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ABSTRACT

Colorectal cancer is the second leading cause of cancer related deaths in the United States
when men and women are combined. It is also the third most common type of cancer diagnosed
in both women and in men. The phase at which the cancer is diagnosed is an important factor in
deciding the prognosis of the patient. Despite the technological advancement in therapeutic and
diagnostic field, the colorectal cancers are often spotted in advanced stage which affects the
survival rate of patients adversely. Thus, early detection of cancer is important to improve the

survival rate of patients.

The conventional wired endoscopic system is an invasive process in which a flexible and
long cable is inserted into the digestive tube which makes the process uncomfortable and painful
for the patients. This makes the patient to not want to go through the procedure, ultimately
hampering the early detection process. In order to relieve the patient’s suffering and visualize the
gastrointestinal (GI) tract, Wireless Capsule Endoscopy (WCE) is introduced. A typical WCE is a
pill-sized swallowable capsule integrated with electronics, camera, optics and wireless
connectivity feature, which provides an opportunity to diagnose the GI tract through a simple and
pain-free procedure. However, there are still several limitations of this technology which limits its
functionality in the modern-day healthcare system. One of these challenges is related to image
quality and frame rate. Higher frame rate and improved resolution increases the ability to detect
more landmarks and lesions while decreasing the probability of missing important information.
Although capturing of high-resolution image is now possible due to the rapid advancement in
imaging technology, integrating such cameras into the world of WCE and transmitting high quality
captured images would significantly affect the battery life. Therefore, a high-quality compression

method is required that would reduce the impact on battery life while preserving image quality.
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However, the available compression algorithms are lossy and needs complex system architecture
and on-chip memory. Moreover, this technology captures thousands of images from each
examination. As these capsules are not able to automate the detection of abnormality, the doctors
are required to go through each frame in search of abnormality which is time-consuming and

tiresome. Thus, alternate methods are needed to be explored.

Fluorescence imaging is widely used in various fields for selective and specific detection
of target. In order to test the principle of fluorescence imaging, a fluorometer is designed in this
work to detect breast cancer cells (MDA-MB-231) and colorectal cancer cells (HCT116). The
breast cancer cells are conjugated with Green Fluorescent Protein (GFP) while the colorectal
cancer cells are conjugated with IRFP702 fluorophore as explained in Chapter 4 and 5 respectively.
The excitation and emission wavelength of GFP and IRFP702 fluorophores are different. The
developed fluorometer can detect both breast cancer cells and colorectal cancer cells when
excitation and emission components are modified to cover the excitation and emission

wavelengths of respective conjugated fluorophores.

After the proof-of-concept is established, a WCE prototype is developed which utilizes the
principle of fluorescence for automating the detection of colorectal cancer. The prototype is tested
on porcine intestine and liquid phantom. The developed device can detect low-level of
fluorescence emitted by fluorophore. This was tested by first spraying varying concentration of
fluorescein (18 nM to 231uM) on top of the swine intestine and testing with the developed device.
This device paves a way for pain-free, non-invasive screening for early stage detection of cancer
promoting mass-screening and ultimately improving the survival rate of the patients. By utilizing

the proposed capsule with targeted molecular contrast agents, which are selectively probed to the
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cancerous cells, early detection of the multiple types of cancer could be possible with increased

sensitivity and at a relatively low cost.
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1. Introduction

1.1 Research Context and Motivation

Endoscopic procedures have improved tremendously in past two decades. From the
introduction of the device, Lichtleiter, in 1806 by Philipp Bozzini to the current flexible
endoscopic procedure, the advanced technologies have not only made the diagnostic procedure
accurate but also reduced pain for patients. The tube used in these wired endoscopic procedures
are now more flexible as it utilizes advanced materials rather than using thick tube. The modern
endoscopes also come with advanced tools, such as forceps. The advances in imaging technology
has also introduced small cameras in the world of endoscopy, making high resolution imaging
possible. Despite the drastic advancement in endoscopic procedure, the process is still painful and
uncomfortable for patients. The patients are often sedated in order to reduce pain and trauma that

comes with this technology. It also affects the privacy of the patient.

To solve these problems, wireless capsule endoscopy (WCE) was first introduced by Iddan
et al. in the beginning of 21% century to examine human gastrointestinal (GI) tract. This painless
and non-invasive swallowable wireless endoscopic pill enables the visualization of digestive tract
without the need of anesthesia. Although this capsule removes patient’s discomfort and pain that
is associated with traditional endoscopic procedure, there are still many limitations (automation,
image quality, battery life, frame rate, localization, etc.) of using WCE systems which hinders its

application in the current medical system.

A typical WCE system consists of a pill sized electronic capsule which is 11 mm in
diameter and 24-28 mm in length. In addition to these, the WCE system consists of a data logger
with RF antenna and a workstation computer. The front part of a capsule constitutes of a
transparent optical dome from where the lights from light emitting diodes (LEDs) illuminate the
walls of the GI tract and a micro camera captures images and transmits it wirelessly to an external
data logger via a transmitter. The LEDs are placed in a circular pattern around the camera for

homogeneous illumination. Once a patient swallows the capsule, he/she can go on with their



normal day-to-day activities. The capsule passes through the GI tract in a passive motion through
natural peristalsis from esophagus to colon. Depending on the vendor and its use, the frame rate
and battery life of capsule varies. The frame rate ranges from 2 to 35 frames per second and the
battery life ranges from 0.5 to 480 hour depending upon the type of capsule used [C1.1]. During
the lifetime of capsule, it captures about 55,000 to 120,000 images and sends it to the data logger
for storage. Most commercial capsules are not reusable. Once the process is over, the patient
returns to the clinic and hands over the data logger to the physician who then connects the data
logger to the workstation computer. The physician downloads the data and analyzes the captured
images going frame-by-frame in search of abnormality on the vendor’s specialized software. The
software usually encodes the captured images into a video for the physician to review. Since the
captured images are large in number, the doctor is required to go through the captured images in

search of abnormality which makes this technology tiresome.

Figure 1.1 A typical WCE system

Colorectal cancer (CRC) is one of the common types of cancer diagnosed around the world
and is being actively studied throughout the past few decades. It is the third most commonly
diagnosed type of cancer and is also the fourth most leading cause of cancer related deaths in the
world. It is estimated that about 2.2 million new cases of CRC will be diagnosed by 2030 leading

to an increase of 60% [C1.2]. Study has shown that early detection and removal of the colorectal
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cancer can decrease the mortality rate by up to 53% [C1.3]. The conventional processes are
invasive, often demands high cost with respect to money and comfortability. Moreover, the gold
standard colonoscopy directly hampers privacy of patient which is why the patients usually do not
want to go to the physicians directly until the cancer is advanced to a later stage. As a result, the
cancers are detected in a later stage which results in delayed and inefficient treatment. An ideal

colorectal screening process is still needed which at least should have the following characteristics:

a. Should provide high diagnostic accuracy
b. Acceptable patient privacy

c. Minimize error resulting from operator

d. Avoid future health risk.

e. Should be affordable by mass population.
f. An automated system for detection.

g. Provide low health risk

In present world, an ideal procedure to screen colorectal cancer does not exist and the
existing procedure does have trade-off among the above-listed characteristics. Hence, a reliable,
sensitive, non-invasive colorectal screening technology would be an attractive choice for patients
who are uncomfortable going through the traditional screening procedure or the patients who have
medical condition which does not allow them to go through the conventional procedures. Although
WCE system has been introduced to remove some limitations of existing endoscopic technology,
the WCE itself has some limitations which has restricted its wide use in current healthcare system.
The usual lifespan of a typical WCE capsule is about 8 hours. A typical PillCam Colon 2 capsule
generates about 144,000 images over its 10-hour lifespan as it transits through the digestive
system. Once the WCE process is completed in a typical scenario, a doctor is needed to sit in front
of the computer analyzing each image carefully in search of abnormal frames. This makes the
process uncomfortable, tiresome and time-consuming. Therefore, a system is needed by which
the capsule will be able to automate the detection. If the capsule shows a positive sign of having
cancer, the doctors would proceed forward with other forms of treatment which would save time
and improve diagnostic accuracy. Since the patient would be comfortable to go through the

process, it would also help in early detection of cancer. In this work, a WCE system will be



designed and developed which will utilize the property of fluorescence in order to automate the

detection process of colorectal cancer.

1.2

Research Goals

The main goal of this research is to design and develop a prototype of a WCE system which

utilizes the principle of fluorescence for screening colorectal cancer. In order to achieve this goal,

following research objectives are set to achieve the goal.

1.

1.3

Identify the strengths and limitation of current generation of WCE system and explore
different ways by which the limitations can be addressed.

Build a fluorometer which utilizes the principle of fluorescence to detect breast cancer cells
conjugated with a fluorophore (GFP).

Test the built fluorometer to detect colorectal cancer cells when conjugated with a different
fluorophore (IRFP702) utilizing the principle of fluorescence. This experiment helps to
realize multi-modal detection of abnormality.

Design and develop a WCE system utilizing the principle of fluorescence and evaluate
different combination of sensors, electronic components, and dye which covers the
excitation and emission range of the selected fluorophore.

Investigate the optimum arrangement of electronic and optical component so that the
device is in capsular form. The capsule should be affordable by mass population and
minimize error resulting from operator.

Evaluate the performance of the fluorescence based wireless endoscopic pill in a more

realistic scenario, animal testing of the capsule (ex-vivo) is performed on swine intestine.

Organization of the Thesis

The thesis is organized in a manuscript-based style. The first chapter of the thesis presents

the overview of WCE system, motivation of the thesis, and objectives of the research. The main

content and contributions of the thesis are included in the form of published manuscripts. The

remainder of the thesis is organized as follows.



Chapter 2 presents relevant research background and works that have proposed wireless
capsule endoscopic and non-wireless based solutions for colorectal cancer. The manuscript in
Chapter 3 presents the compression algorithms utilized in present WCE systems and presents a
possible solutions and trade-offs in choosing the compression algorithm for efficient operation of
WCE system. This helps to better realize the limitation present in current imaging-based capsule.

Finally, summary and future recommendations are presented in Chapter 3.

The manuscript in Chapter 4 describes the development of a low-cost fluorometer to detect
breast cancer cells conjugated with GFP. This work helps to realize the importance of utilizing
principle of fluorescence for selective and specific detection of breast cancer cells. The manuscript
in Chapter 5 presents the development of fluorometer to detect colorectal cancer conjugated with
IRFP702. This chapter helps to realize the possibility of multi-modal detection of cancer cells by

slight modification in the detection and excitation components based on conjugated fluorophore.

The manuscript in Chapter 6 presents the development of a WCE system for screening
colorectal region utilizing the principle of fluorescence. This device is tested ex-vivo on swine
intestine and liquid phantom with various concentration of fluorophore. Finally, summary of

accomplishment and future recommendations are presented in Chapter 7.
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2. Research Background

About 20 million people in Canada and 70 million people in United States of America
suffer from diseases related to digestive system annually [C2.1, C2.2]. Hence the tools and
techniques that are used to diagnose GI disorders are becoming important and popular. Over the
last couple of decades, many tools and techniques have been introduced to assist physicians in
diagnosing patients who are suffering from diseases related to digestive system. However, these
procedures require skilled manpower, needs sedation and brings patient discomfort. The
endoscopic procedures are considered invasive and painful as well. Thus, there was a need to
introduce a reliable technology which was non-invasive and could enable visualization of GI tract
accurately. In this context, a WCE system was introduced which offered non-invasive imaging of

GI tract without the need of surgery or painful procedure.

The first commercial endoscopic capsule was developed by Given Imaging (Yoqneam,
Israel) in the mid-1990s and was termed as PillCam. This capsule was approved by Food and Drug
Administration (FDA) in the year 2001 [C2.3]. Given Imaging further enhanced this project and
developed few more specific targeted capsules to detect the disease in colon, small intestine and
oesophagus. These capsules were termed as: PillCam Colon, PillCam (SB, SB2 & SB3) and
PillCam ESO respectively. More than a million capsule endoscopy systems have already been used
in clinics worldwide and more than 1000 peer-reviewed publications have now appeared in
literature which shows its growing popularity. Most of these WCE systems are composed of three
parts: a non-reusable capsule, data logger and a workstation computer as shown in Fig. 1. The
WCE capsules weighs in between 3.3-6 grams, the size ranges in between 10-11mm diameter and
24-32 mm in length, and the operating time varies from 8-12 hours depending upon the vendor.
Although these capsules are bigger in size than a regular capsule, these capsules are small enough
that they can be swallowed. A typical capsule consists of an imaging module (CCD or CMOS
camera), illumination modules (4-6 white LEDs per camera), batteries, telemetry system
(transmitter), etc. The capsule can generate about 50,000-120,000 image based on the
manufacturer. In addition to radio frequency, other medium can also be used for communication,

such as: ultrasound, human body or magnetic field. The data logger is connected to a sensor array



which is fixed on the patient’s abdomen via adhesive pads. In PillCam SB3 capsule, entire sensor

array is enclosed in a belt which can be worn around patient’s waist.

Following the trend of PillCam, there were several other companies which developed
capsules (Patency capsule [C2.4], EndoCapsule [C2.5], CapsoCam [C2.6], MiroCam [C2.7],
OMOM capsule [C2.8]) and are now available commercially in the market. Each capsule from
different manufacturer has its own strengths and weaknesses. PillCam Colon is a specialized
capsule endoscopy system especially designed to screen colorectal region. The latest version of
PillCam Colon 2 is slightly larger than PillCam SB capsule measuring 11.6 x 31.5mm. It consists
of two image sensors. The field of view is increased in this version which covers 172 degrees
[C2.9]. However, increasing the field of view resulted in low resolution of images. This capsule
captures images at 4 frame per second when in stationary and at 35 frame per second when in
motion [C2.10] i.e. the camera captures a minimum of 144,000 frames during its lifetime when
capturing at 4 frames per second. The images are received and saved by data logger through an
antenna-led array. The clinician downloads the data to the computer after the process is over for
post-processing. This is a promising capsule but further improvements as well as studies are
needed before it can replace colonoscopy. Currently, this capsule is mostly used for patients who
had incomplete history of colonoscopy or for those patients who don’t want to go through the

process of other endoscopic procedure [C2.11].

Although the endoscopic system which uses white light imaging can now provide high
resolution of images, the post-processing heavily relies on the expertise of a physician who is going
through frames in order to find the abnormalities. Such analysis requires the patient to have very
distinct morphological changes in order to be diagnosed accurately. The distinct morphological
changes often appear very late, thus hampering the overall diagnostic process. Despite tremendous
advancement of therapeutic and diagnostic possibilities, colorectal cancer in patients are often
detected in advanced stage and the survival rate for such patients is 14%. However, if the same
cancer was diagnosed at an early stage, the chances of survival can increase to 90% [C2.12]. In
addition to having a difficult access to GI tract, the long period of time without any specific
symptom for cancer further makes it problematic to detect such cancer at its early stage [C2.13].
It has always been difficult to distinguish between tumor and inflammation at its early stage which

leads to diagnostic delay. Defining the border of tumor at its advanced stage clinically is also



problematic. That is why, the surgeons still greatly rely on histopathological and biopsies outcome

which is again time-consuming.

New techniques, based on the principle of light, are needed to be introduced to the world
of endoscopy system to improve the abnormality detection rate. Fluorescence imaging has already
proved to be efficient in diagnosing early gastric cancer over white light imaging technology with
greater sensitivity and efficiency. Fluorescence imaging is an exciting and popular technique used
by modern biologists as it allows them to differentiate between different objects of interest.
Because of its intrinsic selectivity, it is now one of the most important part of microscopy in the
field of biology where specific molecules, like fluorophores, absorb light at certain wavelength
and emits at a different higher wavelength. Due to its large spectral range, it is often possible to
image different cellular, subcellular and molecular structures at the same time. Also, different
fluorescent products (like, green fluorescent protein) allows biologists to genetically tag protein of
living beings. These promising non-invasive imaging techniques should be able to distinguish
between benign and malignant cell, normal and tumor cell, and between inflammation and early
cancer cell. When introduced to capsule endoscopy system, these techniques will further be able
to aid in the localization and provide instant diagnosis of abnormal tissues and hence provide better
image contrast, resolution and detailed information. As such, the development of fluorescent
imaging technique is a growing field for the detection of early cancerous cell which can provide
real-time information about the location, size and metastasis of tumor cell. It does so by providing
specific contrast between cancer and normal cell. The change in contrast between normal and
tumor cell is due to the biochemical and morphological changes in these tissues which alters the
optical properties and leads to specific tissue based autofluorescence. Targeted fluorescence can
also be achieved with the help of fluorescent probes where an external labelling agent (For
example, fluorescein or Green Fluorescent Protein) is introduced inside the body intravenously to
target specific cancer cells. This fluorescence imaging technique has proved to be very useful for
the detection of early cancer with great accuracy and sensitivity in comparison to white light
imaging. Fluorescence guided endoscopy has already shown some promising result as this
technique has resulted in the increase in detection rate of tumors by 30% and caused reduced in
tumor recurrence by 20% [C2.14]. A system to automate detection of colorectal cancer utilizing

the principle of fluorescence with a WCE system is still an open topic for research.
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3. Are Current Advances of Compression Algorithms for Capsule

Endoscopy Enough? A Technical Review

The majority of commercially available WCE system is image based. It is important to
know the pros and cons of existing system to find the research gap and propose a solution. This
chapter reviews the compression algorithms that are used in WCE systems and presents its
advantages and disadvantages. WCE has paved a way for painless diagnosis and introduces a
possibility of screening entire GI tract, promoting mass screening. However, there are still several
challenges of this technology: low frame rate, low image quality, low data-rate for telemetry,
inability to perform automatic detection of abnormalities, etc. Increasing resolution and frame rate
of the WCE system significantly increases power consumption during RF transmission. Absence
of efficient compression also affects on-chip memory, system architecture, and battery life of the
system. It is found from this review that the search for an efficient compression algorithm that can
overcome the challenges still remains open. It is also concluded that alternative approaches should
be explored for automating the detection of abnormality using this technology. The commercial
capsule SB2 and SB3 were also tested on horse to know the limitation of existing WCE system

which is presented in a published manuscript and not included in this thesis [3A].

[3A] Julia B. Montgomery, Jose L. Bracamonte, Mohammad Wajih Alam, Alimul H. Khan,
Shahed K. Mohammed, Khan A. Wahid. Is there an application for wireless capsule
endoscopy in horses?. Can Vet J. 2017;58(12):1321-1325.

The analysis and findings of this chapter is reported in the below mentioned published
journal manuscript. The student contributed to literature review, writing the original draft and

revision of the manuscript.

M. W. Alam, M. M. Hasan, S. K. Mohammed, F. Deeba and K. A. Wahid, "Are Current Advances
of Compression Algorithms for Capsule Endoscopy Enough? A Technical Review," in IEEE
Reviews in Biomedical Engineering, vol. 10, pp. 26-43, 2017.
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Are Current Advances of Compression Algorithms for Capsule

Endoscopy Enough? A Technical Review

Mohammad Wajih Alam, Md. Mehedi Hasan, Shahed Khan Mohammed, Farah
Deeba, and Khan A. Wahid

Abstract

The recent technological advances in capsule endoscopy system have revolutionized the
healthcare system by introducing new techniques and functionalities to diagnose gastrointestinal
tract. These techniques improve diagnostic accuracy and reduce the risk of hospitalization.
Although many benefits of capsule endoscopy are known, there are still limitations including lower
battery life, higher bandwidth, poor image quality and lower frame rate, which have restricted its
wide use. In order to solve these limitations, the importance of a low-cost compression algorithm,
that produces higher frame rate with better image quality and yet consumes lower bandwidth and
transmission power, is paramount. While several review papers have been published describing
the capability of capsule endoscope in terms of its functionality and emerging features, an
extensive review on the compression algorithms from past and for future applications is still of
great interest. Hence, in this review, we aim to address the issue by exploring the characteristics
of endoscopic images, analyzing the strengths and weaknesses of useful compression techniques,

and making suggestions for possible future adaptation.

Index Terms

Compression algorithm, capsule endoscopy, endoscopic images, image processing, image

reconstruction
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3.1 Introduction

In order to diagnose gastrointestinal (GI) abnormalities, such as obscure GI bleeding,
Crohn’s disease, celiac disease, etc., endoscopic procedures play a vital role by enabling the view
of human GI including the esophagus, large bowel, colon, and parts of the small intestine [C3.1]—
[C3.4]. The typically used conventional endoscopy system, known as wired endoscopy, creates
discomfort for patients as it requires a flexible and long cable to be pushed into the digestive tube
[C3.5], [C3.6], making the patient endure a painful and uncomfortable procedure. Moreover, wired
endoscopy cannot reach certain areas of the GI tract, such as a significant part of the small bowel
[C3.3], [C3.7]. In order to relieve patients’ suffering and view the entire small intestine, wireless
capsule endoscopy (WCE) or video capsule endoscopy (VCE) are options used in modern days.
WCE is a promising technology, integrated with a camera and wireless connectivity feature, which
provides an opportunity to diagnose the entire GI tract through a simple, noninvasive, and pain-

free procedure.

a b c d

Figure 3.1 Endoscopic images: (a) esophageal polyp, (b) severe antral gastritis in stomach,

(c) duodenal ulcer, and (d) crohn's disease in ileum (Courtesy: NASPGHAN) [3.15]

Despite many advantages of WCE, this technology still has several limitations [C3.8],
[C3.9]. In 2000, a commercial product known as PillCam was introduced by Given Imaging Ltd.,
Israel [C3.3], [C3.10], [C3.11]. Today, there are many commercial capsules with similar
functionalities. The image quality and the frame rate of current generation WCE capsules are
inferior compared to that of wired endoscopy; a frame rate of 2—6 frames per second (fps) is usually

achieved in PillCam (see Section II) where 10 fps is desired for diagnosis [C3.9]. Some sample
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endoscopic images with different diseases are shown in Fig. 3.1. The image resolution needs to be
enhanced as the diagnostic is error-prone due to the low resolution of the captured images [C3.12].
Increasing the resolution causes a significant increase in power consumption during radio
frequency (RF) transmission. Moreover, the on-chip memory and complex system architecture
also add to power consumption [C3.12]. Hence, capsule battery life is another critical constraint,
which should supply enough power to run for more than 16 h [C3.6], [C3.12] and is essential for

increased completion rates [C3.13], [C3.14] in the absence of efficient compression.

Trarsgarer] Whas LED < 6 PR PCED  AS fraremiter

a b

Figure 3.2 Endoscopic capsule: (a) schematic view of the capsule and its components

[C3.16], and (b) recording unit and sensors [C3.2].
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Figure 3.3 Commercial capsule endoscopes [C3.16]. Left to right: Agile patency capsule,
PillCam SB2, EndoCapsule, CapsoCam, MiroCam, OMOM capsule, PillCam ESO, and PillCam
COLON2.
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Therefore, to satisfy the requirement of high image resolution along with high frame rate
while keeping the power consumption low, image compression must be applied [C3.112]. There
have been a significant number of works on the optimization of the image compression algorithms
for saving power consumption as well as for improving visual image quality. This paper provides
a technical review of all state-of-the-art image and data compression algorithms used in capsule
endoscope systems with an attempt to help researchers in finding the optimum parameters and

compression methodology.

3.2  Wireless Capsule Endoscopy System

3.2.1 Capsule System

Conventionally, a capsule endoscope system comprises three parts: the ingestible capsule,
a portable image-recording belt or jacket, and a workstation computer with image processing
software (see Fig. 3.2). The swallowable electronic capsule captures images during its transit
through the GI tract, processes the images, and then transmits the data to a data-receiving unit
through an RF channel. In the image-recording subsystem, almost every system uses eight body
leads/antennas (except three leads in esophageal operation and 14 leads in the OMOM capsule
system). The body leads are attached to the abdomen and the chest, which helps in the detection
of the position of the capsule. In the workstation computer, powerful software is used to process
the recorded images [C3.2]. Fig. 3.3 shows several commercially available endoscopy capsules

while Table 3.1 presents technical specifications of those capsules.

3.2.2 Commercially Available Capsules

Most commercially available WCE systems use image compression techniques embedded
in the capsule hardware. Although much information about the specific compression algorithm is
not available, the patents published by the inventors provide some information about the
compression algorithm adopted by them. Given Imaging is a pioneer in the field of capsular
endoscopy and commercializes solutions for different parts of GI tracts, for example, the PillCam

SB for the small intestine, PillCam ESO for esophageal imaging, and PillCam COLON for the
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large intestine. All these products use a complementary metal-oxide semiconductor (CMOS)
image sensor as the imager but differ mainly in frame rate, resolution, and battery life as shown in
Table 3.1. Initially, Given Imaging proposed a system [C3.17] comprising a data compression unit,
which would compress the image data using a JPEG or MPEG compression algorithm. Later, it
proposed an in vivo compression system [C3.18], where mosaic image data are transformed into
another color space (Y, Cb, Cr, Gdiff) and then directly compressed by a compression module,
which is integral to the imager, by implementing fast efficient and lossless image compression
system (FELICS) compression. A compression ratio (CR) of 4-8 can be achieved by adopting this
algorithm. It has also proposed an alternate method of compression [C3.20] where subsequent
images will be compared, and then only the differences between the images would be transmitted,
rather than each image. Another proposal explores the possibility of variable frame rates for
different parts of the GI tract, where compression will be adopted in the case of a higher frame
rate. In addition, a spatially varying dilution pattern has been proposed taking into account the
nonuniform resolution of the endoscopic image due to the adopted optical system in a capsule

endoscope [C3.21].

Olympus Corporation proposed a conventional compression algorithm [C3.22] for a
capsule endoscope, where pixels interpolation from the raw data is followed by a compression
algorithm. Innurvation Inc. has brought out a new concept [C3.23] of variable resolution and/or
variable magnification scanning system which implicitly reduces data by varying frame rate and
resolution, depending on the speed of the capsule. In the case of low-resolution images, data are
compressed by combining groups of pixels. However, MiroCam capsules do not use data

compression and RF for wireless data transmission [C3.24].

Though it obviates the requirement for a high-frequency modulation process and antenna
driving, according to the survey [C3.25], the speed of body area network in endoscopic
applications is around 2 Mbps, which limits its operation at 3 fps. Recently, Ankon magnetically-
controlled capsule endoscope (MCE) system developed NaviCam, which additionally includes a
guidance magnet robot; this robot provides five degrees of control freedom, including two
rotational and three translational. The resolution of the image is 480 % 480 and frame rate is 2 fps.
In order to achieve higher frame rates, all these existing capsules need a higher compression rate

(CR).
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Table 3.1 Commercial endoscopic capsules

Frames
Battery | Dimension | Approval = Image
Device Company per Compression
life (mm) status sensor
second
FDA
PillCam SB 2 6-8 h 11 x 26 CMOS Yes
(2001)
FDA
PillCam SB2 2 8h 11 x 26 CMOS Yes
(2007)
Adaptive FDA
Pillcam SB3 12h 11 x 26 CMOS Yes
(2-6) (2013)
Given FDA
PillCam ESO ) 14 20 min 11 %26 CMOS Yes
Imaging (2004)
PillCam ESO FDA
18 20 min 11 %26 CMOS Yes
2 (2007)
PillCam
4 10h 11x31 CE (2006) | CMOS Yes
Colon
FDA
EndoCapsule Olympus 2 8-10h 11 x26 CCD Yes
(2007)
CE (2007)
MiroCam Intromedic 3 10-12h | 10.8 x 24 CMOS No
FDA(2012)
OMOM Jinshan 2 7-9h | 10.8x24.5 | CE(2007) | CMOS Yes
CapsoCam o
CapsoVision 12-20 15h 13 x27.9 N/A CMOS No
Svi1
Ankon SFDA
NaviCam ) 2 - 11 x31 MOS Yes
Technologies (2013)

h — hours; FDA -Food and Drug Administration; CE - Conformité Européene; SFDA -
State Food and Drug Administration; CMOS —Complementary metal-oxide semiconductor and so

on in Table 3.1.

3.3 Compression Requirements for WCE

Since the primary objective of WCE is to diagnose the human GI tract for anomalies by a

physician from WCE images [C3.26], the image quality is one of the primary concerns for the
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development of any compression scheme [C3.27]. However, the limited power supply and low
transmission rate appeal for a high-quality compression method that can reduce the transmitted

data while preserving a high image quality [C3.28].

The resources saved in this process can make the addition of auxiliary capabilities (drug
delivery, locomotion, speed control) viable. The low frame rate, unpredictable motion, and low
tolerance to image distortion along with limited resources make the hardware implementation of a
motion-compensated compression scheme inappropriate for WCE. On the other hand,
conventional lossless compression systems are not feasible due to the associated high memory
requirement and high computational cost [C3.29]. The consequent increase in the silicon area and
power consumption due to the image compressor generates a significant overhead to the system,
making it very challenging to design a suitable image compression system capable of providing a
high CR and high image quality while being power- and area-efficient [C3.29]. Based on these

facts, the following requirements can be set.

a. For diagnostic accuracy, the quality of image reconstruction is critical [C3.27]. It has been
reported that a minimum peak signal-to-noise ratio (PSNR) of 35 dB in reconstructed image
quality is required for accurate diagnosis [C3.30], [C3.31] of the typical medical images.
However, any information about the shape and texture of an object in the images may not
be accurately reflected in the PSNR of the endoscopic images. So, a higher PSNR is

desirable.

b. A study [C3.32] suggests that a higher frame rate increases the ability to detect more
landmarks, lesions, frame per landmark/lesion, and decreases the probability of missing
vital signs. A lower frame rate hinders the real-time video streaming of a smooth motion,
which is highly desirable for a correct diagnosis. A frame rate of at least 10 fps [C3.33] is
strongly expected for endoscopic diagnosis so that the capsule does not miss any important
information. Some studies also suggested 15 fps [C3.34] as the necessary frame rate for
endoscopic images. Frame rate should be higher in the areas such as esophagus where the
capsule moves at a higher speed. However, a frame rate of 25 fps is needed to achieve the

smoothness quality of classic wired endoscopy [C3.9].
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c. The bandwidth of the transceiver of the capsule endoscopic system is limited. A recent
transceiver can transmit information at 2 Mbps maximum, though a 1 Mbps transceiver is
more prevalent in capsule endoscopy to reduce the power requirement. So, in order to
maintain the compressed data rate at less than 2 or 1 Mbps (whichever is used), the CR

must be higher.

Table 3.2 shows the calculation of CR for different commercial systems and an ideal
system. The uncompressed data rate is proportional to frame rate, resolution, and pixel depth. In

order to achieve an adequate frame rate, the compression ratio must be increased.

For a system that requires 10 fps for 512 x 512 images in 8-bit raw image format, in order
to transmit using a 2 or 1 Mbps transceiver, the CR must be more than 10 or 20, i.e., CR should be
more than 95% or 90%, respectively, as shown in Table 3.2. Thus, a compression algorithm should
achieve at least 90-95% CR in conjunction with optimized reconstructed images to improve the

current diagnostic efficiency and achieve a real-time capability.

The CR can be defined as the ratio of total bits before compression to total bits after
compression. However, there is no specific standard available in the literature for calculating CR.

Hence, we list the methods for calculating CR in this section.

Generally, in the literature, there are three types of data available from where CR can be

calculated as explained below:

a. In some papers, CR is given in percentage (%). We took the CR data

directly from the paper and reported it in our table.

b. In some papers, CR is given in bits per pixel. Here, we calculated CR using

the following formula:

cr=l1- Compressed bits per pixel(i.e., bpp t.aken from paper) £ 100% (3.1)
Uncompressed bits per pixel(i.e., 8 bits)
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c. In some papers, CR is given in ratio only. For example, CR = 20:1.

In such cases, we calculated it using the following formula:

CR=|1- — ! - x100% (3.2)
Compression ratio (i.e., ratio taken from the paper)

The capsule must consume low power while operating. A typical WCE needs about 30
mW [C3.35] of electrical power to operate, among which power is mainly consumed by
the CMOS image sensor, light emitting diodes, and RF transceiver [C3.36]. In order to be
able to last for a sufficient time inside the GI tract, the images obtained should be
compressed so that the data that need to be sent wirelessly are reduced as transmitting
images generally consume more than 60% of the power [C3.37], [C3.38]. Hence,
compression engines must be simple, low cost, and should help in reducing overall the

capsule power consumption.

Any image compression algorithm with high complexity should not be chosen to
limit the power consumption. So, the focus should be on developing algorithms with low

complexity.

It is important to limit the memory needed for compression because that requires a large
silicon area and power. Therefore, the capsule should not store the data on the chip, rather
transmit all the data instantly. So, the compression algorithm should have the capability to

do real-time processing of images and videos.
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Table 3.2 Compression ratio calculation for WCE system

Criteria

PillCam
SB2

MiroCam

OMOM

EndoCapsule

NaviCam

Expected

values

Frame rate
(FR)
[frame per sec

(fps)]

10

Resolution
R)
(pixels)

256 x 256

320 x 320

320x320

512x512

480x480

512x 512

Pixel depth
(PD)
(Bits per pixel)

Uncompressed
data rate =
FRxRxPD*
(Mbps)

2.34

1.56

3.52

20

Uncompressed
data rate with

10fps (Mbps)

7.81

7.81

20

17.58

20

Minimum
compression
ratio required
for a
2Mbps/1Mbps
transmitter

with 10 fps

2.5/5
(60%/30%)

3.9/7.81
(74.36%/87.20%)

3.9/7.81
(74.36%/87.20%)

10/20
(90% / 95%)

8.79/17.58
(88.62%/94.31%)

10/20
(90%/ 95%)

* Assuming that image sensor produces images with 8-bits raw image format.

f.  Commercial capsules and most other capsules in research still do not work in a pure real-

time video mode or provide a high frame rate. Video compression includes interframe

calculations. In video compression, the algorithm takes into account the fact that

consecutive frames contain redundant information, and thus it would be more efficient to
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3.4

consider the information of the previous frame when sending the current frame. For
example, motion JPEG does not send the fixed background information again. However,
this kind of setup is still not used due to two reasons [C3.33]. First, we need to store at least
one entire image until the second image arrives in, which requires a significant amount of
memory. Second, the frame rate is still slow, and the camera position changes before
capturing the next frame when the perspective changes; thus, there is much less redundant
information between two succeeding frames. Though it is possible to find a relation
between two frames by transforming into the frequency domain, doing that would increase

the computational complexity.

WCE Compression System

A typical WCE compression system consists of a color space converter, compression filter,

quantizer, and an entropy encoder as shown in Fig. 3.4. Many compressors available today utilize

a color space transformer in order to find the most dominating and useful component in the image

and treat them in a special way. The next stage consists of a compression engine that is based on

predictive or transform coding. It is followed by a quantizing and encoding stage after which the

compressed binary data stream is generated, which can be transmitted wirelessly. However, there

are some systems that do not use any color space converter or quantizer in order to reduce

computational burden or to have a lossless system. Therefore, in this section, the WCE usage of

the main stages such as color space converter, compression filter, and entropy encoders will be

discussed, which will be followed by a detailed discussion of two main types of compression

filters.

Input
image

Converter

Color Space a| Compression filter 3 . Entropy 3 Compressed
> (predictive or transform) Quantizer encoder image

Figure 3.4 Typical WCE compression system
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3.4.1 Color Space Conversion

The images produced by a general image sensor include red (R), green (G), and blue (B)
components. A color space is a method by which we can specify, create, visualize, and define a
color [C3.39]. The selection of the color space depends on the image and its application because,
in some images, one of the description metrics might be able to furnish more information than
other metrics, while, in other images, that metric might not be so useful. Depending on the purpose,
there are many color spaces, such as, RGB, CMYK (cyan magenta yellow black), HSL (hue
saturation and lightness), (luminance-chrominance), and CIE (International Commission on
[llumination). Since the luminance components dominate the endoscopic images and range widely
from low to high values, luminance-chrominance-based color spaces are widely used in
endoscopic image compression. Due to the limited variation of chrominance components, these

components are usually discarded in lossy compressions.

3.4.1.1 YUV Color Space

Some researchers proposing the prediction-based algorithms [C3.33], [C3.40] take
advantage of typical endoscopic image characteristics and utilize prediction-based techniques to
limit the bandwidth required to transmit the endoscopic video. Before applying the prediction, it
is also quite common to use color space transformation (especially in YUV) [C3.33], discarding
some U and V components while selectively sending a single set of Y and V components [C3.33].
The RGB to YUV color space conversion formula in standard JPEG2000 is presented in [C3.41],
which involves floating point calculation. The algorithm [C3.33] converts it into the following

equivalent integer-based calculation to reduce computational complexity:
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3.4.1.2 YEF Color Space

YEF color space is also a luminance-based color space [C3.26], [C3.42], which is common
in the differential pulse code modulation (DPCM) based algorithms. Experiments show that YEF
color space shows some additional properties compared to YUV and YC,C, [C3.42]. Since, in
most cases, the intensity distribution of green in endoscopic images is very similar to that of the
blue component while the intensity distribution of Y has a similar pattern to the green and blue
components, subtracting green and blue from Y will produce differential pixel values of almost an
equal number and reduce the entropy of the chrominance space, resulting in a higher compression

ratio in the chrominance plane. The relationship of the color space transformation is as follows:
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3.4.1.3 YC,C, Color Space

In discrete cosine transform (DCT) based algorithms, the color space transformation is also
skipped in order to save power dissipation, except [C3.43] which uses YCgCo the color space
transformation of input Bayer color filter array (CFA) images. YC¢Co components can be found
by the following formula, which is originally designed for the H.264 video coding
standard [C3.44]:

e (3.5)
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3.4.2 Compression Filters

All the image compression algorithms for capsule endoscopy can be categorized into two

types: based on the quality of the reconstructed image and based on the way the algorithm works.

3.4.2.1 Lossless, Near-Lossless, and Lossy Algorithms

Based on the quality of the reconstructed image, the image compression algorithms can be
divided into two categories: lossy algorithms and lossless/near-lossless algorithms. In lossless
compression, it is possible to reconstruct the image exactly like the original one, while in near-
lossless compression a certain degree of distortion is accepted, provided that there is no loss of
valuable information [C3.45], [C3.46]. The principle of lossless compression is the reduction of
redundancy in the image by exploiting the spatial correlation and appropriate digital
coding [C3.33]. But as per Clunie's observation in [C3.47] on a large number of compression
algorithms, the best compression ratio stays below 4 for gray-scale images, while it is below 12
for color images [C3.33]. On the other hand, lossy compression might reduce the information
content of the image [C3.128] though it might not directly affect the resolution [C3.33]. Most of
the lossless and near-lossless algorithms are based on the predictive coding such as JPEG-LS and
DPCM, while lossy algorithms are based on transform codings such as DCT and discrete wavelet

transform (DWT).

3.4.2.2 Predictive and Transform Coding

Similar to the compression of any two-dimensional data, methods in the art of compressing
WCE images can be classified into two categories: time-domain or space encoding and transform-
domain encoding. Time-domain techniques are based on prediction-comparison. The assumption
is that dependence is innate among the pixels in the image data. In predictive coding, such
dependence can be removed by a good estimator, which converts the data into a format so that
there is almost no dependence among neighboring pixels [C3.48]. Generally, these include delta
modulation, DPCM [C3.49], or JPEG-LS-based techniques, though the endoscopic researchers
mostly consider DPCM, JPEG-LS, and simple predictive coding. These methods are mostly
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lossless and near-lossless with a few exceptions. A detailed review on most of the predictive coding

based WCE algorithms is given in Section V.

On the other hand, in a transform-domain method or transform coding, a block of pixels is
decomposed into a set of coefficients and the compression is achieved by eliminating insignificant
coefficients or by reducing the number of levels of quantization in the transform domain [C3.48].
The compression is lossy and requires higher computation compared to predictive coding, but the
CR is higher as well. A detailed review of most of the transform coding based WCE algorithms is

presented in Section VI.

The main challenge in WCE is ability to decrease the power consumption as well as overall
area of the capsule while maintaining satisfactory reconstructed quality of the image. Hence, the
focus should be on proposing a low-complexity image compression algorithm by analyzing the
unique properties of the obtained endoscopic image keeping in mind the trade-offs of both lossless

and lossy compression algorithms.

3.4.3 Entropy Encodings for WCE

This section lists encodings that are typically used in capsule endoscopy for converting

compressed signals into the binary bit stream.

3.4.3.1 Zero-Coding

A zero coding is useful in capsule endoscopy and can drastically reduce the image size
when a prediction-based algorithm creates a large number of zeros as errors. In zero coding, zeros
are grouped following each other, and the number of zeros is coded. For example, a set of six zeros
[000000]is coded as [0 6]; this saves four words. This coding is used in the prediction-based
algorithm [C3.33] followed by Huffman coding.
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3.4.3.2 Huffman Coding

Huffman coding [C3.50] is a variable-length coding, which is a widely used entropy
encoding scheme in capsule endoscopy [C3.33] and various applications. The main concept of
Huffman coding is that the code depends on the probability of occurrence of the symbol. The
symbol with less probability is coded with a longer digit number, while that with the higher
probability is coded with a small number of digits. The Huffman table contains all dictionary

information of digital representation of each symbol.

3.4.3.3 Golomb-Rice Coding

Golomb—Rice coding [C3.51],[C3.52]is an adaptive variable-length coding and,
therefore, useful for the prediction-based algorithm after getting the difference between the actual
signal and predicted signal; the values of the differences are either zero or close to zero, which
makes a variable length coding very useful. This coding gives the optimum code length for the
geometric distribution [C3.51]. When this coding is applied to the differences, which can be either
positive or negative, the differences are converted into positive numbers by changing the ranges
since the Golomb—Rice coding works only for positive numbers. The basic
principle [C3.52], [C3.53] for converting a value into code is to divide the value by a divisor and
find the quotient and remainder of the division. In the code, the quotient is first written in unary
notation, followed by a stop bit “1,” followed by the remainder. For example, if the divisor is 4,
11 can be coded as 00 1 11 because the quotient is 2 and the remainder is 3. For different
applications, the value of divisor will be different, and the optimum value of divisor is found by

setting different divisors and achieved compression ratios.

3.4.3.4 Lempel-Ziv Encoding

The Lempel-Ziv encoding [C3.54], [C3.55] is an adaptive dictionary data compression
technique. This coding considers repetition in symbols and the sequences are parsed into distinct
phrases. The dictionary is built in a single pass while at the same time also encoding the data.

Interestingly, the dictionary is not needed to transmit to the store because the decoder can build up
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the dictionary. A detailed description on how to encode using this method can be found in the
report [C3.56]. This encoding is mostly used in DCT-based WCE compression techniques such
as [C3.5], [C3.12], [C3.57], and [C3.58].

3.4.3.5 Lempel-Ziv Welch Encoding

This is the modified version of Lempel-Ziv coding [C3.59]. Unlike Lempel-Ziv encoding,
this encoding uses a dictionary with predefined symbols. Only at the time of compression, the
codeword is made from those symbols, thus providing a high compression ratio. This encoding is
used by Li and Deng [C3.60] in the DCT-based algorithm along with subsampling green and blue

components.

3.5 Predictive Coding based Algorithms

Predictive coding based techniques are one of the two types of algorithms that are used in
a capsule endoscopy system as discussed earlier. The methods are mostly near-lossless and lossless
and include JPEG-LS, simple or general predictive technologies, and DPCM-based methods.
These compression algorithms reconstruct the full information that was present in the original
image, i.e., the pixel information does not change/remains similar after the image is reconstructed.
Hence, these algorithms are able to provide a compression ratio of only about 1:2 to 1:3 [C3.61],
which is not enough when compared with transform coding based algorithms, leading to more
power consumption and hence affecting the battery life of a WCE capsule. The advantage is that
full pixel information is reconstructed bit by bit and the restored image is visually similar to the
original image. The following section describes predictive coding based algorithms in detail for

compression of WCE images.
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Figure 3.5 Typical model for lossless prediction based compression and decompression.

3.5.1 General or Simple Prediction based Algorithms

3.5.1.1 Principle

The main principle of this type of lossless image compression technique is based on the
detection of lossless redundancy. It is true that except JPEG2000 [C3.62], which uses wavelet
transform, most of the present methods of image compressions use some form of prediction. In
this section, we will discuss the methods that are explicitly based on the prediction [C3.63].
Usually, in order to compress prediction and store error (the difference between the pixel and its
predictions), they are converted into the bitstream with the help of encoding methods such as
Huffman [C3.50], Golomb [C3.51], Rice [C3.52], or arithmetic coding [C3.64]. Normally, the
prediction is done using the value of previously visited neighbor pixels. Fig. 3.5 shows a lossless
predictive coding, which consists of both an encoder and a decoder. Both of them contain a similar
predictor. As shown in Fig. 3.5, before the input pixel is encoded, a predictor generates a
corresponding predictive integer value. Some algorithms such as JPEG-LS [C3.65],
CALIC [C3.66], TMW [C3.67], EDP [C3.68], [C3.69], adaptive lossless technique such
as [C3.63], spatial prediction technique [C3.70], and DPCM use the prediction-based algorithm.
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3.5.1.2 Prediction Formula and Encoding

It is shown empirically by Clunie [C3.47] that the most accurate estimations for the
predictor in medical images can be obtained by subtracting the neighboring pixel values rather
than averaging them. So, one of the formulas used is previous pixel minus previous pixel above
plus corner pixel (of above and left), as shown in Fig. 3.6(a). Another formula is previous pixel

plus pixel above minus corner pixel, as shown in Fig. 3.6(b).
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Figure 3.6 General prediction based near-lossless image compression techniques: (a) [C3.33]
and (b) in [C3.40]
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The prediction error can be coded in many ways. The method used in [C3.33] is zero
coding followed by Huffman coding and buffering. Alternatively, using Golomb—Rice coding for
Y and unary coding for U and V components is another option to encode the difference errors,
which is considered in [C3.40]. Unary coding is found when the divisor is set to zero in Golomb—

Rice coding.

3.5.1.3 Future of Prediction-based Techniques

There is room to improve prediction-based algorithms and utilize them in capsule
endoscopy. There is a trade-off between CR and PSNR (see Table 3.4). It is possible to work on
finding a better color space transformation, which is both integer-based and completely
orthogonal. Reduction of U and V components might be an option when lossy or near-lossless
compression is the target with a higher CR. For prediction, future researchers also have room to
consider a wide range of neighboring components. It would also be interesting to experiment with

different encoding techniques as well.

3.5.2 JPEG-LS-based Algorithms

All of the JPEG-LS-based compression schemes for WCE have two principle components:
JPEG-LS engine and a preprocessing stage, which consists of a low-pass filter (LPF) and
transformation. JPEG-LS-based compression algorithms provide the highest lossless CR and
compression speed for the medical images that have a similar background [C3.72]. In this section,
first a general principle of the JPEG-LS compression engine will be demonstrated and then the

role of the preprocessing stage will be discussed.

3.5.2.1 Principles

JPEG-LS, a lossless compression method based on the LOCO-I algorithm [C3.71], consists
of two independent and distinct phases called modeling and encoding [C3.65]. In JPEG-LS, the
spatial redundancy in the image is reduced by a prediction model called the median edge detector,

where a simple edge detection algorithm predicts the value of the next pixel, and instead of sending
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the absolute value, only the prediction residue is sent, resulting in a reduction in entropy.
Furthermore, JPEG-LS utilizes a simple fixed context modeller focusing on a narrow band of
applications for modeling of the residue. Later, a suitable choice of an encoder from a collection
of Golomb coder reduces the coding redundancy. JPEG-LS further improves the performance by
using run-length coding for flat regions. A block diagram of the JPEG-LS encoder is shown
in Fig. 3.7. A detailed description of the JPEG-LS algorithm can be found in [C3.65]. By focusing
on a narrow band of applications, JPEG-LS can achieve comparable performance to alternative
lossless compression methods having high complexity. Due to these reasons, JPEG-LS is often

used for compression in digital imaging and communication in medicine [C3.73].

rﬂTransfonnation .Fg Filter
Original |'====""=="==="======f=omtmmmeees '

Data

Compressed

;JPEG-LSH—') Data

Figure 3.7 Typical block diagram of JPEG-LS

The compression schemes can be divided into two categories: compression first schemes

and interpolation first scheme.

3.5.2.2 Compression First Schemes

Most digital cameras use a single image sensor to capture the color image, where to capture
a different portion of wavelength a special mechanism called Bayer CFA [C3.74] is coated over
the image sensor to record only one of the three components at each pixel position [C3.75]. Due

to its power constraint, most of the WCE uses CFA to reduce power consumption.

The resultant CFA image is generally (especially for the interpolation first scheme)

interpolated via a demosaicing stage and then forwarded to the lossless or lossy image compression
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stage such as JPEG-LS [see Fig. 3.8(a)]. However, the demosaicing stage increases the redundancy
in information as the resultant R, G, and B components have a significant correlation between
them, ultimately reducing the compression performance [C3.75], [C3.76] , [C3.112]. Moving the
interpolation stage after the compression stage can improve the compression performance by
avoiding the increase in redundancy due to interpolation. However, the discontinuity between the
color components in a CFA image introduces a new problem for compression. Using structure
separation and transformation, the individual color components can be organized contagiously, but
the resultant high-frequency component generated between them can attenuate the CR [C3.76].
So, an LPF is generally incorporated in the transformation stage to reduce the high-frequency
components. The general structure of such compression first schemes is shown in Fig. 3.8(b). All
of the compression systems in the literature based on JPEG-LS have used the same JPEG-LS
scheme with modification in the preprocessing stage [C3.37], [C3.77]-[C3.82], except [C3.28].

CFA )
—)l Transformation |-) Compression

Data
Output Inverse
Interpolation . Decompression
Image * P |(-| Transformation |(-| L
a

CFA . ,
Data_ﬂ Interpolation I-) Compression

Output (—l Decompression

Image

Figure 3.8 (a) Compression first scheme and (b) interpolation first scheme.
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3.5.2.3 Preprocessing in Compression First Schemes

Preprocessing of the CFA raw data is a major component before sending it to the
compression engine, as shown in Fig. 3.7. In order to avoid losing information in this process and
retransform the image into the original CFA form, the transformation should be perfectly
reversible, and the reverse transform procedure should be simple. In this section, the two major

components of the preprocessing stage are discussed in detail.

Transformation: The CFA image has twice the number of G components as R or B
components. The G components are organized in a quincunx form. The CFA image can be
separated into two rectangular grids: one grid containing all the G components and the other grid

containing the R and B components [C3.76].

Although all the works in the literature on the JPEG-based compression system for WCE
have quincunx to rectangle transformation for the G components, most of the works do not
transform the grid containing the R and B components. The transformation stage comes after the
LPF stage in most of these works [C3.78]-[C3.81], except in [C3.37] and [C3.82], where the

transformation stage antecedes the LPF.

Low-Pass Filtering: Motivated by the fact that CFA images contain higher frequency
components than the color image, an LPF is incorporated in the preprocessing stage to reduce
aliasing. However, to be suitable for use in the lossless or near-lossless scheme, the filtering
process must be perfectly reconstructable, and the reconstruction process must be simple. To this
end, most of the works in the literature have used some modification of the moving average filter
for its simple reconstruction process. The LPF of the two grids can be done using the same filter,
reducing the complexity in the transmitter [C3.37], [C3.82]. Some works have used a separate
filter for two grids to take into account the difference in characteristics between them [C3.78] —
[C3.81]. Some filters have used the raster scan or the progressive scan nature of the CFA filter to
design the filter, which reduces the memory requirement significantly [C3.37], [C3.81], [C3.82].
A brief overview of all the LPFs used in the literature is presented in Table 3.3. Quality control
and region of interest (ROI) parameters can be incorporated into the LPF stage, which can further
improve the compression performance by providing lossless compression for ROI while providing
lossy compression for another region. For example, the compression scheme presented

in [C3.37], [C3.77] — [C3.80], and [C3.82] has the capability to incorporate quality control in the
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LPF. However, the ROI detection scheme suitable for such system was not discussed in any of the

works.

3.5.2.4 Interpolation First Scheme

Although most of the work in the literature is based on the compression first scheme, the
interpolation first scheme is exploited in few works. By using a suitable casual interpolation
template, such method can improve the compression performance by increasing the spatial
correlation of adjacent pixels [C3.28]. The resultant increase in correlation reduces the CR but

gives a better accuracy in terms of distortion due to prediction.

3.5.2.5 Future of JPEG-LS based Algorithms

There are thousands of frames in a video. However, only a few frames might be of interest
to the gastroenterologist. The automated extraction of an ROI is advantageous to both
gastroenterologists as well as for CR, which can provide the high-quality compression to the ROI
while providing low-quality compression to other frames. In the future, the researchers in this field
can focus more on automatic extraction of the ROI, and on its incorporation into a JPEG-LS
compression system. Several researchers in medical imaging are now employing the interframe
coding with JPEG-LS, for improving the compression performance of the system, by taking into
account the high temporal redundancy. To our knowledge, such an algorithm has not yet been
employed for the WCE system. In the future, more focus should be given in utilizing the temporal
redundancy along with the spatial redundancy, to reduce the power and memory requirement of
the WCE videos. Another prospective research area of performance improvement is the search for
a casual interpolation template and a prediction model, which can reflect different characteristics,

especially characteristics that carry significant diagnostic importance, in the WCE image.
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3.5.3. DPCM-based Techniques

3.5.3.1 Principles

DPCM [C3.83]-[C3.86] is a widely known procedure for differential quantization of
communication signals. As the luminance of images dominates in the case of endoscopic images,

a prediction-based technique is preferable for the wireless endoscopy [C3.26], [C3.42],[C3.87].

3.5.3.2 Subsampling

Due to the absence of a bluish color object in the GI tract, the variation in U component in
the endoscopic image is less than that of V component. This phenomenon makes subsampling
more favorable when using YUV color space. Subsampling might not result in pure lossless
compression though it is possible to achieve a near-lossless mode. For example, in [C3.26],
subsampling is used in YUV color space, where the Y, U, and V components are subsampled in

the ratio of 8:1:2. The resulting compression can work in the near-lossless mode.

3.5.3.3 Future of DPCM-based Algorithms

DPCM-based algorithms are promising because they can work in both lossless and
acceptable lossy modes. In the lossy mode, this provides one of the highest CRs among all
prediction-based techniques. In the lossless or near-lossless mode, the CR is better than JPEG-LS-
based algorithms. However, a careful choice of color space, subsampling, and encoding can
provide, promising results to achieve a high CR allowing high frame rates. Specially, a better
prediction filter should be achieved instead of subtracting from the previous pixel. Moreover, a
DPCM such as [C3.87] including a color space transformation and subsampling might give a
higher CR with an acceptable quality of the image, which can be used in future endoscopic
systems. Also, DPCM between consecutive frames has a good prospect for achieving a higher

frame rate.
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Table 3.3 Filters used in different JPEG-LS compression schemes

Separate
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3.6 Transform Coding based Algorithms

Transform-domain-based algorithms are based on the utilization of interpixel correlation,
and this produces a less correlated transformed version of the image. Most of the transform coding
techniques utilized in WCE are based on DCT and a few on DWT. DCT is the core of the JPEG
image compression standard, while modern JPEG2000 uses DWT as its core because of a high CR
while maintaining the quality. Most of the transform codings employed in WCE work in the lossy
mode and many of them provide a high CR (more than 85%). Although this technique does not

recover fully encoded data, a transform coding based algorithm may be fit for endoscopic
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application by recovering only the useful information while achieving higher compression. In
terms of endoscopic application, it may be possible to generate images that are perceptually
similar, which may/may not hamper the diagnostic accuracy by using the algorithms that are based
on transform coding. The amount of compression that is to be applied on an image might depend
on several different factors, such as target disease, target body part, etc. Thus, transform coding
based algorithms are chosen when higher compression is needed, and the amount of compression
can be determined based on the ability of a human to distinguish between compressed and original

images.

3.6.1. DCT-based Techniques

3.6.1.1 Basic Principles

DCT [C3.88] is mostly employed as a lossy compression scheme. It is widely used in many
image and video compression codecs [C3.89] —[C3.108]. A typical DCT takes 8 x 8 grayscale

block and applies compression. The same process is repeated for each color channel.

DCT is employed in the JPEG standard [C3.109] and often used for the compression of
WCE images [C3.5], [C3.12], [C3.57], [C3.58], [C3.115], [C3.116]. A typical algorithm usually
includes demosaicing of the raw image (optional), color space transformation, two-dimensional
(2-D) forward transformation, and quantization followed by an entropy encoding. In all these

implementations, image pixels are accessed in 4 x 4 or 8 x 8 blocks from the image sensors.

The DCT is much more-well established than the wavelet transforms but still requires
complex calculations, which can be a burden for WCE application [C3.110], [C3.111]. Hence, a
simplified integer version of DCT (also known as iDCT) is becoming popular [C3.8], [C3.109],
[C3.111], [C3.114]. Quantization can be redundant in this version of DCT as this transform already
represents loss. iDCT has already proved to be effective in WCE application [C3.8] at the cost of
temporary storages as the frames are divided into 8 x 8 blocks. One of the advantages of iDCT is
that the quantization part can be removed partly as it is embedded within DCT transformation.
However, at a lower bit rate, this algorithm produces significant artifacts in reconstructed frames,

which results in the poor quality of images [C3.113].
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3.6.1.2 Demosaicing and Subsampling

As the resolution of demosaiced images for WCE is still low and some important spots can
be unintentionally omitted [C3.57], all the DCT-based compression techniques skip these steps.
Moreover, the color space transformation is also skipped in order to save power dissipation,

except [C3.43], which uses Y-—Cg—Co color space transformation of input Bayer CFA images.

It is shown experimentally with 414 endoscopic images in [C3.87] that the red component
dominates the green and blue components, and more accurately the green components dominate
the blue components in an average endoscopic image while luminance (Y) is similar and close to
the red components. This fact opens the opportunity of subsampling in RGB color space as well.
Lin et al. [C3.5], [C3.58] and Li and Deng [C3.60] used this opportunity and subsampled the G
and B components in 2:1 ratio. As blue components are less than the green component and less
important in decision-making, the blue component can be subsampled further, for example, in 4:1
ratio. Thus, a simple coder can provide optimum image compression by utilizing the best color

transformation, acquiring the unique properties of an endoscopic CFA image [C3.112].

3.6.1.3 DCT Application and Quantization

DCT-based compression techniques are lossy since they use quantization to increase CR.
For 2-D DCT forward transformation, in [C3.57], an 8 x 8 DCT is applied on R, G1, G2, and B
signals separately, followed by a modified quantization table [C3.116] to reduce hardware cost
and quantization error. A 4 x4 DCT is used in [C3.8], [C3.12], [C3.43], [C3.60], and [C3.117].
When subsampling is used in [C3.5] and [C3.58] for a 2:1 subsampled component, a 4 x 4 DCT is
used while no DCT transformation is used for a 4:1 subsampled blue component. The subsampling
based GICam [C3.5], [C3.58] uses the RGB quantization table [C3.116] and modifies it to save
the computation of demosaicing and color space transformation, which, in turn, saves the power
consumption in preprocessing steps and reduces the computational loads. Wahid et
al. [C3.12] used a standardized JPEG quantization table for arithmetic integer quantization, which
was extracted from [C3.109]. In many cases [C3.60], [C3.117], a quantization table is used where
the table components are a power of 2 since the multiplication by the components can be achieved

easily by shift operation in circuits.
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3.6.1.4 Encoding

Limpel-Ziv (LZ) coding [C3.55] is quite common in DCT-based compression for entropy
encoding. This is due to the fact that it does not need complex computation and look-up tables. It
also consumes less power and uses a smaller silicon size than the other candidates, such as the
Huffman encoding and the arithmetic coding [C3.57]. However, Tajallipour and
Wahid [C3.118] explored four different types of entropy encoding such as Huffman encoding, LZ,
Limpel-Ziv—Welch (LZW), and LZW-Flush encoding and found a better CR with Huffman and
LZW, while Huffman requires more memory and LSW and LZ require a larger dictionary and

library size. Since the hardware resource is limited in WCE, LZW-flush is a considerable option.

3.6.2 DWT-based Techniques

Since the mid-1980s, a number of compression algorithms have emerged based on wavelet
theory [C3.119], which leads to a higher CR with fewer image artifacts. For the first time,
Turcza et al. [C3.120] proposed DWT-based image transformation for WCE application in the
year 2007, where integer approximations of DCT/DWT transformations are used. Although DCT
transform results in a higher CR but a loss of information in reconstructed images (also called
blocking effect), DWT does not have this limitation and can be easily used in image compression
algorithms, such as standard JPEG2000 [C3.120]. In wavelet transformation, an image is analyzed
by passing it through an analysis filter bank followed by a decimation operation [C3.121]. This
analysis filter bank, consisting of an LPF and a high-pass filter at each decomposition stage, is
suitable for image compression. Among many types of wavelets, the Haar wavelet is the simplest
and offers low-cost implementation, which is suitable for WCE application. This wavelet was used
in the capsule by Thoné et al. [C3.34]. Wavelet transform divides a signal into high-frequency and
low-frequency components using two different filters. In the next level, low-pass components are
again split into two components. This is called sub-band coding. For Haar wavelets, LPF and high-

pass filters, 4(z ) and g(z), respectively, are very straightforward:

h(z) = L(1 +z7)

V2

: (3.6)
g2 =027
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Thoné et al. [C3.34] proposed a compression algorithm for WCE based on Haar wavelet
transformation. Because of limited color content in the endoscopic image, YCbCr color space is
used, and only the Y component is followed by Haar transform and quantization by
removing N least significant bits (LSBs). This is followed by standard zigzag run-length coding,
delta coding of the dc components, and fixed Huffman table encoding. The achieved PSNR is
better for a higher CR (>25) when compared to DCT-based compression techniques,
including [C3.33], [C3.120], and [C3.122].

3.7 Video Coding Algorithms

In this section, a short comparison between image and video coding algorithms is
presented. A typical video coding representation consists of an audio coder, video coder, and an
image coder. An audio coder is not of interest for WCE application. However, a video coder is of
importance. As discussed earlier, an image coder exploits the correlation between pixels. In
contrast, a video coder exploits the correlation between frames and works on reducing the size of
each frame. A commercial endoscopic capsule such as PillCam, developed by Given Imaging, and
most other algorithms proposed and developed till date in the literature still provide a low frame
rate. As discussed earlier, these capsules provide a low-resolution image at a relatively low frame
rate by using conventional coding schemes (JPEG), which operate at low complexity. In order to
provide a high frame rate, video coding algorithms, which are based on interframe correlation, can
be one of the solutions. In the literature of capsule endoscopy, two techniques are used so far for
video coding: AVC/H264 [C3.123] and distributed video coding (DVC) [C3.38]. Although
implementing the state-of-the-art video compression techniques might be able to provide a high
CR, the main challenge is that those algorithms are computationally expensive and require
complex hardware, thus consuming more power, which a capsule cannot afford. Hence, video
coding algorithms can be considered when the developed hardware (longer battery life,

miniaturized size, etc.) can allow a more complex algorithm to be implemented in the system.
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3.7.1 Modified H264

A typical AVC/H/264 video compression technique utilizes the YCbCr color space for
intraframe prediction and motion estimation for interframe prediction, through which both spatial
and temporal redundancies are reduced from the plane [C3.124]. The difficulty in implementing
computationally expensive motion estimation along with a low frame rate associated with WCE
makes the intraframe prediction mode infeasible for WCE. To avoid the demosaicing and
interpolation of the Bayer CFA data, researchers modified the interframe prediction mode to work
directly on raw Bayer CFA data [C3.123]. In [C3.123], in order to save power and computational
expenses, RGB color space is used instead. Based on the fact that the GI tract is cardinal, the
intraframe prediction mode is fixed to 4 X 4 dc mode since the 4 x 4 block mode is found better
than the 8 x 8 block mode with a little decrease in quality. Rate-distortion optimization is turned

off, since based on the experiment, this does not reduce the quality of the image as well. However,

this algorithm can provide 82% compression in the lossy mode (PSNR 36.24 dB).

3.7.2 Distributed Video Coding (DVC)
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Figure 3.9 Block diagram of a typical DVC technique
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Based on the theory of distributed lossless coding proposed by Slepian and Wolf [C3.125]
and the extension of the Slepian—-Wolf theorem for lossy compression by Wyner—Ziv
(WZ) [C3.126], DVC enables separate encoding and joint decoding of video signals. By shifting
the highly expensive motion compensation unit from the encoder, DVC ensures a simple encoder
system with low power. So, for an application such as an endoscopic capsule demanding a power
and area constraint transmitter with high compression efficiency, DVC constitutes an ideal

alternative to a conventional intraframe coding method such as MJPEG.

The DVC encoder first divides the video frames into key and WZ frames. The key frames
are transmitted through a conventional intra-encoder, while the WZ frames are encoded utilizing
a Slepian—Wolf encoder. For an endoscopic capsule, a hash-based transform domain is utilized for
the generation of side-information (see Fig. 3.9) [C3.127]. At the decoder the key frames are
conventionally decoded using a conventional decoder; the hash information, which is a down-
sampled version of the WZ frames, is integrated with the key frame to produce the side-
information. Later, the side-information and the encoded WZ frames are utilized to decode the
video frames. The proposed method reported a 40% reduction of the encoding computational time
compared to H.264/AVC Intra with PSNR improvement up to 0.77 dB [C3.127]. DVC facilitates
employment of side-information prediction using a database of available endoscopic images and
consequently can achieve a higher CR. Such scheme was exploited by [C3.38], where they have
created a database in the decoder side to predict the side-information using the dc value coming
from the transmitter and reported it to outperform the MJPEG. The method used to calculate CR
is not clearly explained in [C3.38]. As such, CR is calculated in this paper at PSNR = 39 dB
for [C3.38] by:

Total bits before compression _ 256*256*2*8

Compression ratio = =20.97 (3.7)
Total bits after compression 50000
and
1
CR=|1- - — [x100% =95.23% (3.8)
Compression ratio
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Table 3.4 Summary of compression for WCE
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Table 3.4 (continued)
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Table 3.4 (continued)
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Table 3.4 (continued)

DCT
Turcza et. al ) )
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CM: Compression Method; CoM: Compression Mode; CR: Compression Rate; PSNR: Peak
Signal-to-noise ratio; FR: Frame Rate; BL: Battery Life; SR: Simulation result; ER: Estimated

result; WPT: Wireless Power Transmission, LL: lossless, NL: near-lossless, GR: Golomb-Rice.

3.8 Analysis and Discussion

Table 3.4 summarizes most of the compression algorithms proposed for WCE till date.
Similar types of algorithms are grouped together and shown by a particular shade of color in the

table. From this table, we can have a comprehensive view of the existing compression schemes.

47




3.8.1. Analysis of the Existing Algorithms

Lossless or near-lossless compression such as JPEG-LS-based systems provides good
image quality at the expense of a low CR. The best CR achieved using a JPEG-LS-based system
1s 72.75% by Xie et al. [C3.80], which is still low. Also, the transmission can consume a significant
amount of power in JPEG-LS. Hence, it is vital to search for an alternative. Moreover, JPEG-LS-
based algorithms use the established standard JPEG-LS engine with other preprocessing. The
JPEG-LS engine itself is complicated and computationally expensive, which requires much more
power. The image compressor modified with the standard JPEG-LS [C3.72] can be used to avoid
unnecessary calculation, reducing memory usage while saving considerable power. So, the
research should focus more on a customized light compression engine rather than a standard
engine. However, lossless algorithms based on DPCM or general prediction provide a perfect
reconstruction of the image, which can help in very accurate diagnosis. However, the CR is still

not enough (highest value is 78% by Khan and Wahid [C3.42]) to reach a minimum of 10 fps.

High compression is possible by a transform coding technique such as DCT-based
techniques. Some of the research works that achieved higher CRs are 90.80% by Turcza and
Duplaga [C3.43], 87.13% by Wahid et al. [C3.12], 87.18% by Li and Deng [C3.60], and 86% by
Gu et al. [C3.117]. In spite of high CR, all of the DCT-based compressions are lossy except the
algorithm by Li and Deng [C3.60], which also offers near-lossless compression (PSNR 47.67)
with a CR of 75.41%, which is better than most JPEG-LS-based compression methods. Li et
al. used RGB subsampling at 2:1:1 before application of DCT and used LZ coding to find a better
CR though the system is not implemented in any capsule yet. It might be a good idea to explore
this technique in the capsule environment. A DCT-based algorithm requires buffer memory to
store the pixel matrix, which makes it less favorable for hardware implementation. This
requirement of buffer memory can be minimized by including large output first-in-first-out
(FIFO) [C3.129], which can be a good choice considering the trade-off among the CR, required

buffer size, and the image reconstruction quality.

On another note, the utilization of PSNR as the measure of quality metric may not always
reflect the actual quality perceived by the end product, i.e., the diagnostic yield of the image. In
designing these compression systems, a large portion of the literature has neglected the subjective

quality perceived by the physician. As a result, particularly for lossy compression schemes, a
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resultant image may discard important diagnostic information but still may output a good PSNR.
This gap between the compression designer and physician is preventing us from devising a highly

optimized compression algorithm with high diagnostic efficacy.

In spite of the problems described before, a few compression algorithms are promising.
Some lossy algorithms, which have a comparatively acceptable PSNR (>35 dB) in diagnosis,
provide enough compression (>90%) to achieve 10 fps in order to not miss any ROI in the GI tract.
Such algorithms use the DWT-based technique by Thoné et al. [C3.34], DCT-based technique by
Turcza and Duplaga [C3.43], and DPCM-based technique by Hu et al. [C3.87] and Fante et
al. [C3.29], Turcza and Duplaga [C3.146] proposed an image compressor that combines transform
coding (DCT) with predictive coding in CFA images to get a higher CR along with better image
quality for WCE applications. Though the exact cost and power requirement could not be accessed
for each of them to get the exact battery life at a high frame rate, these algorithms provide the hope

to achieve the requirement of the expected compression algorithms for WCE.

On the other hand, lossless and near-lossless algorithms, which can be useful in endoscopy
in a region where a high frame rate can be waived off by the physicians, are the DPCM-based
algorithms by Khan and Wahid [C3.42] providing 78% compression in the lossless mode and by
Khan and Wahid [C3.26] providing 80.2% compression in the near-lossless mode. Also, removing
context and combining run mode with regular mode reduces complexity and improves CR and
makes it efficient for very large scale integration implementation [C3.128]. Though the CR is not
enough for a high frame rate, these works might be able to provide guidelines to achieve an

optimum compression in lossless and near-lossless modes for future researchers.

3.8.2. Outstanding Problems

Despite rapid development in capsule endoscopy technology, there are still many
outstanding problems that require further improvement. Sometimes capsules fail to capture the
crucial image of the GI tract region. This is because of two reasons: 1) the locomotion is currently
driven by natural peristalsis since the physicians are unable to control the capsule's motion and
orientation. 2) The limitation of frames per second, for which the capsule may fail to capture an

important region. The second problem is relevant to this review; due to the limitation of frame
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rate, many landmarks or lesions can be missed in between two consecutive frames and some of

them might be interesting to the physicians.

Also, most of the existing commercial capsules and capsules in research use a CMOS
camera, which takes low power and a standard image of general depth. In order to use the capsule
to diagnose diseases, which requires information of tissue depth, for example, to diagnose cancer,
tumor, lesion, etc., it is important to use a charge coupled devices (CCD) camera, which creates
images with infrared information in addition to RGB pixels thus making it heavy. To be able to

achieve this, sufficient research is needed on CCD images to compress them.

Modern commercial capsules last for around 9—15 h [C3.130]. They should be able to
operate for more than 16 h if there is any situation in the GI tract that makes the capsule slower.
Operating for 24 h continuously while maintaining a high frame rate with a high-quality image
still remains a goal. Also, as a capsule might remain for around 24 h [C3.6], [C3.12] in the human
body as well, in that case, a higher battery life is crucial. Here, a low-power, low-complexity

compression algorithm has a significant role as well.

Most of the capsules do not transmit real-time videos, though many can transmit real-time
images at a nonvideo frame rate. It first stores the data in memory, which consumes silicon space
and thus consumes power to write and read the data before transmitting. Also, real-time endoscopy,
which can bring more benefits to diagnosis, is not possible in any of the commercial capsules due
to a low frame rate. A higher CR with high-quality yields is necessary for that. Moreover, the
future endoscopy would be tele-operated capsule endoscopy with active locomotion, where a large
amount of video information will be needed to transmit so that the physician can inspect in real-

time.

Some researchers used the established standard JPEG-LS engine with other preprocessing.
The JPEG-LS engine itself is complicated and computationally expensive, which requires much
more power. Also, the CR is not higher though it can offer near-lossless compression. Redundancy
between frames is common, especially in the case of a higher frame rate or video. To date, there
has been very little research [C3.123], [C3.38] on WCE compression algorithms, which take frame
redundancy into account though these do not provide enough CR with acceptable PSNRs.
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3.8.3. Future Directions

It is obvious that we need extensive research work to achieve a high CR with an acceptable
quality of image. Hence, in this section, we propose some recommendation for achieving these
goals. Though generally color space transformation is lossy and irreversible, they are very useful
for the endoscopic image. Lossy algorithms, which are based on DCT with a luminance-based
color space transformation and subsampling of color components, provide a higher CR with
marginally acceptable quality of images. So, an integer-based but totally orthogonal color space
transformation is needed where most of the information can be captured in the luma (or Y)
component since an integer-based and orthogonal color space transformation is easily reversible,
hence resulting in better lossless ratios and low hardware computational cost. Furthermore,
endoscopic images are usually dominant in red color, and subtracting these blue and green
components from luma will reduce the entropy, and, thus, higher compression in chrominance

planes can be achieved.

However, defining the acceptable measure of image quality that can be considered standard
for lossy compression is challenging and yet to be done. The future research on DCT-based WCE

should be focused more on improving the image quality.

It is necessary to avoid any complex hardware that is based on JPEG-LS. Rather, simplified
algorithms should be used. DPCM, simplified DCT, simple DWT, etc., are some of the techniques
that can be explored to find better compression since some algorithms based on those principles
achieved a higher CR with an acceptable quality of the image. Lifting based DWT based
techniques might be useful since these would be computationally less expensive compared to the
matrix-based DCT. In the case of a higher order wavelet-based DWT, which can ensure better
compression efficiency, a lifting based technique can be used, which simplifies the

implementation [C3.132].

On the other hand, a lossless or near-lossless technique, which is based on DPCM along
with an appropriate color space transformation and subsampling followed by an appropriate
variable length entropy such as the Golomb—Rice coder, provides excellent quality images with
low compression. DPCM might also be useful for interframe compression for higher frame rates.

In most scenarios, there might not be so much differences between two consecutive frames. But,
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the DPCM-based method, which compromises on the quality, is able to provide video frame rate

compression; this method utilizes Har wavelet encoding along with DPCM.

Future generations of video capsules are supposed to transmit at higher frame rates while
maintaining high video quality and an increased battery life. Therefore, they will require efficient
video compression at the lowest possible computational cost [C3.133]. Dung et al.[C3.123] used
a simplified format of the AVC/H.264 video encoder, which is discussed in Section VII-A.
However, this lossy compression system decreases the power significantly with a reasonable CR,
though it is not experimented with a higher frame rate. So, experimenting this with a higher frame
rate can be a future option where a lossy compression is enough for the application. One of the
main constraints to introduce a video coding algorithm in capsule endoscopy is that the encoder
must be lightweight with modest computational capacity with limited battery life. Distributed
source coding [C3.125] based WZ video coding (DVC) [C3.126] as mentioned in [C3.133]
—[C3.135] could be a promising solution. Though this is not explored enough, many researchers
recommend this technique for WCE as a promising way to enable an interframe encoder to achieve

a high frame rate with light hardware [C3.135], [C3.136].

A capsule endoscopic camera, which can provide a wider field view, is an option that can
be used in the future to increase the field of view [C3.137]. However, the images obtained are
heavier than normal images and need to be compressed even more. One important future direction
is the devising of an objective quality metric that can mimic the subjective evaluation from a
physician. A comprehensive understanding of the features that the gastroenterologist monitors
from endoscopic images and features being neglected by them can provide guidance toward
developing a more optimized compression scheme. As more capsules will capture CCD images,
which contain infrared information, it is important to utilize the available knowledge of capsule
compression for CCD images in order to come up with suitable algorithms. In addition the
multispectral imaging and spectral compression techniques also need to be explored, which have

promising applications in WCE in the near future.

Moreover, the current generation of capsule endoscopes is dependent on the potential of
the clinician to diagnose by going through each frame of video obtained from the capsule during
post processing, which is inefficient and time-consuming. Hence, along with the combination of

efficient compression algorithms, the future of the capsule endoscope is more promising as it tends
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to utilize the property of light to make an instant diagnosis of abnormal tissue via promising
imaging techniques, which include optical biopsy [C3.138], fluorescence microscopy [C3.139],
molecular imaging [C3.140], auto detection, and localization of abnormalities [C3.131], and hence
provide better image contrast, resolution, and detailed information. Also, the lack of movement
control of capsule [C3.141] is another drawback the present endoscope system has. In the near
future, the physicians will be able to control the locomotion [C3.141], [C3.142] of capsule and
better diagnose the affected area with improved precision. It will also help in drug
delivery [C3.142], [C3.143] to the targeted areas. Also, research to enhance the functionality of
VCE software is another area that needs to be considered. The VCE software should be able to
reduce diagnostic errors by automating and localizing detection of hemorrhage, lesion, and other
abnormalities while providing enhanced video quality [C3.144] and hence help reduce the

scanning time for the physicians during post processing of the captured data.

3.9 Conclusion

WCE has enabled the way for painless diagnosis, screening the entire GI tract, and
encouraging patients have GI tract medical examinations, thus paving the way for mass screening.
However, there are still many challenges related to commercial WCE that hinder its wide
application, including low frame rate, low battery life, limited power resources, low image quality,
low data-rate for telemetry, inability to perform automatic detection of abnormalities, etc. Despite
the research into the implementation of other functionalities in WCE, the imaging unit plays a core
part of the whole system to generate higher image quality and a higher frame rate while keeping

bandwidth and power consumption low.

In this paper, we reviewed the major compression algorithm that is used in WCE
application and presented its advantages and disadvantages. An appropriate compression
algorithm can be chosen based on 1) the medical requirement of diagnosis, and 2) other electronic
components that are used in the capsule. It is evident from this review that the search for an
efficient compression algorithm that can overcome all challenges still remains open. An
irreversible compression algorithm (lossy) shows good promise and needs to be explored more.
The achievable compression depends not only on the compression algorithm, but also on the target

body part, disease, and the nature of investigation. There is constant technological advancement

53



of WCE happening, but still there are many outstanding challenges. The urge to have an ideal real-
time smart capsule in order to provide a proper and rapid diagnosis of many GI diseases, including
cancer and specific characteristics of endoscopic images, still leaves an open area for specialized

compression research.
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4. Development of a Low-Cost and Portable Smart Fluorometer

for Detecting Breast Cancer Cells

In Chapter 3, the current generation of WCE capsules and their compression algorithms
were reviewed. Using the camera affects power consumption, battery life, frame rate, etc. As the
search for efficient compression algorithm is still open, it was concluded that alternative
approaches to detect abnormality should be explored. Fluorescence imaging is widely used in the
various fields for selective and specific detection for different objects of interest. In order to test
the principle of fluorescence imaging, a working prototype is necessary. In this work, a fluorometer
is designed and developed from off-the-shelf components to test the principle of fluorescence. The
built fluorometer was tested to detect the breast cancer cells which was conjugated with Green
Fluorescent Protein (GFP). This device was used to differentiate between breast cancer cells and
control cells. This work describes a way to detect fluorescence without camera, utilizing minimum
components. This device presents a low-cost solution for selective and specific detection of breast
cancer cells. Prior to this, a fluorescence microscope [4A] was developed to detect breast cancer

cells.

[4A] Md. Mehedi Hasan, Mohammad Wajih Alam, Khan. A. Wahid, Sayem Miah, and Kiven
Erique Lukong, “A Low-Cost digital microscope with real-Time fluorescent imaging

capability,” PLoS One, vol. 11, no. 12, p. ¢0167863, Dec. 2016.

The analysis and findings of this chapter is reported in the below mentioned published
journal manuscript. The student has contributed in conceptualization, methodology, analysis,

writing the original draft and revision of the manuscript.

Mohammad Wajih Alam, Khan A. Wahid, Raghuveera Kumar Goel, and Kiven Erique Lukong,
"Development of a low-cost and portable smart fluorometer for detecting breast cancer cells,"

Biomed. Opt. Express 10, 399-410 (2019)
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Development of a Low-Cost and Portable Smart Fluorometer for

Detecting Breast Cancer Cells

Mohammad Wajih Alam, Khan A. Wahid, Raghuveera Kumar Goel, and Kiven
Erique Lukong

Abstract

Instruments that allow the detection of fluorescence signal are invaluable tools for biomedical
and clinical researchers. The technique is widely used in cell biology to microscopically detect
target proteins of interest in mammalian cells. Importantly, fluorescence microscopy finds major
applications in cancer biology where cancer cells are chemically labelled for detection. However,
conventional fluorescence detection instruments such as fluorescence imaging microscopes are
expensive, not portable and entail potentially high maintenance costs. Here we describe the design,
development and applicability of a low-cost and portable fluorometer for the detection of
fluorescence signal emitted from a model breast cancer cell line, engineered to stably express the
green fluorescent protein (GFP). This device utilizes a flashlight which works in the visible range
as an excitation source and a photodiode as the detector. It also utilizes an emission filter to mainly
allow the fluorescence signal to reach the detector while eliminating the use of an excitation filter
and dichroic mirror, hence, making the device compact, low-cost, portable and lightweight. The
custom-built sample chamber is fabricated with a 3D printer to house the detector circuitry. We
demonstrate that the developed fluorometer is able to distinguish between the cancer cell
expressing GFP and the control cell. The fluorometer we developed exhibits immense potential

for future applicability in the selective detection of fluorescently-labelled breast cancer cells.
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4.1 Introduction

Fluorescence microscopy which is based on the principle of fluorescence imaging is a
powerful tool used by many biologists as well as chemists to monitor cell dynamics and molecules
in the field of biology and chemistry. These commercial fluorescent microscopes offer various
advantages: live cell imaging, wide field-of-view, sensitive sophisticated cameras for high
resolution images, etc. The fluorescently labelled proteins of interest help researchers to
investigate any cellular process and aid in extracting meaningful information. However, these
microscopes [C4.1, C4.2] are expensive as they utilize sophisticated optics making it affordable
only by hospitals/research lab with healthy financial resources. Moreover, operating these
microscopes requires trained operator [C4.3] who has an in-depth understanding of the microscope
and knows how to optimize the components of microscope to control the wavelength, exposure
and hence, retrieve data. A few low-cost fluorescent microscopes [C4.4-C4.6] were also
developed to make it accessible to a greater audience from developing countries but low resolution

hinders their application.

Fluorimeters, on the other hand, are commonly used in laboratory/controlled environment
as well as in nature to observe/monitor the fluorescent signals emitted from the subject of interest
[C4.7-C4.11]. Monitoring these signals usually helps to identify the presence of specific molecules
in the object of interest. However, these fluorimeters are usually costly and bulky, and require
multiple sophisticated equipment and lab environment. Furthermore, the measurements from these
devices may also be susceptible to unreliable variation caused due to the changing
environment/atmosphere, sensors, instrument design as well as the calibration of the
equipment/parts. Hence, it is still a challenge to build a device from off-the-shelf components

which do not require sophisticated equipment or environment.

Breast cancer is the most common form of cancer affecting women with 1 in 8 women
expected to be diagnosed with the disease during her lifetime [C4.12]. Canadian cancer statistics
project breast cancer to be the second-leading cause of cancer-related deaths among women
[C4.13].In 2017, 26,300 new cases of female breast cancer cases leading to 5000 estimated deaths,
were reported in Canada [C4.14]. Though breast cancer mortality rates have declined over the
years primarily due to improvements in therapy, early and effective screening is essential to lower

the overall incidence and associated mortalities. The most common clinical procedures employed
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for diagnosing breast cancer include X-ray mammography [C4.15] and Magnetic Resonance
Imaging (MRI) [C4.16]. These equipment are large in size, sophisticated, expensive and are
accompanied by high costs of operation and maintenance. The application of these diagnostic
equipment in a clinical setting is therefore substantially dependent on financial factors and may
not necessarily be feasible for use in low-income or developing countries. Therefore, it is
imperative that alternate tools and equipment be developed to implement more economical

procedures for breast cancer detection.

The use of fluorescence imaging techniques as a clinically viable alternative to detect
cancer cells in vivo has gained significant momentum over the years. Several studies have
described the detection of cancer cells in vivo by labelling the cells either with a selective cancer
cell-permeable fluorescent chemical/dye or a fluorophore targeting a cancer-specific protein of
interest [C4.17-C4.19]. However, the ultrasensitive imaging instruments used for the detection of
the fluorescence signal are expensive and the entire imaging process is extensively dependent on
sophisticated hardware and dedicated software. This therefore warrants the need for the
development of a cost-effective instrument as a means to detect fluorescence signals in the cellular

and physiological range.

In this work, we designed and fabricated a low-cost, compact, sensitive and portable
fluorometer for the detection of fluorescently-labelled breast cancer cells. We present a
fluorescence detection system in which the excitation source and the detector (photodiode) are
placed on the opposite sides of the sample in a straight line as shown in Fig. 4.1 to detect breast

cancer cells.
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Figure 4.1 A graphical illustration and working principle of the developed device

4.2 Materials and Methods

The developed device consists of a flashlight (Ultrafire C8) which works in visible
range, a photodiode (Mouser, 720-SFH203) to detect fluorescent signal, a microcontroller
(Arduino Uno) to read and transmit the data and a LCD screen to display message as major
components. The photodiode was chosen based on its spectral characteristics. It responds in the
range of 400nm-1,100nm and has a short switching time of 5ns. This makes it an ideal candidate
for use in this device. Fig. 4.1 shows the operating principle and the overall block diagram of
the system where mainly the excited fluorescence signal is allowed to reach the photodiode with
the help of an emission filter, thereby, improving the reliability of the system. The flashlight
uses Cree XR-E Q5 type emitter which has 3 switching mode (high, low and strobe). The
flashlight was operated in high mode for this experiment. The dimension of flashlight is 14.5cm
X 4.5cm x4.5cm and have a luminous flux of 200 Im [C4.20, C4.21]. Fig. 4.2 shows a list of
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off-the-shelf components that are required to assemble this device successfully. The detector
circuitry is placed inside the sample chamber which is printed with 3D printer (CR-10). The
complete dimension of the sample chamber is shown in Fig. 4.3. The sample chamber is black

in color (Fig. 4.2(a)) in order to reduce interference.

(a) () (© @ (®) ®

Figure 4.2 Off-the-shelf components needed to build the prototype (a) 3D printed sample
chamber (b) flashlight (¢) arduino uno microcontroller (d) photodiode (e) emission Filter (f)
LCD display. (The images are not to scale)

(a) (b)

Figure 4.3 Detail dimension of the sample chamber which houses the detector circuitry.

(a) isometric View (b) top view (c¢) 3-dimensional exploded view (all dimensions are in cm).
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Immortalized human breast cancer cells were used to test the fluorometer prototype. The
human breast cancer cell line, MDA-MB-231 was procured from ATCC (American Type
Culture Collection, USA). These cells are cultured as a monolayer in vitro. The cells were
cultured at 37°C in Dulbecco’s Modified Eagles Medium (DMEM) high glucose media
(SH30243.01, Hyclone) supplemented with 10% Fetal Bovine Serum (FBS). The gene encoding
the Green Fluorescent Protein (GFP) was stably introduced in these cells via retroviral
transduction. Briefly, the gene encoding GFP was first cloned into the retroviral plasmid, pLPC.
The plasmid was then transfected in the HEK293 Amphotropic retrovirus packaging cell line,
using a 1% Polyethyleneimine (PEI) solution as the transfection reagent. 24-48 hours post-
transfection, the culture media containing the retrovirus was harvested and used to transduce
the MDA-MB-231 cells. The transduced cells were selected with puromycin and GFP
expression in the live cells was confirmed via fluorescence microscopy using a commercial
Olympus inverted IX51 fluorescence microscope (Olympus, USA). It should be noted that like
all immortalized mammalian (human) cell lines used in biomedical research, the MDA MB-231
cell line is cultured and grows as a monolayer in vitro, using petridishes and coverslips.
Furthermore, the MDA MB-231 cells are morphologically homogenous and therefore have a
uniform cell size. Changes in cellular shape are observed in instances where the cells undergo
proliferation and migration [C4.22]. This however accounts for little variability in the overall
cellular population due to homogeneity in growth characteristics. For imaging the cells, the
cells were seeded on coverslips (Cat. # 12-540C, FisherScientific, USA) in 6-well culture dishes
and cultured overnight as described above. The cells were then fixed using 1%
paraformaldehyde (PFA) and the coverslips were mounted on microscope glass slides (Cat. #
12-552-3, FisherScientific, USA). The commercial glass slides and coverslips used have
standard dimensions of 75 mm x 25 mm (length x width) and 25 mm x 25 mm (length x width)
respectively. The thickness of the glass slides and coverslips were 1 mm and 0.25 mm
respectively. Additionally, the thickness of the commercially procured glass slides and cover
slips used in this study is highly uniform (identical). These materials are used extensively for
imaging purposes and are manufactured with precision to ensure that the products are identical
in dimensions. Such precision ensures rigorous reproducibility in the context of imaging

quality. The cells were imaged using the Olympus fluorescence microscope. The same samples
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were used to measure the intensity of the fluorescence signal using the developed fluorometer.

The experimental setup is shown in Fig. 4.4.

= Flashlight

Microcontroller

......

Chamber

§
i

Figure 4.4 Experimental setup

4.3 Results and Discussion

Figs. 4.5(a) and 4.5(b) shows the cultured MDA-MB 231 expressing GFP when viewed
under a commercial imaging system (Olympus [X51). The same cell line is then used with our
prototype to detect the emitted fluorescent signal and hence confirm whether the cultured cells

are fluorescent or not. The excitation and emission maximum of GFP fluorophore is 495nm
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and 519nm respectively as shown in Fig. 4.5(c). The filter, light source as well as photodiode

were chosen carefully to cover the excitation and emission region of this fluorophore.
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Figure 4.5 (a) Shown here is a representative image of the MDA-MB 231 breast cancer cell
line visualized under a commercial fluorescence microscope (Olympus IX51 inverted
microscope) (b) The same field of view of the breast cancer cells was visualized in bright field
(light microscopy) using the same microscope (¢) Absorption and emission spectra of Green
Fluorescent Protein: This figure shows the absorption and emission spectra of the Green
Fluorescent Protein where the peak absorption and peak emission of the cultured sample is

495nm and 519nm respectively (Adapted from [C4.23]).

The confluency of cultured cells on coverslip can also affect the readings of the
proposed device. In order to evaluate the minimum level of confluency that is required for the
device to successfully determine if the cultured cells were control cells or the cells with GFP,
the cells of varying confluency were cultured on different coverslips and were finally seeded
on the glass slide. The cultured cells were distributed uniformly throughout the coverslip. The
cell confluency were varied as 30%, 40%, 50%, 60%, 70%, 80%, 90% and 95%. 8 samples of
each concentration were made and then tested with our device. It was found that a minimum
of 60% confluency is required to be able to differentiate with this device successfully.
Although the device was able to detect the cells that were less than 60% confluent, the obtained
readings from fluorometer were variable and the difference between the cancer cell with GFP
and without GFP was less than 700mV. Since, the readings were not consistent, the result were

not determined as conclusive. It is important to note that the distance between the excitation
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source and the sample was kept at 2cm while taking the measurements. After taking these
measurements, it is confirmed that this device will be able to differentiate between the cancer
cells with GFP and control cells that are minimum of 60% confluent. Thus, all the samples that

are used in the measurement, hereafter, are at least 60% confluent.

The developed prototype is a compact and portable fluorometer which provides an
alternative to conventional fluorescent microscope. The visible light from flashlight excites
the sample with GFP and a fluorescent signal is generated. The emitted fluorescent signal is
detected with photodiode which is placed just below the emission filter inside the sample
chamber. An emission filter (520nm) is placed in between photodiode and the sample, so that
only the emitted fluorescent light from the sample reaches the photodiode, eliminating false
detection. The emission filter was selected so that it matches the emission wavelength of GFP,
hence ensuring that mainly the emitted fluorescent wavelength is allowed to pass through it.
This is to ensure that the light that is received at the photodiode is from the cell line and not
from the flashlight. This is confirmed when the GFP expressing cell line is replaced with the
control cell and no signal is received at the receiving end. Although, popular approach is to
use excitation light source along with dichroic mirror or excitation filter [4,5,22], this work
shows that these filters can be omitted without affecting the performance of this device as it

was also shown in [C4.25], if the set-up is done carefully.

A microcontroller (Arduino Uno) is used to control and power the complete system. It
controls the detected signal and communicates the measured signal to the display. The analog
signal generated by the photodiode is converted by a high-precision 10-bit analog to digital
converter which is embedded in the microcontroller. Fig. 4.6 shows the flowchart of the
working of the proposed device. The microcontroller is programmed in C language using the
Arduino IDE compiler. At first, the device is initialized. After the initial boot is successful and
the device is on, a sample of control cell is placed in the holder port of sample chamber. Then
the device starts reading. This reading is performed 10 times in order to minimize the errors
that can be caused due to movement or interference. An average of measurement is performed
by the microcontroller and the value obtained is saved and displayed on the LCD module which
will be used later in the calculation. It is to be noted that it is important to hold the

flashlight/excitation source on top of the sample. Moving the flashlight away from the sample
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or not focusing on the desired area will affect the result. The user might need some practice in
order to get it right. The next step is to remove the control cell and replace it with cancer cell
expressing GFP and the reading is performed again. As in the earlier case, 10 measurements
will be taken and averaged. The averaged value is then subtracted from the value obtained
from the previously stored value. If the difference is greater than 700mV, “Cancercell found”
is displayed. Otherwise, “No Cancer cell” is displayed. The user is then prompted to repeat the

process again.

Initialize GPIO pins (ADC) of
Arduino Uno

k Insert Cancer cell without
Fluorophore

Read data N timesand

calculate average €
Save Average Value as Base
Value
k Remove the previous sample and
insert Cancer cell with Fluorophore

Again, Read ADC N times

v

Obtain the average value of
ADC readings

¥

Substract the value
Measure to the Zero

Significant Diff erence
detected?

Yes+ *No

Display “No Cancer Cell
Detected, Try again”

Display “Cancer Cell Detected”

Figure 4.6 Operating procedure of the system
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Figure 4.7 Results (a) Breast cancer cell without GFP (Control cell) cultured on a glass
slide (b) Breast cancer cell conjugated with GFP fluorophore cultured on a glass slide (c)
Control cell visualized under commercial microscope (d) Breast cancer cell conjugated with
GFP fluorophore visualized under commercial microscope (Olympus IX51) (e) No cancer cell
detected with Control cell with the proposed fluorometer (f) Cancer cell detected with
Conjugated breast cancer cell with the proposed fluorometer (g) Reading on a waveform

oscilloscope.
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Figs. 4.7(a) and 4.7(b) shows the control breast cancer cells and the GFP expressing
breast cancer cells. It can be observed that it is not possible to distinguish between these cells
with naked eye. However, when the same cell lines are used with the proposed device, we are
able to distinguish between these cells as can be seen in Figs. 4.7(e) and 4.7(f). The data from
same samples were also read with the help of Waveform Oscilloscope on a computer as shown
in Fig. 4.7(g). The oscilloscope helps in visualization of the difference in the voltage obtained
when monitoring cancer cell that are conjugated with GFP and with control cell. The control
cells and the breast cancer cells conjugated with fluorophore are visualized in Figs. 4.7(¢) and

4.7(d) respectively with the help of a commercial fluorescent microscope [C4.1].

To evaluate the performance/effectiveness of the developed device, we employed four
measurements that are commonly used in classification. These includes sensitivity, specificity,

accuracy and precision. They are calculated as follows:

TP

Sensitivity = ——— 4.1
v TP+ FN @D
TN
Specificity = —— 4.2
pecificity TN + FP 4.2
Accuracy = TP+ TN (4.3)
TP+TN +FP+ FN
Precision = L 4.4)
TP+ FP

where, TP is the number of true positives (cancer cells recognized correctly as cancer
cells) and TN is the number of true negatives (i.e., control cells recognized correctly as control
cells). FP is the number of false positives (i.e., Cancer cells classified incorrectly as control
cells) and FN is the number of false negatives (i.e., Control cells classified incorrectly as cancer

cells).
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Twenty samples (ten of cancer cell expressing GFP and ten of control cell) with
confluency greater than 60% were cultured on the glass slide and they were tested first with
conventional fluorescent microscope [C4.1] and then with our prototype. Fig. 4.8 shows the
confusion matrix drawn from the measurements obtained using the developed prototype. As it
can be seen in Fig. 4.8, the proposed device was able to detect all of the control cell from the
samples accurately. On the other hand, the fluorometer detected 9 out of 10 cancer cells with
GFP correctly. The sensitivity, specificity, accuracy, and precision of measurement with our
device were found out to be 1, 0.91, 0.95 and 1 respectively. False negative reading in this
case can be related to inhomogeneous confluency in the field of coverslip. Therefore, uniform

confluency of cultured cells is important in successful working of this device.

Cancer Cell with GFP Control Cell
- . 9
% g Cancer Cell with GFP True Positive
@) 10
St
~ Control Cell S Negntine
True Class

Figure 4.8 Confusion Matrix

The list of major components as well as the cost that is needed to assemble this device
is shown in Table 1. The total cost of this device can further be reduced by using low cost filter
which can provide similar accuracy. Also, the cost can be significantly reduced if the
components are bought in bulk. Table 2 shows the comparison of proposed device with other
devices that are under research or are already available commercially in relation with weight,
size, target of interest, cost, unit (Standalone/requires a personal computer) and power source
requirement. The table is divided into two categories based on the sensing mechanism used:
image based and signal based. The devices mentioned in image based category detects

tuberculosis [C4.5, C4.24], imaging assays [C4.26], breast cancer [C4.4] and living cells
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[C4.27] while the devices that are presented in the signal based category detects chlorophyll
[C4.28—C4.30]and Escherichia [C4.32]. In addition to these devices, we have also included
commercial microscope/fluorometer for comparison. These commercial devices [C4.1, C4.31]
are equipped with sensitive parts and are loaded with many features. However, these devices
are expensive and not portable. Hasan et al. [C4.4] detected the same breast cancer cell line
that was used with the proposed device by using excitation, emission as well as dichroic mirror.
Although this device has imaging capability, the use of sensitive optical filters made this
microscope costly when compared with the proposed device. The developed device is
lightweight (0.16kg), small in size (8cm x 4cm x 3.2cm) and costs less than other similar
devices as can be seen in Table 2. By replacing the light source, optical filters and detector,
this device may also be used to detect other types of cancer. These components will be selected
based on the fluorophore that is conjugated with the target cancer cell. To the best of authors’
knowledge, this is the first fluorometer of its kind that has been developed to detect breast

cancer cells.

Table 4.1 List of major components needed to assemble this device

Components used Model/specifications Estimated Cost (USD)
Emission filter 520nm 75
3D printed sample
Printed with CR-10 30
chamber
LCD HC1624, 5V, 16x2 3.90
Breadboard with o
) Microtivity 6
wires
Microcontroller Arduino Uno R3 16.90
Flashlight UltraFire C8 6.58
Total Cost 138.38
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Table 4.2 Comparison with other devices that are available in the market or are in research

Standalone/
o Weight Dimension Cost Target of Requires pc Power
or
(kg) (cm) (USD) interest with Source
Software
Miller et al. . Battery
1 7.5x13x18 $480 Tuberculosis Standalone
[C4.5, C4.24] Powered
Nunez et al. Not Imaging Needs PC for
17x18.7x31 $250 . AC powered
[32] known Assays analysis
Hasan et al. Needs PC for Battery
0.13 11x6.5x15 $358 Breast Cancer o
[22] visualization Powered
Image Based
Babbit et al. Not o Battery
Not known $772.93* Living cells Standalone
[33] known Powered
Standalone/
Commercial
needs pc for
microscope 20.5 56.5x29x57.8 $23,300 Multiple AC powered
ost-
[C4.1] P .
processing
Needs
Lamb et al. Not -
4x4¢ $3300 Chlorophyll auxiliary AC powered
[35] known
component
Standalone/
Hoadley et al. Not needs pc for
Not known $712.44 Chlorophyll AC powered
[36] known post-
processing
Blockstein et Not Needs a pc
7.6x7.6x12.7 < $500 Chlorophyll ) AC powered
Signal Based al.[37] known with software
Commercial
fluorometer Not Needs pc with
55 104x59x32 Multiple AC powered
[38] known software
Martin et al. Not o AC/ Battery
22x100x5.3 >$170° Escherichia Standalone
[39] known powered
Proposed AC/ Battery
. 0.16 8x4x3.2¢ $138.38 | Breast Cancer Standalone
Device powered
“Height 1s not reported

PNot reported in detail; so we calculated total cost based on the list of equipment
provided in the corresponding paper

‘not including flashlight
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This device also removes the need of expensive cameras. The sample chamber occupies
only a space of 4x8 cm making it a perfect candidate for bench-top experiments. This device
is very easy to use with the instruction displayed on the LCD screen for each step after it is
powered on with a 5V supply or USB from a computer through Arduino Uno microcontroller.
Alternatively, this device can also be connected to the serial port of the computer via USB port
to enable control by the computer and thus, control input and output operations via computer
through serial communication. The user needs to manually adjust the flashlight on the sample.
As the focusing of the excitation light on the sample is critical in successful working of this
device, the user needs some practice to efficiently use this device, hence ensuring that the
readings are without error. In future, this limitation can be removed by using a mechanical
system which will hold the flashlight on top of the sample at the desired position. This will
ensure that the flashlight is held at correct distance and position, further ensuring the

consistency of reading across all samples.

We tested functionality of our fluorometer by using this device to detect fluorescence
emitted from human breast cancer cells genetically engineered to express the green
fluorescence protein. These cells served as a biologically appropriate and technically
convenient clinical proxy of patient tissue for the fluorescence-based selective-detection of
breast cancer cells. This study involves quantifying the fluorescence signal from cancer cells
cultured in vitro. This significantly differs from the morphological and physiological
characteristics of cancers found to grow as “tumors” (3D culture of cells) in the human body.
Our fluorometer prototype was designed to detect fluorescence emitted from cancer cells
cultured in vitro. Since the morphology of the cancer cells as well as the dimensions of glass
slides and coverslips used in this study were uniform, these parameters did not have an impact
on the fluorometer output. However, in future, further testing may be performed to see the
effect on the fluorometer output by varying the thickness of sample. As proof of principle, we
first imaged the breast cancer cells using a conventional high-performance inverted
fluorescence microscope (at a cost of USD 23,300) procured commercially from Olympus. As
shown in Figs. 4.5(a) and 4.5(b), the microscope enabled the acquisition of high-resolution
images clearly allowing visualization of green fluorescence emitted by the green fluorescent
protein. Hence, this device is further simplified when compared with a regular fluorescence

microscope [C4.4, C4.5, C4.22] or a fluorometer as it eliminates the need of additional
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excitation filter as well as dichroic mirror. Furthermore, it is also small in size, costs less and
lightweight when compared to those microscopes. Removing the cameras and the filter further
eliminates the need of having to adjust light path settings, external arc lamp, and also removing
the need of a filter cube to house the different set of filters. These characteristics makes this

device attractive.

4.4 Conclusion

A low-cost, yet reliable, fluorometer is designed and developed in this work which
measures the fluorescence signal emitted by cultured breast cancer cells expressing GFP. The goal
of this work is to promote the access of fluorometers to medical and research laboratories where
resources are limited. In this regard, we demonstrate the applicability of our fluorometer which is
compact, lightweight and portable and it can be easily built with low-cost off-the-shelf
components. Hence, this device can be relatively easily manufactured by a wide range of
laboratories across the globe. This device can also be used to test other types of cancer by simply
replacing the filter and photodiode to appropriately accommodate the desired conjugated
fluorophore. Overall, our designed fluorometer is not only lightweight, easy-to-use, portable and
compact but also entails low cost of operation and fabrication. This fluorometer has broad
applications in the fluorescence-based detection of multiple cancer types and will foster research

by the clinical and biomedical research community.
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Addendum on Chapter 4

The excitation spectrum provides information about the range of wavelength at which the given
solution when illuminated by the excitation source produces fluorescence and emission spectrum
provides information about which wavelengths are generated from the solution when illuminated
by excited light. The absorbance spectra provide information on which wavelengths are absorbed
by the solution. This is done by illuminating solution with varying wavelength of the incident light

with monochromator and reading the intensity of transmitted light with a detector [A1.1].

In order to obtain the excitation spectra, the wavelength of emission monochromator is fixed
at a known wavelength and the wavelength of the excitation monochromator is scanned across the
desired wavelength range. In order to obtain the emission spectra, the wavelength of the excitation
monochromator is fixed at a known wavelength to excite the sample and the wavelength of the
emission monochromator is scanned across the desired wavelength range and relative intensity of
the fluorescence is plotted [A1.2]. The absorption, emission and excitation spectrum are typically
measured by using a spectrofluorometer. The excitation and absorption spectrum is identical
[A1.3]. Hence, these spectra are obtained by keeping the emission wavelength or excitation

wavelength constant while the other spectrum range is scanned to record the information.

The difference between excitation peak and emission peak of wavelengths is called Stokes
shift. The greater the Stokes shift, the easier it is to distinguish between excitation and emission
light and better will be the developed device’s accuracy. The intensity of emission spectra is
usually lower than the excitation spectra. This is why, the sample is usually excited at the peak of
the excitation spectra and detected at the peak of the emission spectra. The excitation and emission
spectra can be separated by using appropriate optical filters. This is particularly important where
the stokes shift is small which causes overlap in the excitation and emission spectrum. The use of
optical filters also helps in reducing interference which can be caused by using a source which has
a wider spectrum so that only the wavelengths of interest passes onto the sample. This is why, in
this study an emission filter is used which passes the wavelength between 502 nm to 538 nm
through it. This ensures that the selected filter covers the emission range of the GFP fluorophore

as shown in Fig 4.5 (c). The detection circuitry, emission filter and the excitation source were
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selected based on the GFP fluorophore which was conjugated with the breast cancer cell line in

this study.

There was an error in reporting the definition of false negative and false positive in the
manuscript. False negative refers to: cancer cells classified incorrectly as control cells and false
positive refers to: control cells classified incorrectly as cancer cells. Therefore, the sensitivity,
specificity, accuracy, and precision of measurement with the developed device were found out

to be 0.9, 1, 0.95, and 1 respectively.

Cancer Cell with GFP Control Cell

T Cancer Cell with GFP .

% § True Positive

= C 10

& Control Cell e
True Class

Figure 4.8 Confusion Matrix (Corrected)

This study helped to realize:

(a) the potential of fluorescence imaging in detecting the cancer cells using low-cost off-the-
shelf components.

(b) this study also showed that the dichroic mirror, excitation filter and filter cube can be
omitted without affecting performance if the set-up is done carefully.

(c) low-weight and portable device can be used for this purpose.

(d) the selection of the detection and illumination circuitry should be based on the selected
fluorophore.

(e) this study presented us with an opportunity to test the principle in detecting other cancer
cell line when the fluorophore is same but conjugated with a different cancer cell line. In
this case, we do not need to change the excitation and detection circuitry.

(f) this study also presented us with an opportunity when we can detect a different cell line
which is conjugated with a different fluorophore. In this case, the excitation and detection
circuitry should be selected based on the fluorophore as shown in Chapter 5. In Chapter 5,

IRFP702 fluorophore is conjugated with the colorectal cancer cell line and the excitation
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and emission circuitry is modified according the wavelength spectra of IRFP702
fluorophore to differentiate between cancer cells and the control cells.

(g) Although camera is an important part of a fluorescent microscope, a camera-less system
can be used to differentiate between the cancer cell and control cell. This opened an

opportunity to screen cancer with sensor-based components in a WCE system as shown in

Chapter 6.
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5. A Low-Cost and Portable Smart Instrumentation for Detecting

Colorectal Cancer Cells

In the previous chapter, we were successfully able to differentiate between cultured control
cell and the fluorescently labelled breast cancer cells. The breast cancer cells were conjugated with
GFP which has excitation and emission wavelength of 495 nm and 519 nm respectively. It was
tested both with fluorescent microscope and the fluorometer. The successful distinction between
breast cancer cells and control cells helped us to realize the potential of the fluorescence imaging
and encouraged us to test this principle in the WCE device for detecting abnormalities in GI region.
Thus, in this chapter, we took the work further to test a GI cancer. The designed fluorometer was
used to test the detection of colorectal cancer which was conjugated with a different fluorophore
(IRFP702) whose excitation and emission wavelength is different than GFP. The emission and
detection components of the designed fluorometer in Chapter 4 were changed to accommodate the
excitation and emission wavelength of IRFP702 fluorophore. The excitation and emission range
of IRFP702 is 673nm and 702nm respectively. The developed device is lightweight, easy-to-use,
portable and compact and has the potential to foster research in many laboratories around the globe
without the financial burden of the commercial instruments. The experimental results also show
that the device can detect multiple types of cancer based on fluorophore by making changes in

excitation and emission components.

The analysis and findings of this chapter is reported in the below mentioned published
journal manuscript. The student has contributed in conceptualization, methodology, analysis,

writing the original draft and revision of the manuscript.

Mohammad Wajih Alam; Khan A. Wahid; Md. Fahmid Islam; Wendy Bernhard; Clarence R.
Geyer; Franco J. Vizeacoumar. A Low-Cost and Portable Smart Instrumentation for Detecting

Colorectal Cancer Cells. Appl. Sci. 2019, 9, 3510.
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A Low-Cost and Portable Smart Instrumentation for Detecting

Colorectal Cancer Cells

Mohammad Wajih Alam, Khan A. Wahid, Md. Fahmid Islam, Clarence R.

Geyer, and Franco J. Vizeacoumar

Abstract

Fluorescence imaging is a well-known method for monitoring fluorescence emitted from the
subject of interest and provides important insights about cell dynamics and molecules in
mammalian cells. Currently, many solutions exist for measuring fluorescence, but the application
methods are complex and the costs are high. This paper describes the design and development of
a low-cost, smart and portable fluorimeter for the detection of colorectal cancer cell expressing
IRFP702. A flashlight is used as a light source, which emits light in the visible range and acts as
an excitation source, while a photodiode is used as a detector. It also uses a longpass filter to only
allow the wavelength of interest to pass from the cultured cell. It eliminates the need of both the
dichroic mirror and excitation filter, which makes the developed device low cost, compact and
portable as well as lightweight. The custom-built sample chamber is black in color to minimize
interference and is printed with a 3D printer to accommodate the detector circuitry. An established
colorectal cancer cell line (human colorectal carcinoma (HCT116)) was cultured in the laboratory
environment. A near-infrared fluorescent protein IRFP702 was expressed in the colorectal cancer
cells that were used to test the proof-of-concept. The fluorescent cancer cells were first tested with
a commercial imaging system (Odyssey® CLx) and then with the developed prototype to validate
the result in a preclinical setting. The developed fluorimeter is versatile as it can also be used to

detect multiple types of cancer cells by simply replacing the filters based on the fluorophore.
Index Terms

Fluorescence imaging, fluorimeter, colorectal cancer, IRFP702, fluorescence microscopy
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5.1 Introduction

The combined advancement in the field of molecular biology and optics has revolutionized
the investigation methods used in the field of biology and chemistry. The progress in fluorescence
microscopy and molecular tagging has also enabled the pathways to analyze the dynamics of cells
with molecule-specific contrast [C5.1, 5.2]. In recent years, these fluorescent microscopes have
garnered a lot of attention, as they offer multiple benefits and possibilities including live-cell
imaging, high-resolution images and localization of fluorescence in cells. However, these
fluorescent microscopes are expensive as they use sensitive and sophisticated equipment/parts
[C5.3] making it affordable only to hospitals/institutions with sound financial resources. These
microscopes also require a trained operator [C5.4] in order to utilize their functionality efficiently,
such as adjusting the illumination, optical alignment, correct lens changeovers, filtration
techniques and capturing images. A few low-cost fluorescent microscopes were developed
recently [C5.5, 5.6, 5.7] to make it more affordable to researchers from developing countries but
the low resolution still obstructs its wide application. On the other hand, fluorimeters measure
fluorescent signal intensity emitted from the dyes that are attached to the biological molecules as
well as naturally fluorescent molecules based on their excitation and emission wavelengths. These
devices are commonly used for monitoring chlorophyll [5.8, 5.9, 5.10] in water. Monitoring these
fluorescent signal helps researchers to find out the presence of specific molecules in the targets of
interest [C5.11] based on signal intensity [C5.12]. A recent work [C5.12] showed the detection of
breast cancer cells with the help of a fluorometer. However, these devices are often bulky and
costly as well as vulnerable to inconsistent fluctuation caused due to the changing environment,

sensors and instrument design, as well as calibration of the equipment/parts.

Colorectal cancer is the third most common type of cancer diagnosed in both men and
women. It is also the third most leading cause of cancer-related deaths in the United States [C5.13].
However, diagnosing cancer requires the use of expensive equipment (such as magnetic resonance
imaging (MRI)) as well as a trained operator, which limits its use in the developing countries.
Furthermore, in many regions around the world, the resources are limited due to the high cost of
instrumentation as well as lab supplies. Though colorectal cancer mortality rates have declined
mainly due to the advancement in technology, early and effective screening is needed to further

reduce associated mortalities. The most common clinical procedure employed for diagnosing
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cancer includes colonoscopy (the gold standard) [C5.14] which is both invasive and relatively
expensive. This procedure is complex and is accompanied by high costs of operation. Providing
each individual with hands-on access to commercial equipment requires either multi-week training
through a set of experiments or the deployment of multiple instruments, which therefore has been

both cost and time prohibitive.

The use of fluorescence microscopy to visualize living cells is often achieved via specific
labelling of proteins [C5.15] through antibody, bio-specific ligand or nanobody that is conjugated
to a fluorophore. Fluorescent labelling is usually achieved by using a reactive derivative of the
fluorophore, which specifically binds to a selective group contained in the target molecule. Several
studies have shown the detection of cancer cells by labelling the proteins of interest. In association
with the recent development of biomarker sciences, fluorescence imaging is being used as a tool
to detect complex human diseases based on targetable biomarkers. For example, cancer cells
express many biomarkers which can be utilized to develop fluorescent probes (e.g., fluorescent
antibodies) and detect cancer tissues with fluorescent microscopy or imaging instruments [C5.16,
C.17]. Although these techniques utilize ultrasensitive imaging instruments for monitoring the
fluorescent signal, these modern systems are costly and need dedicated software as well as
sophisticated hardware. Hence, it is a need that a low-cost device is developed which can help to
differentiate between the fluorescent cancer cells and control cells (colorectal cancer cell which
does not express IRFP702 fluorophore). In this work, we designed and developed a portable
fluorimeter utilizing off-the-shelf components which is not only low-cost but also sensitive enough

to distinguish between the IRFP702 conjugated cancer cells and control cells.

5.2 Materials and Methods

Most substances absorb light. The substances which absorb light at a particular
wavelength and energy but emit light at a longer wavelength but lower energy are called
fluorescence substances and the principle is called fluorescence. Fluorescent dyes or quantum
dots are most commonly used as fluorescence substance. Hence, when a light of sufficient
intensity is incident upon samples which are conjugated with a fluorophore dye, these samples

absorb light and emit at a longer wavelength. However, these are of low intensity. The proposed
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device exploits this principle of fluorescence to detect colorectal cancer cells. Fig. 5.1a shows
the working principle of a typical fluorescence microscope [CS5.7], whereas Fig. 5.1b shows the
working principle of the proposed fluorimeter. In this paper, IRFP702 is used as a dye which is
conjugated with colorectal cancer cells (human colorectal carcinoma (HCT116)). The peak
absorption and emission wavelength of infrared protein (IRFP702) are 673 nm and 702 nm
respectively. As can be seen in Fig. 5.1b, the excitation light (in the visible range) from the
flashlight is focused on the top of the sample. The emitted light at a longer wavelength from
the sample is then passed through a hard-coated longpass filter (Edmund Optics, Stock# 62-
980) whose longpass wavelength is 700 nm. The fluorescent light is detected by the photodiode.
The photodiode is placed inside a custom-built sample chamber which is black in color to
minimize the interference from the ambient light. The microcontroller reads the data from the

photodiode and displays it on a liquid crystal display (LCD).

Detector Flashlight
(Light source) ~
U \—Emission Filter -
Connectin o
Light Source : | wires g Cultured cell luExcltatlon light
I I : l Display Glass slide
. —D Dichroic Mirror
- — oM ‘_!_ L ohotodiode Optical Filter
—) | -
: _‘,F_ I N | Emission light
Excitation Filter Sample
/
’\ ; Microscope Focusing chamber
: \ 4 Objective o
Speclmen\, W d i Connecting
[ ‘ Microcontroller Resistor wires
(a) (b)

Figure 5.1 Fluorescence imaging: (a) working principle of a typical fluorescence

microscope and (b) a three-dimensional illustration of the proposed fluorimeter.

The proposed device is comprised of a flashlight (Ultrafire C8) [C5.18], a photodiode
(OSRAM Opto Semiconductors SFH 203) [C5.19, C.20], a microcontroller (Arduino UNO
REV3 (surface-mount device) SMD version) [C5.21] and a LCD (Basic 16 x 2 Character
LCD—White on Black 3.3 V version) screen [C5.22] as major components. The photodiode is

used to detect fluorescent signal while the microcontroller is used to read and transmit data

98



detected from the photodiode to the LCD display. The chosen photodiode has a short switching
time of 5 ns while its responsivity lies in the range of 400—1100 nm and is available in a 5 mm
LED plastic packaging. The relative spectral sensitivity of this photodiode at 702 nm is 0.82
and it has a radiant sensitive area of 1 mm?. This wide spectral characteristic of the photodiode
makes it versatile and an ideal candidate to be used in the designed fluorimeter. The overall
working principle is shown in Fig. 5.1b where it is clear that the flashlight is placed in a straight
line on top of the sample. The sample is placed in between the longpass filter and flashlight.
The optical longpass filter/high pass filter is designed to transmit wavelengths greater than the
cut-on wavelength of the filter and block the lower wavelengths. The detector circuitry is placed
inside the sample chamber. The received signal from the photodiode is processed with the help
of an Arduino Uno microcontroller and displayed on an LCD display. The major components
that are required to assemble the fluorimeter are shown in Fig. 5.2. The chosen flashlight has a
dimension of 14.5 cm % 4.5 cm % 4.5 cm and can operate in three modes: strobe, low and high.
It is operated with a rechargeable 3.7 li-ion battery and has a 3000 mAh current rating. For this
experiment, the flashlight was operated in high mode. It uses a Cree XR-E Q5 type emitter,
which has a luminous flux of 200 Im [C5.23]. The sample chamber is designed with
SolidworksTM and printed with the help of a 3D printer (CR-10), which is black in color in
order to reduce unwanted noise. The complete dimension of the custom-built sample chamber
is shown in Fig. 5.3. To further minimize the interference, a longpass filter is used to pass only
the fluorescence wavelengths while filtering out the unwanted spectrum from the flashlight.
This longpass filter is placed between the sample and the photodiode. The measured signal is

then processed using the microcontroller.
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Figure 5.2 Off-the-shelf commercial components used to construct the prototype: (a) 3D
printed sample chamber, (b) longpass filter, (¢) microcontroller (Arduino Uno), (d) flashlight,
(e) photodiode, (f) LCD display, and (g) holder (images are not to scale).

030y

Sl
©
=
o

0.15.

(a) (b) (c)
Figure 5.3 Dimension of custom-built sample chamber printed with 3D printer which

houses detector circuitry (CR-10): (a) top view, (b) isometric view, and (c) 3-dimensional view

(exploded). All dimensions in this figure are given in cm.
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IRFP702 fluorophore was expressed in the colorectal cancer cells (HCT116) using the
lentiviral transduction method to test the developed prototype. The gene encoding IRFP702 was
cloned into the pHAGE plasmid backbone (Addgene, Watertown, MA, USA) to construct
pHAGE-IRFP702. To prepare a lentivirus, 8 x 105 293-F (Thermo Fisher Scientific, Waltham,
MA, USA) cells were plated for 24 h in 90% Dulbecco’s Modified Eagle Medium (DMEM)
medium (Thermo Fisher Scientific). One microgram of pHAGE-IRFP702 was mixed with 0.5
pug of pSPAX.2 (Addgene) and 0.5 pg pMD2.G (Addgene) in 100 uL of Opti-Eagles minimum
essential media (Opti-MEM) (Thermo Fisher Scientific). Polyethylenimine (PEI) (Sigma-
Aldrich, Saint Louis, MO, USA) was added to 100 puL of Opti-MEM to a final concentration of
120 pg/ ml. The DNA and PEI mixtures were mixed together and incubated at room temperature
for 20 min to prepare a transfection mix. The transfection reaction was added to the cells drop-
wise and incubated at 37 °C with 5% CO2. The virus was collected 72 h after the transfection.
For the transduction, 1.5 x 105 HCT116 cells (American Type Culture Collection) were plated
for 24 h in HyClone™ McCoy’s 5A Media (Fisher Scientific, Pittsburgh, PA, USA). The next
day, the media was removed and replaced with 500 puL of 90% McCoy’s 5SA medium with 4
pg/mL of polybrene (Sigma-Aldrich) and incubated at 37 °C for 10 min. Five puL of the virus
was added to the cells and then centrifuged at 1500x g for one hour. The cells were incubated
at 37 °C with 5% CO2 overnight. The next day, the media was replaced with 90% McCoy’s SA
medium. Five days later the cells were analyzed on a Gallios flow cytometer (Beckman Coulter,
Brea, CA, USA) to ensure infection. The cells that were positive for IRFP702 were sorted from
the negative population on a MoFlo Astrios EQ Cell Sorter (Beckman Coulter). IRFP702
expression in the cells was confirmed via scanning and imaging in the 700 channel on the
Odyssey CLx (LI-COR Biosciences, Lincoln, Nebraska, USA). For fluorescence analyses, the
fluorescent cells and matching non-fluorescent cells (control) were seeded on coverslips in 6-
well culture dishes and cultured overnight in McCoy’s 5A Media. The commercial glass slides
(Cat. # 12-552-3, Fisher Scientific, USA) and coverslips (Cat. # 12-540C, Fisher Scientifc,
USA) have standard dimensions of 75 mm X 25 mm (length x width) and 25 mm % 25 mm
(length x width) respectively. An EVOS Cell Imaging System (Thermo Fisher Scientific) was
used to follow the growth of the cells. The cells were then fixed using 1% paraformaldehyde

(PFA) (Sigma-Aldrich) on a glass slide which was used to test the prototype.

101



5.3 Results and Discussion

Fig. 5.4a illustrates the experimental setup of our developed prototype, while Fig. 5.4b
is an image of the commercial system (Li-Cor Odyssey) used to visualize the cancer cells with
and without conjugating fluorophore. The resulting device is portable, which uses less power,
costs less, is small in size as well as lightweight and provides an alternative to the conventional
fluorescent microscope. The photodiode is kept inside the custom-built sample chamber and
the flashlight is held on top of the cultured sample. When the light from the excitation source
excites the cultured sample of HCT116 cells expressing IRFP702, a fluorescent signal is
produced. At the receiving end, the light is collected by the photodiode and is converted to the
current, which is linearly proportional to the collected light [C5.24]. The photodiode is reverse
biased with the help of Arduino Uno’s 5 V pin, and the anode is connected to the ground via a
resistor. The Arduino Uno has 5 analog pins (A0—AS5). The photodiode is connected to the
Arduino Uno through a A0 pin. When the light strikes the photodiode, it causes the current to
flow through the resistor, which causes the voltage across it. The sensitivity of photodiode was

adjusted by utilizing this principle.

- LCD Display

= — ¥,
Flashlight
Holder

(a) (b)

Figure 5.4 Experimental setup: (a) an overall setup of the proposed system (ruler is added

in the picture to show the relative size) and (b) a commercial system: Li-Cor Odyssey.
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In order to test the minimum confluency required for the proposed device to work
successfully, we cultured the cells of different confluency on the coverslips. The confluency
of the cells varied from 10% to 90% in 10 percent increments. The samples were distributed
evenly throughout the coverslip. Four samples of each confluency were cultured on different
glass slides in order to test the performance of the proposed device. A confluency of 100% was
mapped to 0.3 million cells per coverslip. The other confluency level was set accordingly. It
was concluded that a minimum of 60% confluency is required for the proposed device to work
successfully. It is to be noted that the developed device was able to get readings from the
samples that were less than 60% confluent. However, the obtained readings from these samples
were not conclusive as the readings were variable. Since the readings were not consistent, the
remaining experiments were performed by keeping the samples at a minimum of 60%
confluent. Moreover, the distance between the sample and the flashlight was fixed at 2 cm with

the help of a holder.

Fig. 5.5a shows the cultured HCT116 cells expressing IRFP702, and Fig. 5.5b is the
control cells when viewed under a commercial imaging system (Odyssey CLx, LI-COR
Biosciences, Lincoln, NE, USA). The same cell line that was used with the commercial system
[C5.25] was then used with our prototype to validate the reading. The proposed prototype was
able to detect the emitted fluorescent signal from the HCT116 colorectal cancer cells
expressing IRFP702 and hence was able to distinguish between control cells and the
fluorescent cells. The excitation and emission maximum of IRFP702 fluorophore is 673 nm
and 702 nm respectively, as shown in Fig. 5.5d. The optical filter and light source as well as
the photodiode were chosen cautiously so that they cover the excitation and emission region
of this IRFP702 fluorophore. The longpass filter was selected so that it matches the emission
wavelength of the IRFP702 fluorophore, thus ensuring that the emitted fluorescent wavelength
passes down to the photodiode. This is to ensure that the light that is detected by the photodiode
is from the cell line and not from the excitation source. Although a dichroic mirror/excitation
filter is usually used in combination with the excitation light source [C5.7, C.26], this work
shows that extra components can be removed if the experimental set-up is performed

cautiously as it was also shown in [C5.27].
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Figure 5.5 Detection of colorectal cancer cells expressing IRFP702: (a) colorectal
cancer cells (HCT116) with IRFP702 fluorophore expression visualized under Odyssey CLx
NIR scanner (LI-COR), (b) colorectal cancer cells (HCT116) without IRFP702 fluorophore
expression visualized under Odyssey CLx NIR scanner (LI-COR), (c¢) colorectal cancer cells
with IRFP702 fluorophore expression under EVOS Cell Imaging System, (d) excitation and
emission spectra of IRFP702. This figure shows the absorption and emission spectra of the
IRFP702 where the peak absorption and peak emission of the cultured sample is 673 nm and

702 nm respectively.

The complete system is powered and controlled by the help of a microcontroller
(Arduino Uno). It detects the signal and transmits the measured signal to the LCD display.
This microcontroller converts the analog signal generated by the photodiode using a high-
precision 10-bit analog to digital converter (ADC) which is embedded inside the
microcontroller. The photodiode is a semiconductor device which converts light into current
[C5.28]. The current is produced when the photons are taken up by the photodiode. In Arduino
Uno’s ADC, the analog signal, which ranges from 0 to 5 V, is translated into a 10-bit code

(1024 combinations) which corresponds to the analog value ranging from 0 to 1023. The
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Arduino Uno can read a maximum input voltage of 5 V, i.e., any voltage that is higher than 5
V will be read as 5 V regardless of their actual values. To remove this limitation, resistors of
different values can be used to limit the voltage within 5 V. However, in this work, the obtained
readings did not go beyond the maximum limit of the Arduino Uno as the generated
fluorescence signal is not very strong. Fig. 5.6 shows a flowchart which summarizes the
working of the developed prototype. An Arduino IDE compiler is used to program the
microcontroller. The code is written in C language. The device is initialized when it is first
powered on. After the initial boot is successful, a sample of a control cell, which is cultured
on a glass slide, is placed in the sample holder. The sample holder has a port which is designed
to fit the cultured samples in it. After the sample placement is successful, the device starts
reading. The microcontroller reads the data 10 times in order to reduce errors that may be
caused due to manipulation, movement or placement of flashlight. The measured value is
averaged, which is saved as a base value and displayed on the LCD display. This value will be
used later in the calculation. It is to be noted that it is important to place the excitation
source/flashlight on top of the sample, which is why a flashlight holder is used. The holder
helps the user to hold the flashlight on top of the sample at the desired angle and distance away
from the sample. After the reading of the control cell is completed, it is replaced with a sample
of fluorescent colorectal cancer cell (HCT116 conjugated with IRFP702). As in the earlier
case, the reading is performed again 10 times. This reading is averaged and compared with the
previously measured value from the control cell. If the difference in voltage measurement
obtained from the control cell and the fluorescent cell is greater than 700 mV, “CancerCell

Found” is displayed. Otherwise, “No CancerCell” is displayed.

If the sample is
HCT116 cell, then no
fluorescent signal is

generated.

Photodiod Tl The microcontroller
The flashlight is The excitation pulse the :n:itltz de]is s:tn:: d a‘:;_:;::;;'i:: s processes the data
(EEE Cn e e EEe converts it tgo the photodiodes with N e peasred
of the sample sample is di
& D electrical signals microcontroller dataL:s:: g;lalzed on
If the sample is pray

HCT116 with
IRFP702 cell,
fluorescence signal is
generated

Figure 5.6 Flowchart showing the operating procedure of the device.
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Figs. 5.7a, 5.7b show the control colorectal cancer cells and the IRFP702 expressing
colorectal cancer cells on a glass slide respectively. Figs. 5.7¢, 5.7d show the control cells and
the IRFP702 expressing colorectal cancer cells visualized with the help of a commercial system
[C5.25] respectively. From Figs. 5.7a, 5.7b, it can be construed that it is difficult to
differentiate between these cultured samples with the naked eye. However, when these same
cultured colorectal cancer cells are used with our developed device, we are able to differentiate
between these cells, as can be seen in Fig. 5.7e. These readings from the samples were
visualized with the help of waveform oscilloscope on a computer. In order to evaluate the
effectiveness/performance of the proposed device, we applied four measurement techniques
that are commonly used in classification. These measurements include sensitivity, accuracy,
specificity and precision, where sensitivity = TP/(TP + FN), accuracy = (TP + TN)/(TP + TN
+ FP + FN), specificity = TN/(TN + FP) and precision = TP/(TP + FP). As shown in Fig. 5.8a,

the fluorescence intensity is proportional to the number of cells.

Control Cell Colorectal Cancer cell
expressing IRFP702

Voltage (V)

o
Control Cell Cancer cell expressing

IRFP702
{e)

Figure 5.7 Results: (a) control colorectal cancer cell, (b) colorectal cancer cell
expressing IRFP702 fluorophore, (c) control cell visualized with commercial system, (d)
colorectal cancer cell expressing IRFP702 visualized with commercial system, and (e) reading

on a waveform oscilloscope.
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Figure 5.8 (a) Fluorescence intensity vs cell-number (b) Confusion matrix

Twenty-six samples (thirteen of cancer cell expressing IRFP702 and thirteen of control
cell) were cultured on the glass slide with a confluency greater than 60%, and they were
examined first with the Odyssey system and then with the developed prototype. Fig. 5.8b shows
the confusion matrix. As can be seen in Fig. 5.8b, the proposed device was able to detect all
of the control cells from the samples accurately. On the other hand, the fluorimeter detected
11 out of 13 cancer cells with IRFP702 correctly. The sensitivity, accuracy, specificity and

precision were found out to be 0.85, 0.92, 1 and 1 respectively.

Table 5.1 shows the list of major components that were used to build this device along
with the individual and aggregate cost. The total cost of this device can further be reduced by
using a low-cost filter which can provide similar accuracy. The presented device is again
simplified with respect to a regular fluorescence microscope [C5.7] as it eliminates the
requirement of an additional dichroic mirror as well as excitation filter. Moreover, it is small
in size, compact, costs less and is lightweight when compared to most commercial as well as
research microscopes, as shown in Table 5.2. In addition to these advantages, removing the
filter and camera also offers additional advantages, such as it eliminates the need of having to
adjust light path settings and the external arc lamp. This device also obviates the need of having
a filter cube in these devices to house the different set of filters. In addition, this device also

removes the need for using expensive cameras.
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Table 5.1 List of major components required to construct the proposed device.

Estimated Cost
Components used Model/specifications
(USD)
Filter [5.29] [40] 700nm 150
3D printed chamber Printed with CR-10 30
16x2 LCD display [C5.22] HC1624, 5V, 16x2 3.90
Breadboard with wires
Microtivity 6.09
[C5.30]
Microcontroller [C5.21] Arduino Uno R3 16.90
Flashlight [C5.18] UltraFire C8 6.58
Mouser , 720-
Photodiode [C5.19] 0.94
SFH203
. Any cell phone
Flashlight holder [C5.31] 10
holder with clip
Total 224.37

The sample chamber takes up a space of 4 x 8§ cm which makes this experimental setup
a perfect candidate for benchtop experiments. This device is user-friendly as the instruction is
displayed on the LCD screen guiding the user for each step in the detection process.
Alternatively, this developed device can also be connected via the serial port of a computer

with a USB to enable control by the computer and hence control input and output operations

via the computer through serial communication.
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Table 5.2 Comparison of the developed device with other devices in market or in research

Standalone/
Work Weight | Dimensio Cost Target of Needs pc Power
(kg) n (cm) (USD) interest with Source
Software
Tapley et al.
Not Batt
(2013) 3 20x20x10 ° Tuberculosis | Needs PC S
known Powered
[C5.3]
Nunez ef al. .
Not 17x18.7x3 Imaging Needs PC AC
(2017) known 1 2B Assays for analysis owered
[C5.30] Y vsis | P
N P
Hasan et al. eefc(i) Sr ¢ Batte
Image (2016) 0.13 11x6.5x15 $358 Breast Cancer e o
visualizatio | Powered
Based [C5.7] n
Babbit et al.
2. B
(2013) Not Not = Living cells Standalone attery
known known e Powered
[C5.31]
S onopeizs | S AC
33 .62x157.4 Multipl Needs PC
(2019) X8 [C5.34] uiipie eeds powered
[C5.25]
Lamb et al. Needs
(2015) k::) (\):/n 4x4** $3300 Chlorophyll auxiliary 0\;AV<(:re d
[C5.33] component .
Standalone/
Hoadley et
fi A
al.017) | N Not | 671244 | Chlorophyn | meeds pefor ¢
known known post- powered
[C5.36] .
processing
Blockeistein Needs a pc
Not 7.6x7.6x1 . AC
et al. (2014) kno‘zm ’; . * | <$500 | Chlorophyll with swered
[C5.35] ’ software P
Commercial Needs pe
Signal | fuorometer | . | 104x59x3 | Not Multisle Withp AC
Based (2019) 2 known P software powered
[C5.38]
Martin AC/
Not 22x1 > L
et al. (2016) Known 00x5.3 $170* Escherichia Standalone Battery
[C5.39] powered
Kim et
al *** 0.1 52x Not Cyanoba Standal CAY%
(2017) 08 3525 known cteria one supply
[C5.11]
AC/
Proposed | 16 | geax32 | s22437 | Colorectal | g ndalone | Battery
Device Cancer
powered

*Not reported in detail. The total cost was calculated based on the list of equipment provided

in the manuscript.
**height is not mentioned in the manuscript.
*#* Weight and dimension is without considering laser source or sample vial.
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We first tested the functionality of the developed fluorimeter by using it to detect
fluorescence emitted from human colorectal cancer cells which were genetically engineered to
express the fluorescence protein. These cultured cells functioned both as a biologically
appropriate as well as technically convenient clinical proxy of colorectal cancer cells for the
fluorescence-based selective-detection process. As proof of principle, the cultured colorectal
cancer cells (with and without IRFP702) were imaged using a conventional Odyssey CLx
imaging system obtained commercially from Odyssey and the same cultured cells (with and

without IRFP702) were then tested with our developed prototype to validate the result.

5.4 Conclusion

In this paper, we proposed an alternative low-cost fluorimeter which can differentiate
between cultured control cell and the fluorescent colorectal cancer cell. The choice of the light
source, optical filter and the sensor is critical in the successful implementation of this device. The
device can be minimized further to make it more portable, appealing and lightweight. The Arduino
Uno used in this project contains an Atmega chip, which can be programmed and the unnecessary
component or pins can be removed while keeping only the necessary components that are required
for this device [C5.40]. In addition to this, the flashlight can be replaced with another light source
which works in the same range but is lightweight and portable. Following this process will make
this device smaller as well as portable. Alternatively, the Arduino Uno can be replaced by other
boards which are relatively smaller in size [C5.41]. This research aims to construct a fluorimeter
and make it accessible to medical and research laboratories where resources are limited. This goal
is realized as we demonstrate the functionality of this device using low-cost, easily available off-
the-shelf components. Hence, the manufacturing of this device is possible by a wide range of
laboratories across the globe. This device can be used to detect other types of cancer cells by
simply replacing the optical filter and detector circuitry, which must be selected according to the
conjugated or expressed fluorophores [C5.12]. Moreover, this device can also be tested to detect
other targets in the future with slight modifications, such as chlorophyll, Escherichia and
cyanobacteria. The lightweight, easy-to-use, portable and compact design of this device, as well

as the potential for measurement of multiple types of cancer in the near future, will foster research
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in many laboratories around the globe without the financial burden of the cumbersome commercial

instrument.
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Addendum on Chapter 5

In Chapter 4, breast cancer cell line (MDA-MB-231) was conjugated with GFP. The excitaiton
and emission peak of GFP is 495 nm and 519 nm respectively. The emission filter, detection
circuitry and the excitation source in Chapter 4 was selected based on GFP. Similarly, in Chapter
5, colorectal cancer cell line (HCT116) was conjugated with IRFP702. The excitation and emission
peak of IRFP702 fluorophore is 673 nm and 702 nm respectively. The long pass filter in this
chapter is selected so that only the wavelengths above 700 nm will be able to pass onto the detector
circuitry. The emission filter in both studies are selected in such a way that it covers the emission
spectra range of the conjugated fluorophore to reduce interference from other light sources. This

ensures that the fluorescent signal from the fluorophore reaches to the detector.

This chapter helped us realize that by changing the excitation and detection circuitry, a
different fluorophore can be detected. The fluorophore can be conjugated with other cancer cell
line. If the same fluorophore is conjugated with other cancer cell line, same excitation and detector
circuitry can be used to detect that cell line. Similarly, if a different fluorophore is conjugated with
the cancer cell line, the excitation and detector circuitry should be modified according to the
excitation and emission spectra of the fluorophore. This study opens the opportunity to detect

multiple cancers with a single set-up.
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6. A Fluorescence based Wireless Capsule Endoscopy System for

Detecting Colorectal Cancer

Utilizing the knowledge, principle and experimental results discussed in Chapter 3, 4, and
5, a fluorescence based WCE system prototype is designed, developed and discussed in this
chapter which is able to automate the detection of colorectal cancer. This device removes camera
and utilizes minimum components to detect fluorescence. AS7262 sensor is used to detect the
varying level of fluorescence. The prototype capsule consists of four major blocks: optical block
(consists of detection and illumination components), microcontroller block (controls the
processes), telemetry (for transmitting and receiving information), and power module. There is
also an external data logger to receive the data sent by the capsule. The developed capsule is
tested ex-vivo on swine intestine, liquid phantom and on a minced meat. It improves the
diagnostic as well as screening procedure. In addition to being non-invasive, the capsule presents
us with an opportunity to enable automatic detection of abnormality. The device is able to detect
varying level of fluorescence emitted from the fluorophore. The device enables early detection
of cancer possible with selective and specific detection, paving the way to perform targeted
endoscopy. It will also make mass-screening possible through a pain-less procedure while
improving survival rate of patients. Since the detection sensor used in this device can detect 6
different wavelength range, detection of multiple cancer using a single WCE device may be

possible in future.

The analysis and findings of this chapter is reported in the below mentioned submitted
journal manuscript. The student has contributed in conceptualization, methodology, analysis,

writing the original draft and revision of the manuscript.

Mohammad Wajih Alam, Seyed Shahim Vedaei, and Khan A. Wahid, "A fluorescence-based

wireless capsule endoscopy system for detecting colorectal cancer," Cancers 2020, 12, 890.
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A Fluorescence Based Wireless Capsule Endoscopy System for

Detecting Colorectal Cancer

Mohammad Wajih Alam, Seyed Shahim Vedaei, and Khan A. Wahid

Abstract

Wireless capsule endoscopy (WCE) has been widely used in gastrointestinal (GI) diagnosis that
allows the physicians to examine the interior wall of the human GI tract through a pain-free
procedure. However, there are still several limitations of the technology, which limits its
functionality, ultimately limiting its wide acceptance. Its counterpart, the wired endoscopic
system is a painful procedure that demotivates patients from going through the procedure, and
adversely affects early diagnosis. Furthermore, the current generation of capsules is unable to
automate the detection of abnormality. As a result, physicians are required to spend longer hours
to examine each image from the endoscopic capsule for abnormalities, which makes this
technology tiresome and error-prone. Early detection of cancer is important to improve the
survival rate in patients with colorectal cancer. Hence, a fluorescence-imaging-based endoscopic
capsule that automates the detection process of colorectal cancer was designed and developed in
our lab. The proof of concept of this endoscopic capsule was tested on porcine intestine and liquid
phantom. The proposed WCE system offers great possibilities for future applicability in selective

and specific detection of other fluorescently labelled cancers.

Index Terms

Wireless capsule endoscopy; Fluorescence; Colorectal cancer; Non-invasive
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6.1 Introduction

The wireless capsule endoscopy (WCE) system is becoming increasingly popular for
examining the entire human gastrointestinal (GI) tract, as this method eases patients’ discomfort
and pain compared to other endoscopy methods [C6.1]. However, there are still many challenges
(such as image quality, frame rate, battery life, automatic detection of abnormalities, localization,
etc.) associated with this promising technology, and these limit its use in modern day healthcare
system [C6.2, C6.3]. These tiny swallowable capsules are designed to reach the areas where access
is limited without performing surgery. However, the frame rate and image quality of the currently

available WCE devices are insufficient for optimal screening [C6.4].

A typical WCE system consists of a pill-shaped electronic capsule, a data recorder with
radio frequency (RF) antenna, and a workstation computer with software, as shown in Figure 6.1.
The capsule is integrated with an image sensor, illumination source, batteries, communication
module, and other components [C6.5, C6.6]. Once the capsule is active and swallowed by the
patient, it starts capturing images and sending the captured images to the data recorder via the RF
transmitter. The data recorder (which is usually attached to the patient’s waist using a strap)
receives and saves the data. After 24 h, the patient returns the data logger to the physician who
then downloads the images from the data logger to a computer, where the images are examined
using the vendor’s software [C6.7]. The software labels the frames suspected to include
abnormalities, which would then be examined by the physician [C6.7]. This entire process is labor-
intensive and time-consuming [C6.8]. The accuracy of the detection software and human error
make this technology prone to diagnostic errors. Such errors can also be a result of inexperience,
lack of training and subjective interpretation of the data [C6.9], hampering the wide acceptance of
this technology. Although the conventional WCE system, which uses white light imaging, can now
provide high-resolution images, proper diagnosis depends on the characteristics captured by the
capsule, which varies due to morphological changes of the GI wall [C6.10]. Such morphological

changes often appear very late, thus hampering the overall diagnostic as well as prognosis.
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Figure 6.1 Illustration of a typical wireless capsule endoscopy (WCE) system.

Colorectal cancer is the third commonest type of cancer diagnosed in both men and women.
It is also the third commonest cause of cancer-related deaths in the United States [C6.11]. About
1 million new cases of colorectal cancer are diagnosed each year, among which about 72% of cases
arise in the colon, and the remaining 28% in the rectum, which collectively make it the leading
cause of cancer-related deaths worldwide. The stage at which the cancer is first diagnosed is an
important factor in determining the prognosis and survival of patient [C6.12]. Early detection of
cancer is essential for improving the survival rate of cancer patients [C6.13]. There are different
state-of-art methods that are currently used in the healthcare system for diagnosing colorectal
cancer: computed tomography colonography [C6.14, C6.15], flexible sigmoidoscopy [C6.16,
C6.17], double contrast barium enema [C6.18], stool DNA test [C6.19], fecal occult blood testing
[C6.20], and the colonoscopy (the gold standard) [C6.21]. Although these state-of-art methods are
popular among physicians, they are not very comfortable for the patients. Moreover, the patients
are afraid of invasiveness, pain and embarrassment, which makes them not want to go through the
conventional procedure unless it is entirely necessary. This effects early detection adversely.

Despite a tremendous advancement in therapeutic and diagnostic possibilities, colorectal cancer in

120



patients are often detected in the advanced stage, and the survival rate for such patients is only
14%. However, if the same cancer was diagnosed at an early stage, the chances of survival can

increase up to 90% [C6.22].

Fluorescence imaging is a technique which is widely used in medicine, biology, and
biochemistry. It is the process which visualizes fluorescent dyes or proteins as labels to study the
biological molecules and phenomena [C6.23]. The visualization of these tissues are usually
achieved by labelling the proteins via a nanobody, antibody or bio-specific ligand [C6.24].
Fluorescent labelling [C6.25] binds fluorescent dyes covalently to biomolecules, such as proteins,
so that they can be differentiated from non-fluorescent (non-bound) biomolecules. Fluorescence
can be detected by using autofluorescence or specific labelling of proteins. It has been used to
detect various physiological abnormalities for many decades as a non-invasive procedure. For
instance, fluorescein has been used to detect ophthalmic pathologies since 1960. This method has
also proven to be useful in successful detection of cancer. Attaching the fluorophore to a targeting
agent enables the functionality of fluorescence imaging in the clinical environment, thereby
increasing the specificity and sensitivity of detection. The combination of fluorophores with
targetable cancer biomarkers have led to increased interest of both researchers and the medical
industry in the area of fluorescence-guided surgery. Clinical trials were first introduced in early
2010. They use various fluorophores along with a range of targeting strategies (such as, antibodies,

molecules, peptides, activatable fluorophores and multimodal fluorophores).

Autofluorescence is the process of detecting fluorescence emissions arising from
endogenous fluorophores. Various tumor types are detectable both by autofluorescence techniques
as well as by the use of exogenous fluorescent markers [C6.26]. Tumor-specific fluorescent
imaging agents [C6.27] help surgeons with real-time intraoperative feedback on the location of
tumors. The accurate detection or demarcation between tumor, inflammation and normal tissue is
often difficult due to the lack of visual distinction among them. Targeted fluorescence imaging is
therefore helpful in this regard, and can help solve this problem by providing real-time tumor
detection or visualization [C6.28]. Thus, conjugating fluorescent dye to specific tumor-
recognizing ligands (such as peptides or antibodies) enhances the specificity of tumor detection
considerably. Various tumor-specific agents have already shown feasibility in early phase clinical

trials. It is important to choose biomarkers which express strong fluorescence several fold higher
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than the surrounding normal tissues in order to provide better selectivity and sensitivity.
Previously, we have proposed a low-cost fluorometer which worked on the principle of

fluorescence to detect breast cancer cells [C6.29] and colorectal cancer cells [C6.30].

In this work, a complete WCE system is designed based on the principle of fluorescence
to detect colorectal cancer. This system has potential to automate the detection process and

improve the overall efficiency and accuracy of diagnosis.

6.2 Materials and Methods
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Figure 6.2 Hardware blocks of the proposed capsule prototype (a) Capsule block (b) Data logger
block

The developed capsule prototype consists of the following blocks: an optical block, a
microcontroller, telemetry, and a power module. The hardware diagram of the proposed system is
shown in Figure 6.2. Figure 6.3a shows the internal components of the capsule. Figure 6.3b shows
the 4-layered printed circuit board (PCB) design of the prototype. The components were chosen so
that the capsule size remains small while optimizing the power consumption, performance, and

sensitivity.
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Contngllar

Figure 6.3 (a) Internal components; (b) Capsule prototype with 4 printed circuit board (PCB)
layers (compared with a CAD $1 coin).

The proposed device consists of four main electronic printed circuit boards (PCBs): a
sensor board with illumination components, a control/processor board, a telemetry board and the
power module as shown in Figure 6.4. The placement of each electronic component and its
associated connections was crucial in this miniaturized design. The four PCBs are connected via
headers, and the design was selected as the best solution for the compact, efficient, and reliable
design. Figure 6.4a shows the top layer which consists of four light emitting diodes (LEDs)
arranged around the spectral sensor. These LEDs works in the ultraviolet (UV) range having a
peak emission wavelength of 395 nm and excitation wavelengths ranging between 380 nm and
410 nm (Kingbright, ATS2012UV395). The sensor used for sensing the fluorescent light is an
AS7262 spectral sensor manufactured by ams AG. It has 6-channel multispectral sensing
capabilities, and works in the visible range between 430 nm and 670 nm with a full-width half max
(FWHM) of 40 nm; i.e. 450 nm, 500 nm, 550 nm, 570 nm, 600 nm and 650 nm, each with a 40
nm FWHM. Moreover, each wavelength channel has a Gaussian filter characteristic. The spectral
sensor is connected with the microcontroller via the 12C protocol. When the microcontroller is
initialized at startup, the sensor is also ready to capture the spectrum. At each iteration, the
microcontroller selects the wavelength channel in operation, and captures the data from the sensor
accordingly. In our case, the peak excitation and emission wavelength of fluorescein is 494 nm
and 521 nm respectively as shown in Figure 6.5. As such, the green channel is selected for the

detection.
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Figure 6.4 Illumination with spectral sensor: (a) top view; (b) bottom view. (ii)
Control/processing unit: (c) top view; (d) bottom view. (iii) Telemetry unit: (e) top view; (f)
bottom view. (iv) Power unit: (g) top view; (h) bottom view.
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Figure 6.5 Absorption/emission spectra of the sample adapted from [C6.31]

124



A comprehensive analysis was performed before selecting the complete illumination
system. The choice of these components depends upon several factors, but trade-offs were
considered between power consumption, miniature size, and the light intensity that would be
required for the capsule to perform efficiently. The chosen LED is 2 mm x 1.25 mm in size.
Furthermore, the absorption/emission spectra of the target fluorophore were considered while
selecting these components. The spectral sensor is situated in the middle of the LEDs, equidistant
from all LEDs. The electrical connections with the second layer (microcontroller) were achieved
through pins 23 and 24 via a 11 x 2 header that helps the board to correctly align with the optical
sensor. Each LED is driven via digital pulse width modulation (PWM) pins of the microcontroller,
which will help to control the brightness, if needed. Figure 6.4a,b show the sensor/illumination
unit of the capsule. The control board is the heart of the capsule as it controls the processes and
connects all other PCB layer. The microcontroller used in this device is an ATmega328P. This
microcontroller can operate at between 1.8 and 5.5 volts. The chip has 8 analog input pins and 14
digital I/O pins, which makes interfacing with other components easy. This microcontroller

receives the data from the spectral sensor and sends it to the RF transceiver.

The capsule prototype uses an nRF24L01 + radio transceiver for wireless communication.
This transceiver has a good range and can communicate for a considerable distance through walls
with negligible data loss. The nRF24L.01 + module operates at 2.4 GHz. At this working frequency,
the wireless transmission module shows the characteristics of having long transmission range and
strong penetrability, which is helpful for WCE application. This module is an important bridge for
wireless communication (both transmission and reception) with the external data logger. The
power board contains miniature low dropout regulators (LDO), each having a rated voltage of 3.3
V and current of 150 mA. Any kind of silver oxide or Li-ion battery with a voltage range over 3.7

V could be used to power up the capsule prototype.

The data logger is based on an Atmel microcontroller, which is capable of receiving the
capsule’s signal and transmitting the received data to a computer. It has two modes of operation.
First, when the data logger is plugged into a computer via a USB port, it detects the “software
mode” operation, which means that the data logger can receive signals from the capsule and
transmit them to the computer in real-time. On the other hand, when the data logger is powered up

by an external power source without having connection to the computer, the device enters a “stand-
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alone mode”. In this mode, the data logger will still receive data from the capsule, but stores the
received data in the internal memory and transmits them to the Raspberry Pi board for further

processing. By connecting the data logger to the computer, our software can read the data from the

memory. Figure 6.6 shows the data logger which is connected to the Raspberry Pi system.

Figure 6.6 Data logger connected to Raspberry Pi system.
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6.3 Results and Discussion

6.3.1 Screening Intestine

One of the major objectives of this work is to demonstrate the ability to detect the increasing
levels of fluorescence emitted by the cancer cells compared with normal cells. Fluorescein is a
safe-dye and commonly used in vivo. It has found increased use in many applications, such as:
ophthalmology and neurosurgery [C6.32, C6.33]. Fluorescein has also been used to differentiate
between cancer cells and normal cells during intraoperative surgery for different types of cancer
[C6.27, C6.34, C6.35]. The fluorophore can be administered into body via different pathways:
intravenously [C6.34, C6.36], intradermally [C6.35], or by spraying [C6.37]. The fluorescence
intensity may vary depending on the region where the cancer is located, the time since it was
injected, and on the fluorophore concentration. A fluorescein concentration of 5 mg/kg (~1.5 uM)
to 20 mg/kg (~6 uM) is enough for detectable fluorescence emitting from the cancer cells when
injected intravenously [C6.38, C6.39]. In this work, different concentrations of fluorescein were
prepared (231 uM to 18 nM) in order to test whether the proposed capsule can detect different
levels of fluorescence. Moreover, the functionality was also tested on a porcine intestine (shown
in Figure 6.7a). Figure 6.7b and c show the experimental setup when the external light is on and
off, respectively. As can be seen in Figure 6.7¢, only the area with fluorescein glows when exposed

to ultraviolet (UV) light from the developed prototype.
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Swine Intestine

Various concentration of fluorescein

Figure 6.7 Screening of a porcine intestine by the capsule prototype: (a) various concentrations
of fluorescein solution sprayed over the intestine; (b) demonstration of the capsule in working

conditions; (c¢) demonstration of the capsule in working conditions when no external light is

present.
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Figure 6.8 shows the Fluorescein intensity captured by the capsule prototype for varying
concentrations. The fluorescence intensity increases with increasing concentration and the device
is also able to detect the concentration that emits a low level of fluorescence. It can be seen that
the response from the tissue with no fluorescein and the area with fluorescein were clearly
distinguished even at a low concentration (see inset of Figure 6.8). Hence, in an area of intestine
with a high concentration of the biomarker (i.e., resembling cancer), a good response or signal will
be found, whereas in an area without the biomarker, no fluorescence signal will be detected.
Moreover, if the fluorescein is conjugated with an antibody that targets a specific antigen found in
colorectal cancer cells [C6.40], targeted fluorescence-based WCE is possible. We have presented

work based on this principle in previous studies [C6.29, C6.30, C6.41].
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In order to further assess the performance of the proposed WCE device, we used the following

four indices: sensitivity, specificity, accuracy, and precision, as expressed below:

Sensitivity = TP:PFN (6.1)
Specificity = TNTiVFP (6.2)
Accuracy = L L — (6.3)
TP +TN+FP+FN
Precision = —— (6.4)
TP + FP

where, TP is the number of true positives, TN is the number of true negatives, FP is the number
of false positives, and FN is the number of false negatives. The samples were divided into three
categories: 231 puM (high concentration), 1.5 uM (medium concentration) and 231 nM (low
concentration). Each category contained 10 positive samples (i.e., area sprayed with fluorescein)
and 10 control samples (i.e., area without fluorescein). Figure 6.9 shows the confusion matrix
using the measurements. It can be seen that the prototype is able to detect the samples accurately
when the fluorescein concentration varies from high to medium level. However, when the
concentration was low, the results are not conclusive. The sensitivity, specificity, accuracy and
precision indices for 231 uM and 1.5 uM were 1, 1, 1 and 1 respectively, and for 231 nM were
0.6, 1, 0.8 and 1 respectively. To further assess the potential use of fluorescein for the detection of
tumors, the fluorescein was sprayed over the porcine intestine and the signal was measured at
various time-points with 1.5 uM solution. The fluorescence intensity at different time-points is
shown in Figure 6.10. For WCE applications, the fluorescence signal should be present for about

8 h.
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Figure 6.9 Confusion Matrix from sample of: (a) high concentration, 231 uM; (b) medium

concentration, 1.5 uM, and; (c) low concentration, 23 1nM.
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Figure 6.10 Fluorescence intensity measured at different time-points from the initial

application of fluorescein

Table 6.1 Cost breakdown of the proposed capsule prototype

Component Model/Specification Cost ($USD)
Spectrum sensor IC ams AS7262-BLGT 3.12
EEPROM IC AT25SF041-SSHD-T 0.22
LED ATS2012UV395 1.82
Microcontroller ATMEGA328P-MMHR 1.8
Transceiver NRF24L01 2.45
Antenna ANT-2.45-CHPCT-ND 1.71
PCB 10
Miscellaneous cost 50
Total Cost 71.12
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6.3.2 Data Logger

When the capsule is turned on, it starts to sense the signal through the sensor module (AS7262)
and begins to capture the data and send to the data logger via RF transceiver. The data logger
receives and stores the data. The software on the data logger is a Python script which
communicates through the serial port. Operational parameters, such as spectrum capture interval
and capsule illumination mode can be controlled via the software. Table 6.1 shows the breakdown
of the material costs of our system. The miscellaneous cost in Table 6.1 includes packaging, 3D-

printing and fabrication costs. Note that labor and engineering costs are not included in the table.

6.3.3 Power Consumption

Table 6.2 shows the current consumption of the individual components in both active and
inactive modes. For an average of 14.85 mA current consumption, the proposed device can run for
12 h with batteries of 178.2 mAh capacity [C6.42]. The runtime can be extended by connecting
two or three batteries in series. Therefore, the lifetime is enough to cover most patient’s GI transit
time [C6.43, C6.44]. However, an increased battery life may be useful for patients who need a

longer GI transit time (capsule retention or other chronic disease) [C6.45, C6.46].

Table 6.2 Power consumption of the capsule prototype

Component 1;;52,: Il:::(c)g:e Total Current Consumption Power g(fllellmp tion
Regulators 0.08 mA | 0.02 mA 0.08 mA 0.27 mW
Microcontroller | 2.53 mA | 0.30 mA 2.53 mA 8.35 mW
nRF24L01+ 12 mA 0.41 mA 3.13 mA 10.33 mW
LEDs 5.38 mA 0 mA 2.69 mA 8.88 mW
AS7262 6. 71 mA | 6.32mA 6.42 mA 21.19 mW
Total 14.85 mA 49.02 mW
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6.3.4 Wireless Communication

There are several wireless transceivers available, each having their pros and cons
depending on the application. A Nordic transceiver is used in the proposed system. One of the
major challenges in wireless communication is the possibility of data corruption during
transmission and reception. The Nordic transceiver has a built-in capability for cyclic redundancy
check (CRC)-based error detection and retry with acknowledgement (i.e., it resends the data packet
until it is successfully received), which makes it a reliable choice. However, several retries may
hamper the data transmission rate in a noisy environment [C6.47].

In order to verify the performance of our prototype further at 2.4 GHz [C6.48, C6.49], we
performed two additional experiments using an equivalent liquid phantom and minced meat as
shown in Figure 6.11. Since the nRF24L01 module has a CRC functionality (i.e., detects error bits
automatically), it is not possible to measure the exact BER (bit error rate, the ratio of the number
of bits received in error to the total number of bits received) in this experiment. However,
considering the loss of the entire packet, we have implemented test cases to measure the number
of bytes lost per test case. The results are shown in Table 6.3. The prototype was placed in a liquid
phantom first, and then in 1.8 kilogram of minced meat (as shown in Figure 6.12). The liquid
phantom was made from pure water, methanol and sodium chloride to mimic human GI fluid
[C6.50, C6.51]. The chamber size of liquid phantom and minced meat were: 40 cm x 30 cm % 16.5
cm (length x width % height) and 26 cm x 17 cm x 7 cm (length x width x height) respectively.
The capsule was placed in the middle of the chamber in all test cases. The distance between the
capsule and the data logger was varied gradually from 0.3 to 10 meters, and data from the capsule
were sent to the data logger. All data bits were transmitted to the data logger with no loss when
the distance between the data logger and the capsule in liquid phantom was up to 5 meter. When
the distance increased to 10 meters, we started to notice loss of data packets and the transmission
rate was found to be 90%. In another test case, the capsule was placed in minced meat. As before,
when the distance between the capsule and the data logger was varied up to 5 meters, no loss of
data packets was observed. However, when the distance increased to 10 meters, we noticed that
transmission rate was affected, with 80% of data successfully transmitted. Since, the data logger
is wearable and generally worn around the waist in practice, the distance between a swallowed
capsule and the data logger is generally about 0.3 meter [C6.52]. Therefore, we expect our

prototype to work at 2.4 GHz spectrum with no loss of data during communication.

134



Methanol, Water and
Sodium Chloride

PN

Capsule is placed in the middle Minced Meat

of the chamber for all test cases
&

~

P

;
(-

Chamber contains Liquid Distance between capsule and
phantom or minced meat data-logger (0.3 m,3m,5m, 10 m)

e ™,

OR

-
T

hJ

4 g

Data recorder

Figure 6.11 Experimental setup for testing transmission rate of the proposed prototype. A

plastic storage box is used as a test chamber.

Figure 6.12 Measurement setup to test the transmission rate of the proposed capsule in: (a)

liquid phantom (b) minced meat.
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Table 6.3: Transmission performance of the capsule

Distance Percentage of
between capsule | Transmitted | Received nias
Test Case transmitted data
and data logger bytes bytes o
(o)
(m)
0.3 20 20 100
Liquid phantom 3 20 20 100
5 20 20 100
10 20 18 90
0.3 20 20 100
3 20 20 100
Minced meat
5 20 20 100
10 20 16 80

6.3.5 Comparison with other WCE System

Table 6.4 shows a comparison with different WCE systems which are available both
commercially or are at the research stage. This table is divided into two categories: fluorescence-
based capsules and non-fluorescence-based capsules. As can be seen from the table, the
commercial WCE systems are non-targeted endoscopy. Most of them are camera-based, and target
the small bowel region, and lack functionality for automatic detection of abnormalities. As a result,
once the data is unloaded with the help of vendor’s software on a computer, post-processing is
required to find the frames of interest. This requires significant amount of time and labor.
Furthermore, the use of camera makes the capsule expensive both cost-wise (>$500) and power-

wise, ultimately affecting the battery life and its affordability.
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Table 6.4 Comparison with other devices: both commercial and research prototype

Cost of
Region of . Camera/ Capsule
Work TE Resolution /S TM | RT DL
Interest Sensor only
(USD)
PillCam SB Small 6
No 256x256 1 CMOS RF | Yes N.G. Yes
[C6.47] Bowel LED
PillCam SB2 Small 4
No 256x256 1 CMOS RF | Yes ~530 Yes
[C6.48] Bowel LED
PillCam SB3
Small 4
[C6.49] No 256x256 1 CMOS RF | Yes ~500 Yes
Bowel LED
PillCam ESO 6
No | Esophagus | 256x256 2 CMOS RF | Yes N.G. Yes
[C6.50] LED
2x4
PillCam ESO2 | No | Esophagus | 256x256 2 CMOS L;;D RF | Yes ~500 Yes
PillCam ESO3 | No | Esophagus 256x256 2 CMOS 2x6 RF | Yes ~570 Yes
2x6
PillCam Colon | No Colon 256x256 2 CMOS L;D RF | Yes N.G. Yes
PillCam oxd
Colon2 No Colon 256x256 2 CMOS x RF | Yes ~550 Yes
Non- LED
[C6.51]
fluorescence B
MiroCam Small
based No 320x320 1 CMOS 6 HBC | Yes ~380 Yes
[C6.52] Bowel
EndoCapsule Small
No 1920x1080 1 CCD 6 RF | Yes ~570 Yes
[C6.53] Bowel
OMOM Small
No 640x480 1 CMOS 4 RF | Yes ~380 Yes
[C6.54] Bowel
CapsoCam Small
No 1920x1080 4 CMOS 16 USB | No ~380 No
[C6.55] Bowel
. Pressure, pH
SmartPill
No GI tract N.A. & None RF | Yes ~530 Yes
[C6.56]
Temperature
CorTemp
No GI tract N.A. Temperature | None RF | Yes ~40 Yes
[C6.57]
VitalSense Jonah core
No GI tract N.A. None RF | Yes ~68 Yes
[C6.58] temperature
e-Celsius
No GI tract N.A. Temperature | None RF | Yes ~65 Yes
[C6.59]
Al-Rawhani Et Small SPAD, 1
No N.A. . RF | Yes N.G. Yes
al. [C6.60] bowel ASIC chip LED
Demosthenous 6
Fluorescence Small 6
et al. Yes N.A. . laser SPI | No ~500 No
based bowel photodiodes .
[C6.61][C6.62] diodes
Kfouri et al. 8
No GI tract 640x480 1CCD RF | Yes N.G. No
[C6.63] LED
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Table 6.4 (continued)

Nemiroski Gl ! ]
et al. No . N.A. . Zigbee | Yes ~110 No
Bleeding photodiode | LED
[C6.64]
Fluorescence
Ryou et al. GI
based No . N.A. N.G. N.G. RF Yes N.G. No
[C6.65] bleeding
Proposed Colorectal Spectral 4
. Yes N.A. RF Yes 71.12 Yes
Device Cancer Sensor LED

TE= targeted endoscopy, I/S= illumination source; TM = transmission mode; RT= realtime;
“-”= not mentioned, DL= data logger; N.A. = Not applicable; N.G. = Not Given
*This is the material cost of lab prototype as shown in Table 6.1.

Moreover, the frame rate and resolution of the GI image in the existing system is not
optimal for proper diagnosis of GI abnormalities. There are few non-camera based WCE systems
which can measure different physiological parameters, such as pH, temperature and pressure.
Removing the cameras will significantly increase the battery life of the capsule and reduce the
cost. In addition, there are other capsules at the research stage which aim to detect bleeding and
automate the detection of a cancer. Some of them utilize the property of autofluorescence to
automate the detection process. However, autofluorescence comes with reduced specificity and
sensitivity in automating cancer detection. As a result, this technique does not provide enough
contrast when compared to normal and abnormal cells, because the signal from the cancerous cells
are often buried under the autofluorescence of healthy cells. In addition, the intensity of
autofluorescence is dependent on diet [C6.72]. To the best of our knowledge, there is no work

which proposes fluorescence-based targeted WCE system for detecting colorectal cancer.

6.4 Summary and Outlook

Targeted fluorescence-based WCE systems have the advantage of improving specificity
and sensitivity over the current generation of conventional WCE systems. They improve the
diagnostic as well as screening procedures of the entire GI tract. In addition to being non-invasive,
these capsules present us with an opportunity to enable automatic detection of abnormalities. One

of the main challenges in designing such a system is to make these devices small enough that a
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patient can swallow it. The components used to build the proposed prototype are available off-the-
shelf. The developed capsule size is 16 mm % 34 mm. Further miniaturization can be done by using
custom-designed components. Moreover, this device also removes the need for bulky components

(such as optical filters and a mounting holder) which reduces the cost of the device.

Most colon cancers begin as pre-cancerous polyps. Therefore, screening for cancer in a
timely manner will allow physicians to find and treat different types of cancer at an early stage
before they cause symptoms. This will lower the burden on both the patient and the healthcare
system. After the screening procedure is completed and a positive sign of cancer is suspected, other
confirmatory tests (such as CT, PET-CT, MRI, or ultrasound scans) can be performed to confirm
the findings and locate the cancerous cell [C6.73]. The follow-up treatment usually depends upon
location, stage and type of the cancer. Moreover, researchers have been working on monoclonal
antibodies that can recognize and attach to specific proteins which are produced by cells. Each
monoclonal antibody can target only a specific protein. Different antibodies differ in functionality
and are selected based on the type of protein that they are targeting. Some of these antibodies block
the protein that aids in the growth of the cancer, while others detach cancer cells from the blood
supply, prohibiting growth [C6.74]. The main treatments for early-detected cancers are surgery
and chemotherapy. Other treatments include radiotherapy and targeted cancer drugs [C6.75].

These treatment strategies are based on the stage at which the cancer is detected.

Due to the invasive characteristics of the traditional endoscopic system, most patients are
reluctant to go through the procedure, adversely affecting the early-detection process and the
possibility of efficient treatment. Therefore, the non-invasive WCE technology can help with early
detection. The proposed device can detect multiple fluorescence signals from multiple
fluorophores; therefore, it may be possible to detect other types of cancers by using different
fluorophores that would bind to the specific antigen of a specific cancer cell. The development of

a single WCE device for detecting multiple cancers may be possible in the future.

In the future, a camera can also be placed on the other end of the WCE device which will
only turn on to capture the GI images when an increased level of fluorescence is detected. This
would help the physicians examine the abnormality visually, thereby increasing the efficiency, as
well as the reliability of the system. The battery life of the proposed capsule can be improved by

using the adaptive illumination technique [C6.76]. Moreover, we have previously tested the
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PillCam SB3 capsule on horses [C6.77]. It would be interesting to see the application of this

technology in veterinary medicine.

In order to provide the best and most effective healthcare, the Internet of Things (IoT)
offers new ways of improving the system by presenting novel facilities and enhancing the
functionalities of the existing system. It is estimated that the hospital-centered healthcare system
will be transformed to a home-centered system by 2030 [C6.78]. Thus, it is imperative that the [oT
is introduced into the WCE system as well. The existing WCE systems cannot yet offer real-time
detection as the diagnosis is mainly done offline [C6.6]. In addition, a self-data analyzing
intelligent system could be helpful, which can select useful data for transmission and save
transmission cost, bandwidth, and energy. To develop an IoT-based system, features like
intelligence, heterogeneous network connectivity, real-time sensing, and security may be

incorporated into the system

6.5 Conclusion

WCE has enabled a pathway towards pain-free diagnosis and screening of the entire GI
tract. This system has encouraged patients to go through the examinations, ultimately paving the
way for mass screening and enabling early diagnosis of GI abnormalities. The current generation
of WCE systems has several limitations which restrict its wide application. Hence, in this paper,
we have presented the design and development of a complete WCE system, which utilized the
principle of fluorescence imaging, capable of performing targeted endoscopy. The developed
capsule consists of four major units: illumination, processor, transceiver and power. Each of these
units was separately tested before integrating into a complete system. Initial experiments with
various solutions and phantoms have demonstrated that the proposed device is capable of selective

and specific detection of abnormal colorectal cancerous cells.
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Addendum on Chapter 6

Most WCE systems are image-based. The imaging capability in a WCE system is an attractive
choice as it provides an important functionality of visualization of GI tract. However, it comes
with several limitations as discussed in Chapter 1 and 2. The image-based capsule generates a
minimum of 144,000 frames during its lifetime when it captures at 4 frame per second. These
capsule lacks the functionality of automatic detection of abnormalities, which is why, the
physicians are required to go through each frame in search of abnormality. The post-processing of
such endoscopic procedure heavily relies on the expertise of a physician. Such analysis requires
the patient to have distinct morphological changes in order to be diagnosed accurately. These
morphological changes often appear late, which hampers the overall diagnostic procedure which
is discussed in section 6.4. This is why, the principle of fluorescence is used in the developed WCE

system to screen colorectal cancer.

In the targeted fluorescence endoscopy system, the fluorescence signal from the cancerous
cells labelled with the exogenous fluorophores is more than the surrounding healthy tissues which
results in an increased detection rate. Antigen with the labelled fluorophores binds to the target
tumor in the GI tract leading to the generation of a stronger signal which is detected with the
AS7262 sensor of the developed capsule. Utilizing this technique enhances sensitivity and
specificity of the developed device as well. For this, a fluorophore (fluorescein) was selected which
is FDA approved to be used in humans. The peak excitation and emission wavelength of
fluorescein is 494 nm and 521 nm respectively. It is to be noted that although the peak excitation
wavelength is 494 nm, the fluorescein can be excited by illuminating in the UV region as well in
order to get emitted fluorescent signal. Also, the greater the difference between excitation and
emission spectra, the lesser is the probability of false positive detection caused due to the
interference of excitation source. For this region, the excitation source is chosen in such a way that
the fluorescein is illuminated in the UV region and the detection is performed in green channel.
This ensures that there is no overlap between excitation source and the detection sensor. The
excitation source (UV LED) and the detection source (green channel of AS7262 sensor) was

chosen based on the fluorophore (fluorescein). The fluorescence signal measured by the AS7262
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sensor is in raw 16-bit integer format. The AS7262 sensor contains 16-bit ADC. Thus, the voltage

is measured by the following formula:

Resolution of the ADC _ ADC reading
System Voltage voltage measured

(6.5)

This device also removes the need of extra components such as dichroic mirror, excitation
mirror and filter cube which is usually present in fluorescent microscope as shown in Figure 5.1.
It has been previously shown in Chapter 4 and 5 that by careful selection of the excitation source,
detection sensor, and emission filter, it is possible to remove other components (dichroic mirror,
excitation filter, filter cube) without affecting performance. Moreover, the AS7262 sensor was
selected for this study because this sensor has built-in filters which ensures that the detected signals
are coming from the fluorophore and not from other light sources. Removing the extra components
(such as dichroic mirror, excitation filter, external emission filter and filter cube) helps in keeping
the size smaller while reducing the weight and the complexity of the developed system. The
distance between the intestine and the capsule was kept at 1 cm while screening intestine in this
study. Further experiment also needs to be performed to detect multiple cancers with a single

device in the scenario where the patient has multiple cancer.

As shown in Table 6.4, the imaging capsule has low frame rate and resolution which hampers
the diagnostic process. The higher frame rate leads to increased in the number of captured images
which leads to more work for physicians. The lack of automatic detection of abnormality further
makes this technology unpopular. As discussed in Chapter 3, the use of cameras adds an important
functionality of visualization but comes with several limitations. The use of cameras hampers the
battery life which leads to the decrease in completion rates, especially in those patients who has
GI complications. The cost of the image-based capsules is also higher than the capsules which are
sensor based. The battery life is found to be lower and the demand of transmission power is higher
in image-based capsule. The image-based capsule also requires a complex system architecture,
higher on-chip memory and efficient compression algorithm. When compared to image-based
capsule, the sensor-based capsules are simple, consumes less power, has higher battery life,
requires low data-rate, low bandwidth and is cheaper. Since the sensor-based capsule has higher
battery life, multiple sensors can be used to monitor vital signals making it an attractive choice as

well.

151



7. Conclusion and Future Direction

7.1 Summary and Conclusion

In this thesis, a fluorescence based WCE system for early-stage automated detection of
colorectal cancer is presented. The development of such device which screens the GI tract and
detects low-level of fluorescence emitted by fluorophore conjugated cancer cells, presents a novel,
pain-free, non-invasive screening method for early-stage detection of colorectal cancer. We
envision that the final fluorescence based WCE system will be able automate the detection of
multiple types of cancer using a single electronic capsule. In implementing this prototype, a

number of unique features were tested that were used in other applications:

e Design and development of low-cost fluorescent microscope for selective detection of
breast cancer cells.

e Design and development of fluorometer for detecting colorectal cancer and breast
cancer cells.

e Design and development of a complete WCE system to screen colorectal region.

e Reducing power consumption, avoiding unnecessary data collection, while providing
a way to scan entire GI tract.

e Proposed the principle to diagnose multiple cancer with one capsule.

e Early-stage cancer detection, promoting mass screening and ultimately improving the

survival rate of such patients.

In Chapter 3, various WCE systems and their compression algorithms were reviewed. It
was concluded that an extensive research work is still needed to achieve higher compression ratio
while maintaining acceptable quality of image. The advancement of camera in today’s world has
made capturing of high-quality images possible. However, transmitting such image would
adversely affect the power consumption of the capsule. Hence, there is a need to compress the
captured image so that the capsule can work for at least 8 hours for screening the GI tract. However,
the available compression algorithms are lossy and requires complex system architecture and on-
chip memory. These also affect the power consumption. When compression algorithm is applied

to the captured images, it affects its quality. If the image is of low resolution, the diagnostic is
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error-prone. Increasing frame rate and maintaining image quality will help in efficient diagnosis
but at the cost of higher power consumption and reduced battery life of the capsule. Hence,
alternative ways were needed to be explored in order to screen colorectal cancer. As such, we

worked towards a WCE system based on fluorescence.

Fluorescence imaging is widely used in the field of biology for selective and specific
detection of objects of interest. This technique is commonly used to view, localize, and track
fluorescing particles in a wide selection of organic and inorganic structures. Also, the intrinsic
fluorescent products (such as GFP) allows biologists to genetically tag protein of living beings
which leads us into a new era of fluorescence microscopy. For optimal and efficient use of
fluorescence microscopy and to determine the feasibility of this technique in WCE system, it was
important to have basic knowledge of strengths and weaknesses of different approaches as well as
an understanding of the elementary trade-offs of the variables related to it. In Chapter 4, we used
off-the-shelf components to build a fluorometer in order to differentiate breast cancer cells
conjugated with GFP with the control cells. The excitation and emission maximum of GFP
fluorophore is 495 nm and 519 nm respectively. The filter, light source and photodiode were
carefully chosen to cover the excitation and emission region of this fluorophore. MDA-MB-31
breast cancer cells expressing GFP were tested with the developed fluorometer. The results were
validated with a commercial microscope (Olympus IX51). This worked helped us realize the
potential of fluorescence imaging and its probable use in the WCE device for detecting GI

abnormalities. Hence, the next step was to target GI cancer.

In Chapter 5, the developed fluorometer was used to detect colorectal cancer. An
established colorectal cancer cell line (human colorectal carcinoma (HCT116)) was cultured and
a near-infrared fluorescent protein IRFP702 was expressed in the colorectal cancer cells. These
cells were used to test the proof-of-concept. The developed fluorometer distinguished the
fluorescently labelled cells with control cells successfully. The cells were then tested with a
commercial imaging system (Odyssey CLx) to validate the result. The developed fluorometer is
versatile as multiple types of cancer can be detected by changing the filters, excitation and emission
source. The observed readings from this chapter confirmed that it was possible to detect

fluorescence using off-the-shelf components with specific and selective detection.
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In Chapter 6, utilizing the concepts developed in earlier chapters, a WCE prototype was
developed. The capsule prototype is comprised of four main printed circuit boards (PCBs): the
sensor board with illumination components, control/processor board, telemetry board and the
power module. The illumination and detection source were selected based on the target
fluorophore. The peak excitation and emission wavelength of fluorescein is 494 nm and 521 nm
respectively. In order to validate the working of the developed prototype, it was tested on porcine
intestine, liquid phantom and minced meat. The distance between the capsule and the intestine
was kept at 1 cm for all measurements. The developed system is able to successfully detect the
varying level of fluorescence and send it to the data logger, making early detection possible. The
results are promising and we strongly believe that it is possible that the capsule can automate the

detection of multiple cancer in near future.

7.2 Future Research Direction

It would be interesting to further develop the capsule for commercial use. One of the
hindrances is the size. The size and power of the capsule could be reduced by using custom
components so that the capsule is swallowable and can last longer for increased diagnostic
completion rates. These can also be used to increase fluorescence detection sensitivity. This study
performed initial testing with small sample size. Further testing and analysis (such as Receiver
Operating Characteristics curve) with higher sample size and different concentration is needed to
further test the efficiency of this device. The proof-of-concept to screen colorectal cancer is shown
in this thesis. The capsule can be further modified to detect multiple types of cancer by placing
multiple sensor at both end of capsule. Further experiment also needs to be performed to detect
multiple cancers with a single device in the scenario where the patient has multiple cancer. There
is no denying that the camera will continue to be a popular choice in the WCE world as it offers
an important functionality of visualization of abnormalities as shown in Table 6.4. This is why,
the camera can also be placed at the other end which would only turn on when the required spike
in fluorescence is measured, allowing to visualize and confirming the detection. This will ensure
that both image and sensor-based functionality exists in a single capsule while allowing for visual
functionality and ensuring that the capsule will run for more than 8 hours. A series of in-vivo

testing on animal models is required. This will help to prove the feasibility of using these capsules
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to detect multiple cancers in living beings in near future. Although the space and computing
resources were limited in the proposed capsule, one can imagine that a more complex system can
be developed in the future for cancer diagnosis such that the tumors could be treated on the spot
without having to undergo uncomfortable and painful colonoscopies or surgery. Other biosensors
such as pH, temperature, etc. can be integrated in the capsule to monitor other parameters and
relate it to the data to improve efficiency. Works can also be done on localization of the capsule.
In future, functionality such as, drug delivery, tissue sampling and robotic legs can be integrated
into the platform. Other future directions are also presented in a published book chapter [ Appendix
Al, publication no. 3].
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