere located on 
top of the protruding region. Initially, the ROI was determined using real-time WL imaging, 
as shown in Fig. 4(b). MS imaging of the polyp-mimicking phantom was performed to obtain 
the fluorescent image cube at different wavelengths in the range of 420–700 nm, as shown in 
Fig. 4(c). The normalized spectral signatures of the microspheres and the region painted with 
the skin color were acquired from the fluorescence image cube. As shown in Fig. 4(d), the 
normalized spectral signature of the fluorescent microspheres exhibited a peak spectral 
intensity at approximately 440 nm, whereas the peak spectral intensity of the region painted 
with the skin color was at approximately 580 nm. With these normalized spectral signatures 
as a reference, the spectral-classified image was estimated (Fig. 4(e)) using Eq. (1). In this 
spectral-classified image, the red-colored regions represent the fluorescent microspheres on 
top of the protruding region of the polyp-mimicking phantom, whereas the green-colored 
regions indicate the other regions. The protruding region, which included the fluorescent 
microspheres, was clearly identified in the polyp-mimicking phantom by the MS imaging 
system. 
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Fig. 4. White light and multispectral imaging of the polyp-mimicking phantom: (a) photograph 
of the polyp-mimicking phantom, (b) color image acquired by WL imaging, (c) fluorescence 
spectral image cube, (d) normalized spectral signatures of the fluorescent microspheres and 
skin-colored phantom, (e) spectral-classified image. 

We then evaluated PS imaging in the ROI. Figures 5(a)–5(d) present a set of images 
acquired at different illumination directions. These images depict the cast-shadows, according 
to the direction of illumination. The surface normal and albedo map were estimated using the 
least-squares solution after several preprocessing steps for each image (Figs. 5(e) and 5(f)). 
The surface normal of the inclined-plane region of the protruding region reflects the direction 
of the side surface, while the flat region on the surface shows the uniform normal vector in 
the z-direction. In addition, the reflectance coefficient at the inclined plane of the protruding 
region in the albedo map has low values. The morphology of the protruding region was 
reconstructed, on the basis of the integration of the gradients of the surface normal, as shown 
in Fig. 5(g). With the 3D morphology, the tendency of the protruding region and that of the 
recessed region on top with a depth of hundreds of micrometers were distinctly identified. 

 

Fig. 5. PS imaging of the polyp-mimicking phantom: (a–d) set of images acquired at different 
illumination directions, (e) calculated surface normal image, (f) albedo map, and (g) 
reconstructed the 3D morphological image. 

For multimodal imaging with the endoscopic probe, the total time, including acquisition 
and reconstruction, was approximately 9.2 s. MS imaging requires an acquisition time of 500 
ms for each wavelength, which includes an exposure time of 400 ms and motor movement 
time of 100 ms. Moreover, the reconstruction time of the spectral-classified image was 
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approximately 1 s. For PS imaging, an acquisition time of 50 ms for each illumination 
direction, and a reconstruction time of approximately 1 s were required. Overall, the results 
using the polyp-mimicking phantom demonstrated that the multimodal endoscopic system is 
capable of performing WL, MS, and PS imaging. Further, they suggest that the inherent 
autofluorescence information, which is relevant to tissue molecules, at each pixel of the 
image on the surface can be analyzed and provide 3D morphological target information. 

In addition, we evaluated the detectability of PS imaging for targets with different sizes. 
Figure 6(a) shows phantoms having sessile polyp with different diameters and heights. The 
smallest one, which is located at the left-uppermost position in the phantom, has a diameter of 
0.5 mm and a height of 0.25 mm, whereas the largest one at the right-lowermost position has 
a diameter of 4.5 mm and a height of 2.25 mm. Figures 6(b)–6(j) show 3D reconstructed 
images of phantoms with polyps having different sizes. Here, it was found that sessile polyps 
with different diameters and heights were discernable using PS imaging and analysis. In 
particular, PS imaging and analysis allows the detection of the smallest sessile polyp with a 
diameter of 0.5 mm and a height of 0.25 mm. However, the absolute height in the 3D 
reconstructed images of the phantoms could not be clearly quantified, which is an inherent 
limitation of PS imaging. Although we could not measure the absolute height of the polyps, 
3D morphological information about the polyps could be obtained using PS imaging. 
Therefore, these results suggest that PS endoscopic imaging has the potential to discriminate 
the type of polyp according to the Paris Classification System, which may be useful for the 
early detection of CRC with a size of ~0.5 mm. 

 

Fig. 6. PS imaging of phantoms containing sessile polyp: (a) photograph of the phantom, and 
(b–j) 3D constructed images of phantoms containing sessile polyps. 
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3.3 Multimodal endoscopic imaging of colorectal tumors ex vivo 

 

Fig. 7. Multimodal endoscopic imaging of colon tissues including tumors, ex vivo: (a) color 
image, (b) mean spectra with the standard deviation for colorectal cancer and normal tissues (n 
= 4), (c) spectral-classified image, (d) calculated surface normal image and (e) albedo image, 
(f) reconstructed 3D morphological image, and (g) H&E-stained images of the regions labeled 
1 and 2 in (a), showing highly proliferative tumors (left) and normal colon structures (right). 

After the evaluation of our multimodal endoscopic system using the polyp-mimicking 
phantom, we performed multimodal endoscopic imaging of four colon tissues including 
tumors from mice, ex-vivo. Figure 7 shows the representative multimodal and H&E-stained 
images. We initially determined the ROI, which showed the suspected region with tumors on 
the colon wall, using the WL imaging technique in real time, as shown in Fig. 7(a). MS 
imaging and PS imaging of the ROI were then carried out in order to determine the 
distribution and shape of the tumors on the surface, sequentially. From the MS images, we 
acquired the mean and standard deviation of spectral signatures of the tumor and normal 
tissues from four colon samples, as shown in Fig. 7(b). The tumor spectral signature exhibited 
a higher intensity within the wavelength range of 440–520 nm than the spectral signature of 
normal tissues, whereas the tumor spectral signature exhibited a lower intensity within the 
wavelength range of 560 nm – 600 nm. Here, it was found that the spectra of tumors and 
normal tissues were significantly different at 500 and 580 nm (p-value = 0.044 at 500 nm, p-
value = 0.0095 at 580 nm, p-values < 0.05). The tumor distributions on the colon were 
delineated from the normal tissues by the spectral classification algorithm, with the 
normalized spectral signatures as the reference, as shown in Fig. 7(c). Note that the red and 
green colors in the spectral-classified image represent the tumors and normal tissues, 
respectively. Subsequently, PS imaging of colon tissues in the ROI was performed to obtain 
the 3D morphological information. The surface normal and albedo map were estimated using 
a set of images acquired under different illumination directions, and several image-processing 
algorithms were applied, as shown in Figs. 7(d) and 7(e). In addition, the 3D morphology of 
the colon tissues including the polyp was reconstructed using the integration of the gradients 
of the surface normal, as shown in Fig. 7(f). The 3D morphology of the colon tissues showed 
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a protruding shape similar to a polyp. Furthermore, the locations of two polyps, which may be 
tumor indicators, were aligned with the spectral-classified image shown in Fig. 7(c). Finally, 
histological examination was conducted by staining with H&E in the tissue sections 
corresponding to the regions marked with white square boxes, labeled 1 and 2, in Fig. 7(a). 
The H&E-stained image (1) on the left-hand side of Fig. 7(g) shows highly proliferative 
tumors, and the boundary between normal tissues and tumors aligned with the spectral-
classified image is shown in Fig. 7(c). It also shows that the tumors in the H&E-stained image 
(1) are aligned with the polyp in the reconstructed 3D morphological image shown in Fig. 
7(f). The H&E-stained image (2) on the right-hand side of Fig. 7(g) shows normal colon 
tissue structures such as the mucosa, submucosa, and muscularis externa. Thus, these results 
establish that the developed system has the potential to discern tumors and normal tissues and 
provide morphological information of the colon tissues in three dimensions. 

4. Discussion 
In this paper, it was demonstrated that the biochemical (molecular) and 3D morphological 
information of colon tissues, including tumors on the surface, can be provided by the 
proposed multimodal endoscopic system based on WL, MS, and PS imaging techniques. The 
obtained results also suggest that our system can be applied to examine the gastrointestinal 
tract in-vivo using the developed endoscopic probe, which has a diameter and length of 14 
and 10 mm, respectively. The three imaging techniques, in particular, are synergetic and 
complementary with respect to surface tumor characterization for the following reasons: (1) 
real-time WL imaging enables the determination of the ROI using the color and contrast 
changes in the ROI, which appears cancerous; (2) MS imaging precisely provides the tumor 
distributions through the comparison of the emission spectra of tumors and normal tissues at 
different/consecutive wavelengths, which may not be achievable with WL and PS imaging; 
and (3) PS imaging qualitatively provides 3D morphological images, increasing the 
detectability and classification accuracy of tumors. Thus, we could delineate the tumor 
distributions and obtain the 3D morphological information of clinically significant lesions, as 
determined by the different biochemical properties and unique patterns, using WL, MS, and 
PS imaging, simultaneously. 

Recently, novel endoscopic systems that combine different imaging techniques, have been 
introduced. A multimodal endoscopic system based on OCT and fluorescence imaging 
techniques with a contrast agent was developed to detect the architectural morphology and 
vasculature of the rectum wall [37]. A miniature endoscope with a combination of 
photoacoustic, OCT, and ultrasound was presented [21]. Both systems did not provide 
information about the tumor distribution and 3D morphological information about the 
surface; they only provided cross-sectional morphological and biochemical information on a 
target. However, since tumor progression is highly correlated with the tumor distribution and 
the 3D morphological information about the colon surface, this information is crucial to 
classify the types of tumors and plan treatments [3]. The proposed multimodal endoscopic 
system can delineate tumor distributions and provide 3D morphological information about the 
surface, which are crucial for tumor treatment planning such as resection from lesions without 
the injection of contrast agents. 

MS imaging with the endoscopic probe was utilized to detect tumor distributions on the 
surface of the colon using a customized filter wheel, as shown in Fig. 7(c). Generally, an 
electrically tunable filter such as liquid crystal tunable filter (LCTF), which selects the light 
wavelengths in the MS system, is preferred for the spatial mapping of the light emitted from 
tissue because it is more convenient and easy to use [38]. However, an LCTF is 
disadvantageous because of its low transmission rate, which is generally within the range of 
30%, compared to traditional optical bandpass filters that can transmit light at approximately 
90% [39]. Hence, the LCTF may not be suitable for use with an imaging fiber, which can 
considerably attenuate the incoming light. Thus, we utilized a filter wheel, which included 
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optical bandpass filters and a servo motor to ensure image quality by preventing the further 
diminishment of the attenuated light by the imaging fiber. 

In 3D reconstruction, cast-shadow removal algorithms have been applied as a 
preprocessing technique to reduce effects of the cast-shadows, which result from the different 
light illumination direction and the short distance between the target and the light sources. 
However, since the cast-shadows may not be completely removed from the set of images 
acquired by the PS imaging technique, the remaining cast-shadows may affect the 
calculations of the surface normal vector, which hinders the precise 3D reconstruction of the 
targets with the larger heights. However, the large-shaped polyps such as pedunculated polyps 
could be discriminated with a high accuracy using a WL-based conventional endoscope [34]. 
Therefore, the PS imaging in the multimodal endoscope system would be beneficial for the 
detection of colorectal tumors through the analysis of different and complementary 
information about the ROIs. 

The total time for acquisition and reconstruction of the MS and PS images was measured 
to be 9.2 s. This time might not be optimal for multimodal endoscopic imaging at a fixed 
region in clinical applications, which have periodic motility. For the in vivo application of the 
multimodal endoscopic system, rapid acquisition and reconstruction are required. This can be 
realized by the replacement of certain components with a high and uniform intensity light 
source, a camera with higher sensitivity, and an objective lens that has a higher numerical 
aperture, to reduce the camera exposure time. In addition, the wavelengths of 420, 440, 660, 
680, and 700 nm were not found to be crucial for discrimination between the tumor and 
normal tissues as shown in Fig. 7(b). Thus, the images at those wavelengths could be ignored, 
thereby reducing the additional acquisition time. Furthermore, the time for reconstruction of 
the spectral-classified and 3D morphological images, which involves image-processing 
techniques such as honeycomb reduction, homomorphic filtering, and shadow correction, can 
be reduced by adopting higher computing resources. We intend to address these issues in our 
future works for the in vivo application of the system. 

5. Conclusions 
In summary, we developed a multimodal endoscopic system based on WL, MS, and PS 
imaging techniques for the discrimination of cancerous lesions at an early stage. The system 
simultaneously offers synergetic and varied information with real-time color, spectral 
classified, and 3D morphological images of the target. The proposed system was evaluated 
with polyp-mimicking phantoms as well as excised colon tissues including tumors. The 
results showed that the multimodal endoscopic system allowed the detection of the tumor 
distribution with a high quantitate and provided 3D morphological information about the 
colorectal tumor regions, demonstrating that it could be utilized for CRC diagnosis. Thus, this 
system has the potential to become an advanced endoscopic system for classifying the tumor 
type and for CRC treatment planning. However, the PS imaging in the multimodal 
endoscopic system has limited capabilities regarding 3D morphological reconstruction of the 
tumor regions. This may be caused by non-Lambertian surfaces, cast-shadows, the non-
uniform illumination of light, and a short focal distance. This can be improved with additional 
illumination sources at more and different directions or precise alignment of the illumination 
directions. Moreover, to validate the usefulness of the system in clinics, additional in vivo and 
clinical tests with a large number of samples need to be performed, which remain as further 
study. 
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