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ABSTRACT

We built a multimodal endoscopic imaging system capable of fluorescence intensity, reflec-
tance/fluorescence multi-spectral, and real-time 3-dimensional (3D) stereoscopic imaging for detection of
gastric lesions. The system consists of two fiber bundles where GRIN Lens are attached to the end of them
for collection of light from a region of interest, an objective lens for relaying of the collected light into a high
sensitive CCD camera, optical bandpass filters included in a filter wheel, a servo-motor for selection of the
bandpass filter, a beamsplitter, and etc. Also, a system control program was developed in order to perform
fluorescence, multispectral, and 3-D stereoscopic imaging. Moreover, an ultrasound biomicroscopic system
was developed for acquisition of a B-mode ultrasound image of a gastric lesion. It will be incorporated with
the multimodal endoscopic system we developed. The capability of each imaging modality was here evaluat-
ed with tissue phantoms and then it was applied to image Gl tumors ex-vivo in order to investigate its poten-
tial to discriminate between tumors and normal regions. The images obtained using each imaging modality
showed that the tumor regions were clearly distinguished from the normal regions. Altogether, our devel-
oped system here allowed to obtain different but complementary information on lesions of interest such as
auto-fluorescence intensity, spectral signatures, 3D surface curvatures and invasion depth of the lesions, thus
may enhance the contrast in the early detection of gastric lesions.

Keywords: Multimodal imaging, auto-fluorescence, multispectral, 3D imaging, high frequency ultrasound

imaging, cancer detection
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I.INTRODUCTION

Globally, one-third of adult people suffer from cancer. Among the cancer, the incidence rate of colo-

rectal and gastric cancer is above 60%. In the case of colorectal cancer, early detection and removal of colo-

rectal adenomatous polyps is crucial for increasing the survival rate of patients with colorectal cancer. To

date, various types of endoscopic imaging systems have been developed for diagnosis of gastric or colorectal

neoplasm. However, the detection and localization of early gastric or colorectal neoplasm in vivo with high

specificity and sensitivity still remain very challenging by using the existing endoscopic systems. Therefore,

many researchers have so far developed a variety of more advanced endoscopic imaging systems with combi-

nation of different imaging modalities.

There are various imaging modalities available for medical and biological applications, including fluo-

rescence, multispectral, 3-D, and ultrasound imaging. Among them, multispectral imaging has been consid-

ered as one of the most quantitative imaging methods in optical imaging techniques, capturing image data at

specific frequencies across the electromagnetic spectrum. The wavelengths may be separated by filters or by

the use of instruments that are sensitive to particular wavelengths, including light from frequencies beyond the

visible light range, such as infrared. Spectral imaging can allow extraction of additional information the hu-

man eye fails to capture with its receptors for red, green and blue. It was originally developed for space-based

imaging. White light have been used commonly in endoscopic systems. However, early gastric or colorectal

cancer is not seen with the naked eye using white light source. Therefore, multi-spectral imaging, which can

analyze each of the wavelength of the reflectance light from early cancer and normal tissue, has been utilized

for better detection of the cancer. Multi-spectral reflectance imaging allowed to discriminate between cancer-
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ous lesion and normal lesion in ex-vivo experiment [2], [3]. Therefore, it has been utilized as a very promising

tool in detection of various lesions [6], [37].

Fluorescence imaging is an ideal technique for examining fixed and living specimen. Using the phe-

nomenon that certain materials emit energy detectable as visible light when excitation of the materials with

light at a specific wavelength, fluorescence imaging allows detection of the changes in target molecule con-

centrations with a good signal-to-noise ratio. Human tissues emit their inherent fluorescence called auto-

fluorescence when they are illuminated by light at a specific wavelength. Using this property, auto-

fluorescence endoscopy was utilized to detect early carcinomas and discriminate between normal tissue and

neoplastic lesions [4], [36].

3-D stereoscopic imaging has also been utilized in medicine and biology. In 3-D stereoscopic imag-

ing, the illusion of depth in an image is created and enhanced by means of stereopsis for binocular vision. The

stereoscopic image is here called a stereogram. Originally, stereogram referred to a pair of stereo images

which could be viewed using a stereoscope. Most stereoscopic methods offer two offset images separately to

the left and right eye of the viewer. These two-dimensional images are then combined in the brain to give the

perception of 3D depth. This technique is distinguished from 3D displays, allowing the observer to increase

information about the 3-dimensional objects being displayed by head and eye movements. The stereoscopic

method is a basic technique for three-dimension reconstruction of surface [5]. Most of the colorectal cancer

are occurred from polyps. Also, gastric lesions such as tumors exhibit protrude or retracted regions. Through

the 3D stereoscopic imaging, colorectal adenomatous polyps or gastric lesions can be detected by quantifica-

tion of the roughness of the walls of the colon or gastric region.

Lastly, ultrasound biomicroscopy is a high resolution imaging technique which can be used in various fields
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of medicine and biology, primarily for detection, follow-up, and diagnosis of diseases and injuries in humans

and animals. It provides tomography information without the needs for biopsy and longitudinal anatomical

information in vivo. The ultrasound biomicroscopy frequencies used in most applications vary from 40 to

60MHz, corresponding to a resolution on the order of micrometer. Typically, frequencies range from 40 to

40MHz allows high resolved ultrasound images compared to the conventional ultrasound frequency for medi-

cal imaging [24] [38]. Especially, high frequency ultrasound systems have been used ex vivo to study intact

and maturing cartilage, osteoarthritic cartilage and repair cartilage. Ultrasound quantitative measurements

have also been developed to assess cartilage properties [51].

A multi-modal endoscope system have been developed for detection of various diseases. In L. Marcu

group, they presented a multimodal endoscopic system which includes florescence lifetime imaging and auto-

fluorescence imaging, for in vivo intraoperative diagnosis of oral carcinoma [34]. Also, Lihong V. Wang and

K. Kirk Shung presented the endoscope system which combining photoacoustic and ultrasound imaging for

examination of internal organs in vivo [35]. Since these the systems have several limitations such as allowing

few molecular and anatomical information, may reduce the specificity and sensitive in the detection of can-

cerous regions, and also offering limited capability for obtaining a growth level or invasion depth of the can-

cer and 3-D surface information. Therefore, development of a multimodal endoscope system, capable of offer-

ing cancer invasion depth, surface roughness, and various molecular information on early gastric or colorectal

cancerous lesions, simultaneously, would offer better sensitivity and selectivity in the detection of gastric and

colorectal lesions.

In this paper, we thus built a novel multimodal endoscopic imaging system capable of fluorescence in-

tensity, reflectance/fluorescence multispectral, and real-time 3D imaging via General Purpose Graphics Pro-



cessing Units (GPGPU) processing. An ultrasound microscopic system has also been developed for acquisi-

tion of tumor invasion into a target tissue. It will be incorporated with the endoscope. Each imaging modality

was here evaluated with tissue-mimicking phantoms and then applied to detect early colorectal cancer ex vivo,

thus demonstrating its potential to detect gastric lesions with high quantitate and specificity.



Il. METHOD

2.1 Configuration of the system

The multimodal endoscopic system developed is represented figure 3. The system consist of the GRIN
Lens (Imaging Focusing Rod Lens, diameter=1.0mm, working distance=10mm, lens length=2.54mm,
NA=0.5, non-coated, GT-IFRL-100-020-50-NC, GRINTECH), which do not have the aberrations typical of
traditional spherical lenses, CCD(PIXIS 400) which is sensitive sensor for fluorescence imaging, two fiber
bundles(Fujikura, FIGH-40-920G L=1,500 mm, ¢ =1mm, pixel:40,000) for stereoscopic imaging, optical
bandpass filter(band width=10nm, 500-680nm, Edmundoptics) for multi-spectral imaging, beamsplit-
ter(50:50, THORLABS), High Power white light lamp(HPLS-30-03, THORLABS), high power UV
lamp(CS2010, 365nm, THORLABS), servo-motor(DYNAMIXEL XL-320, ROBOTIS), Objective lens(10x,
OLYMPUS), filter wheel, which is printed 3D printer and Micro Controller Unit(ATmegal28, Atmel), and

some optical components.

Fiber Bundles
Objective Tube Lens

, Endoscope Probe @ Lens ﬁ
[ o ]

Specimen "~

A

lllumination
Furcated Fiber

White Light Lamp U
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L band-pass
UV Lamp filter wheel

Imaging
Fiber Bundle

Figure 1. A schematic diagram of the multimodal endoscope system.
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Figure 2. (a) is constructed endoscope imaging system. (b) represents the detection part of the system.

2.2 Connection between Optical fiber bundle and GRIN Lens
In order to obtain clearly image, connection between optical fiber bundle and GRIN Lens is very im-
portant. If there are some alien substances or air gab, obtained image quality is deteriorated. Because, the light
is very sensitive about difference of a refractive index. So, when we connected between optical fiber bundle
and GRIN Lens, we used shrinkable tube, UV epoxy, and high power UV light. Due to the shrinkable tube is
flexible, then applying heat to shrink beforehand. Then, insert the optical fiber bundle and GRIN lens at both
ends of shrinkable tube. And, put the UV epoxy at the connection point. Using high power UV light, illumi-

nate in other parts of the epoxy about three minute. Figure 4 represent about above process.

Endoscope tip

Pair of the GRIN lens

Illumination fiber

Figure 3. It is an endoscope tip which is combined pair of the GRIN Lens and Illumination fibers.



2.3 Multi-spectral reflectance imaging system

Using filter wheel which is made by using 3d printer, optical band pass filters (500nm-680nm) are lo-
cated each hole in the filter wheel. The white light from white light led is illuminate the gastric lesion through
the optical fiber (¢p=0.7mm). For reflectance spectral imaging, the light from a mercury lamp was delivered to
a specimen after passing through a furcated multimode fiber. The reflected light from the specimen was col-
lected by GRIN lenses attached to two optical fiber bundles. Sequential wavelength selection from 500 nm to
680 nm was then realized by bandpass filters installed in a motorized filter wheel and then recorded in CCD to
create a 3D image cube. In the spectral classified image (figure 5), the green-color represents sample area while

the red-color represents shadow regions.

s Shadow area

Sample area

Figure 4. Obtained image cube and classification result from the phantom.

2.4 Fluorescence intensity imaging system

For fluorescence imaging, the light emitted from gastric lesions excited by light at 480 nm was selected
with a bandpass filter at 530 nm and recorded in a charge-coupled device (CCD). The strong fluorescent re-

gions in the image (figure 6) indicate fluorescent dyes.
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Figure 5. Left one represents about phantom which is stained by using fluourescence bead. Right one

represents about fluorescen image from the phantom. Excitation light is 480nm and emission light is

530nm.

2.5 Multi-spectral Fluorescence intensity imaging system

For fluorescence multispectral imaging, light at 480 nm was applied to gastric lesions of interest for ex-

citation. The wavelength of the emitted light was sequentially selected with the aforementioned manner, fol-

lowed by spectral classification.

— Stained arca

Auto-fluorescence

\

500 520 540 560 580 600 620 640 660
Wavelength (nm)

Normalized intensity

Figure 6. The result of classification from multi-spectral fluorescence image cube and spectral signiture.

2.6 3-Dimensional Stereoscopic imaging system

Two optical fiber bundles are utilized for real-time 3-D stereoscopic imaging. The 3-D image provided
3-D surface curvatures of the sample. The process of 3D reconstruction is represented at figure 9. Sum of Ab-

solute Differences (SAD) matching method (1) is applied for 3D reconstruction (figure 10). However, when



we applied generally SAD matching method, there are many noise as the figure 10. So, in order to improve

image quality, we applied threshold method using applied window size (2).

disparity = ) ) |f(i +d, j) = £ (1)
i=0 j=0
Threshold = C * window size® (2)

Left camera

» Preprocessing J . SAD Matching
N

Depth Map J ‘ Thresholding J

Right camera

Figure 7. Block diagram of 3D reconstruction using stereo image, SAM Matching method, and

Thresholding method.

0

Figure 8. (a),(b) stereo image (left and right) of plant. (c) result of the SAD matching method for (a) and

(b). (d) result of Threshold method from (c).

And, we applied second derivative for quantification of surface roughness from the depth map.



Through the second derivative we can count the number curvature of the surface changes. On the graph of a
function, the second derivative corresponds to the curvature or concavity of the graph. The graph of a function
with positive second derivative curves upwards, while the graph of a function with negative second derivative

curves downwards. If the value of the roughness in the formula (3) is large, the image shows that much tough.

height «|d?x;
avg(zi g Z_dle) 3)

Drange

Roughness =

2.7 Software

We implemented window program based on MFC (Microsoft Foundation Class). This program is in-
volved serial communication with Micro controller unit (ATmegal28), motor control, CCD sensor control,
acquisition image data from each of imaging mode, and classification from obtained image data. Each imag-
ing techniques are operated through the button operation, and obtains the image data.

In a figure 11, the display an image from the upper left corner of the window to be recorded through
the CCD. By adjusting the exposure time, it may control the amount of light that is written to the CCD. When
we click the start button, obtained image of the object is display, and the operation of the CCD is stopped by
the stop button. In order to the above operations, stop button is operated by a different thread than the main
thread. Because, if it is a continuous shooting because it is running an endless loop through the “while” syntax
conversely it needs a thread to operate separately. In order to operate each of the imaging system, it needs
filter wheel control through communication between ATmegal28 and window program. Serial port number
(ex.COM4) and communication speed are corresponded for prefer operation. In this system, we set COM4
which is serial port number and 115200bps which is communication speed. For convenience of the user, we
made setting menu on the bottom of the program. And, for checking the communication with ATmegal28, we

made Text Box, which shows protocol.

-10 -
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Figure 9. Implemented software for each of imaging systems

In order to implement the real-time image processing, we applied parallel computing method based on

General purpose Graphic Processing Unit (GPGPU) using CUDA from NVIDIA. CUDA is a parallel compu-

ting platform and programming model invented by NVIDIA. It enables dramatic increases in computing per-

formance by harnessing the power of the graphics processing unit (GPU). With millions of CUDA-enabled

GPUs sold to date, software developers, scientists and researchers are finding broad-ranging uses for GPU

computing with CUDA.

2.8 Circuit

In order to control the motor for operating filter wheel, we made MCU board using ATmegal28 and

TTL chip which is buffer unit (74HC126). An operation receiving power from the PC through the USB ca-

ble, and the motor is supplied with power from an external power source.

-11 -



Figure 10. ATmegal28 board and soldered buffer chip 74HC126.

2.9 Ultrasound Biomicroscopy

For ultrasound biomicroscopy, we made a phantom using pure water 133ml, agar powder 2.67g, and

graphite 0.5mm. Mix the pure water and the agar powder and heat the mixture and then cool with the graphite.

Transducer
Pulser/Receiver —
Computer

High frequency ﬁ ; Digitizer

Excitation &":' Echo

. Sﬁecimen

Figure 11. A schematic diagram of the ultrasound biomicroscopy system.

Butterworth
filter

Figure 12. Siquence of the ultrasound image reconstruction.
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Quantization compression
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Figure 13. (a) Phantom is made by using pure water, agar power, and graphite. (b) Reconstructed ultra-
sound microscopy image from (a). (c) Results of pulse-echo test and frequency response of the used
transducer.
The ultrasound echo signal from Ultrasound Biomicroscopy system (figure 11) is reconstructed to image
through the sequence (figure 12). The result of reconstruction represents figure 13(b). In the reconstructed
image, we can find the graphite in the 4mm depth. It is the same result of pulse-echo specification of the used

ultrasound transducer (left image of figure 13(c)) is the center figure of figure 13(c).
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I11. PHANTOM EXPERIMENT

3.1 Make a Phantom using a stomach of pig

In order to make a phantom, firstly we stained wood stick with fluorescent dye. And then, insert the
stained wood in the piece of stomach of pig figure 14(c). To expressd gastric cancer in the gastric lesion, we
didn’t just stain surface of the specimen. We insert the actual dyed an object which is stained by fluorescence

beads. When a phantom made, as shown in figure 14 it can be seen protruding compared to the surroundings.

(@)

Figure 14. (b) Wood stick stained with fluorescent dye. (c) A piece of stomach which is inserted stained

wood stick in the red box.

3.2 Reflectance imaging
We experimented using above phantom and implemented software. Reflectance light through the two
fiber bundles from the red box part of the figure14 is recorded in the CCD. Figure 15 represents about record-

ed image. As shown in the image, the object as shown in eyes can be ensured that the left and right imaging.

Figure 15. The displayed image which is stored in the CCD reflected light from the phantom.

-14 -



3.3 Fluorescence intensity and fluorescence spectral imaging

In order to experiment the fluorescence imaging, firstly we determined the spectrum signature which is
used to stain to phantom. And then, filtered light (480nm) from high power light source is illuminated to phan-
tom. Figure 16(a) indicates that the emitted light from phantom is recorded in the CCD. And, figure 16(c)
shows the spectrum of extracted from classification of fluorescence image cube. Red line represent fluorescence

and green line represent auto-fluorescence from phantom.

Ex:480nm
Em:535nm

&
3\./ 1
g 0.8
8 Em
e 0.6
.8
3
8 0.4
=
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E 0.2
Sl
S \/\
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I |
500 520 540 560 580 600 620 640 660 400 500 600 700
Wavelength(nm) Wavelength(nm)
© (d)

Figure 16. (a) Fluorescence imaging result. Excitation light is 475nm, emission light is 535nm. (b) The
result of classification from fluorescence multi-spectral image cube. Red area represent fluorescence and
green area represent auto-fluorescence from phantom. (d) Reference spectral signiture of fluorescence

bead which is used to make phatom. Blue one represent excitation light, red one represent emission light.
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3.4 Ultrasound Biomicroscopy imaging

We performed ultrasound biomicrocopy imaging using phantom (figure 17 (a)) and the UBM system. As

shown figure 17 (b), scan area is 4mm on lateral direction and 6mm on axial direction. And, wood stick in the

phantom is detected in the 4mm depth and black area.

Axial (mm)

Lateral (mm)

(@) (b)

Figure 17. (b) is a result of ultrasound biomicroscopy imaging on led line in the figure (a).

3.5 3-Dimesional stereoscopic imaging

Figure 18 represents a result of the SAD matching method using a stereo image through two fiber bun-
dle. Disparity range is 16, it means maximum differential value is 16, window size is 5. In the depth map which
is shown right of figure 18, A’ area can be seen that the difference appears more than 10 pixel area B' area. Us-

ing formula (3), calculated surface roughness value is 0.45. It means that the surface is not strike.

16

»
xtd

0

-16 -



Figure 18. 3D reconstructed image from stereo image form phantom.

3.6 GPU speed experiment

In order to achieve real time image processing, we applied a GPU programming which is CUDA library.
Because processing time of the SAD matching method is too long. This method depends on the disparity range
and window size. Larger window size or disparity range is the processing time is longer when shift the entire
image. So, an operation to copy the data to the General Purpose Graphic Processing Unit (GPGPU) was running
parallel.  When we set the disparity range is 16 and window size is 5, processing time represent about figure 19
according to image size. In the 888x720, difference of processing time indicates 42 times on the GPU and CPU.

This result will be the larger the disparity range and window size difference is more going on.

16
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@ —e—GP-GPU 079
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02 P& _~0007 0012 002 0.03
0 © o= o= o= ]

185x150 370x300 518x420 660x540 888x720

Size of image (pixel * pixel)

Figure 19. comparision of the processing time of different image size
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IV. TUMOR EXPERIMENT ex vivo

4.1 Colorectal tumor experiment ex-vivo

Using the tumor phantom figure 20(a), we performed a colorectal tumor ex-vivo experiment using the
multimodal endoscope system. For fluorescence imaging, 488nm wavelength light is illuminated tumor are
a. Then, we confirmed that the strongest fluorescence appears in the tumor area. Used optical filter is 540nm

bandpass filter.

s Cancer area
Normal area

520 540 560 580 600 620 640 660 680
Wavelength(nm)

@ (©

Figure 20. (a) is the colorectal tumor phatom. (b) represents about result of the fluorescence intensity
imaing. Wavelength of excitation light is 488nm. Used optical filter for the fluorescent is 540nm bandpass
filter. (c) represents about reflectance spectral image cube (520-680nm). (d) is a classied imaged from the
spectral image cube (c). Red color represents tumor area. Green color represents normal and hole. Their

spectral signatures are indicated as a (e).

-18 -



Also, using the reflectance spectral imaging, we indicated the normal and tumor area in the same region. Used
range of the optical bandpass filter is 520-680nm. And, spectral signatures of the normal and tumor is indicated

as a figure 20(e). We confirmed that normal area has a peak at the 540nm and tumor area has a peak at the

640nm.
scan line
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Figure 21. (b) represents about result of the ultrasound biomicrocopy from colorectal tumor in the (a).
At the same region, we performed the ultrasound biomicroscopy for confirmation of the invasion depth. In the

figure 21(b), a red circle represents tumor area and we confirmed that invasion depth is over 2mm.
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V. DISCUSSION and CONCLUSIONS

We built a multimodal endoscope including auto-fluorescence, spectral, and real-time 3D imaging based on

GPGPU programing and further incorporate it with a high-frequency ultrasound imaging unit. We performed

multimodal imaging of a tissue phantom for the evaluation of the system. Here fluorescence, spectral, 3D, and

high frequency ultrasound images were successfully acquired using it. In this phantom experiment, wood stick

area in the pig’s stomach was detected through each of an imaging mode. In particular, the real-time 3D imaging

of a target region could be obtained in real-time. The acquisition time was ~ 0.02 second. We thus obtained the

information on surface roughness from the phantom using the real-time 3D reconstruction from stereoscopic

image. However, since CCD sensor has limitations in time-lapse imaging, we will perform real-time 3D video-

rate imaging after overcoming of the limitations. In the ex-vivo tumor experiment, colon tumors were clearly

discriminated from normal regions through the reflectance spectral imaging, fluorescence imaging, and ultra-

sound biomicroscopy. Thus, these results demonstrate that our developed system provides multiple information

on the gastric lesions of interest and therefore may allow more reliable outcomes in the early detection of colo-

rectal lesions with high sensitivity and specificity. Furthermore, the developed system will be integrated with a

high-frequency ultrasound system to obtain anatomical information below the surface of gastric lesions.
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