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Abstract

Early detection of cancer is crucial to the success of treatment and the survival
of patients. One of the organs that present a diagnostic challenge in regards to
early cancer detection is the small intestine due to its inaccessibility and convoluted
structure. Even though swallowable imaging capsules have been developed to
address this issue, they are unsuitable for the detection of early-stage or flat cancers.

The goal of the presented research is to develop a screening capsule, designed
specifically for fluorescence detection in the gastrointestinal tract. By using this
capsule in conjunction with novel molecular contrast agents, which are selectively
probed to cancerous cells, it is expected that cancers of the small intestine could be
detected at a very early stage, with high sensitivity and at low cost.

The development of such a screening capsule is extremely challenging, both in
terms of optical design and electronics design, in addition to its multidisciplinary
nature. On the one hand the emitted light intensity of fluorescence is several orders of
magnitude smaller than the excitation intensity, whilst on the other hand the power
budget for the electronics is extremely low. The information storage requirements
and the limited size of the capsule are additional factors that complicate the design
further. This thesis presents an innovative, mixed-signal electronic capsule, which

overcomes these challenges.






ITepihndm

H npbdwen aviyveuor xapxivou etvar ooyt yia Ty emituy Yepameio xou emBlwon tou
Yepdmovta. Eva 6pyavo Tou mentinol cucThuaTog Tou anoTtelel TPdXANCT WS TEOG TNV
OVEY VEUOT) TOOWGY XUEXIVOUATWY, Eivol TO AeTTO €VTERO, TOU AOYO TNG REPIIETAEYUEVNC
dopric Tou efvar dUGxOA L TPOGBdowo and dlayvwoTixd gpyuheio. To mpoBinua tng Tpo-
ofacuoTnTag TOV, €pyovTat VoL EMAUGOUY Ol XAPOUAES EVOOOXOTNOTS, Ol OTOIEC OUWS OEY
elvon WaVIXEG 6TO VoL avty VEUOLY xdpxivo oTa TewTa oTAd NG EEEMENS TOU.

O otdy0¢ Tng TapolcUg EEUVIC EIVOL XATAOXEUT WG Oy VeoTixg xddoulag, Tou
elvon €10 OYEDIAGPEVT Yiol VoL avey VEUEL pUoptod 6To YaoTeevTEpXd olotnua. H xddou-
Aol UTH) OE CUVOUUOUS UE W Yo T ouaio 1 omolal ETAEXTIXG TEOGHOAAITOL OTOL K-
HVIXE XOTTOPO Xol ToL X T avty VEUGLUA UESw Tou @loplonol Tng, avauéveTal 6Tt Va
Yenoworoinlel yior TNV anodoTiXr] avly VEUCT] TEWWMY XAPUIVOUITWY GTO AETTO EVIERO.

H onuovgpyia pag tétotag xdoviag amoteel tdtaitepn mpoxinoy we mpog 1 oyedlaoT
TWY NAEXTEOVIXOY TNG, Ao TEEREL Vo efvan uixpr) o€ uEYEV0C Xat Vo XUTAVIADVEL ENSYIO T,
oy 0. Emnpdoieta, 1 TOAUTAOXOTATA WG TETOWG EPELVAS ATODIDETUL GTO YEYOVOS OTU
T Younhd enineda €vtaong Tou @loplopol, S0oxoha dioywellovTon and TNy UPNAT EvTaoy

¢ axTvoBoiiog diéyepong, agol to dlo gdouata Bploxovia cuYXELTIXd XOVTd.
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Chapter 1

Introduction

1.1 Motivation

Carcinomas of the small intestine are considered to be relatively rare malignancies
in comparison to other malignancies of the gastrointestinal (GI) tract. However, the
prognosis of primary intestine-cancer patients remains poor with 5-year survival
rates ranging from 20% to 30% [14]. The non-specific symptoms and infrequent
occurrence of carcinomas in the small intestine lead to a delay in diagnosis. Screen-
ing procedures can provide early prognosis with the detection of cancer at an early
stage, where treatment is more effective, resulting in higher probability of the pa-
tient survival [2]. The small intestine presents a diagnostic challenge with regards
to screening procedure due to its inaccessibility and convoluted structure. A diag-
nostic method that is frequently used for detection of cancer in GI tract is classical
endoscopy, which is quite invasive and expensive for screening purposes; however
the nature of the endoscope itself limits its applicability for screening at the upper
and lower ends of the small intestine only. Swallowable imaging capsules provide
a non-invasive diagnostic method and have been developed to address the inac-
cessibility issue to other parts of the small intestine [64]. However, the number of
images and image quality delivered by these capsules are not optimal for screening
purposes and for the detection of very-early or flat cancers. On the other hand,
infrared fluorescence imaging (IRFI) of molecular contrast agents, targeting specific
receptors of the disease, has proved to be very useful for the detection of early gastric
cancer, with greater accuracy and sensitivity than white light imaging technology.

However, this technique has only been applied with the use of an IRF endoscope [73].



For the above reasons, an effective non-invasive IR fluoroscopic screening in-
strument is needed for micro cancer detection in the small intestine. The successful
development of such an instrument will provide a number of benefits for patients.
It will provide a non-invasive and accurate screening method for primary cancer
detection with more effective treatment and early removal of the abnormal tissue,
thus preventing metastasis to other vital organs. Consequently, such an instrument
will have a significant impact on improving public health, as it largely increases the

survival rate and improves patient quality of life.

1.2 Research Objectives

This research focuses on developing a novel screening capsule prototype which,
unlike existing imaging capsules, will have the ability to detect early-stage cancer in
the small intestine. It will do so by measuring infrared (IR) fluorescence intensity,
delivered by a fluorescent molecular probe that is selectively uptaken by cancerous
cells. Even though the small intestine has remarkably low incidence of primary
carcinomas or other malignancies (2% of all GI malignancies [14]), it remains the
main site for metastatic tumours in the gastrointestinal tract, since it is located
between two organs with high cancer incidence, the stomach and colon. Studies
have shown that only the 30% of the patients, with preoperative diagnosis of cancer
in the small intestine, have five-year survival rate while the median survival was
3.3 years [14]. As such, it is expected that this new cancer-screening tool will have
significant impact on public health by improving survival and decreasing mortality.
The early diagnosis and surgical removal of malignant lesions will also lead to a
reduction of treatment costs as chemotherapy and radiotherapy can be avoided.
Patient recovery time, as well as rehabilitation costs, will also be reduced.

The main objective of the research presented in this thesis, is the development of
a prototype system to demonstrate the technological feasibility of an IR fluoroscopic
cancer screening capsule, and validation of the capsule’s performance through some
preliminary in-vitro and ex-vivo tests. The innovation presented is at the system
level, implementing a unique prototype that requires extensive multidisciplinary
skills to complete the following key tasks:

(1) The design and validation of the optical and phototransductive system;

(2) The design of a mixed-signal electronic system with minimised power con-
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sumption, thus allowing continuous operation for almost 8 hour (the average time
that the capsule needs to scan the gastrointestinal track);

(3) The design of a docking unit for the recovered capsule, which includes a
contactless data recovery system and interface to a computer; and

(4) The development of a compact-size prototype, suitable to pass through the
gastrointestinal tract of a medium size animal (i.e. swine) for future in-vivo testing

(carrying out the in-vivo testing is outside of the scope of this project).

1.3 Existing Knowledge

The convoluted structure of the largest part of the small bowel prevents flexible
endoscopes from accessing it. The medical community has long recognized the
need for an alternative diagnostic/screening procedure that would overcome that
limitation. This need has led to the development of various endoscopic capsules
[8,12,15,20,42, 63, 87,104] that offer visual access to parts of the small intestine
in a less invasive way (Figure 1.1a). However, conventional white light imaging
techniques rely on the examination of the physical appearance of the GI track for
late diagnosis (such as areas with abnormal morphological or color appearance, as
those seen in Figure 1.1b). Thus, this is not always sufficient for detecting cancer at

an early stage, which frequently has unchanged color and morphology.

(@) (b)

Figure 1.1: a) Currently available endoscopic capsule. b) White light image of a

tumor, taken from an endoscopic capsule.

A well known technique used for efficient microcancer detection is infrared flu-
orescence endoscopy (IRFE) in conjunction with an infrared fluorescent-labeling

contrast agent [50]. Specific antibodies tagged with Indocyanine Green (ICG) deriva-
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tives can label cancer cells by generating a strong enough infrared fluorescence (IRF)
signal [47,49]. However, this technique has, so far, been limited to use with an IRF
endoscope. Furthermore, statistics on fluorescence imaging for early cancer detec-
tion in the GI track show that very early-stage cancers are better visualised under
fluorescence imaging than conventional white light examination [34, 103]. More
specifically, the sensitivity of a fluorescence system was found to be 5.3 times greater
than that of the white light imaging procedure in detection of carcinoma in situ
of the lung [76]. Thus, current commercial capsules do not have sufficiently high
sensitivity to detect fluorescence, as the pixel size is too small, and none of them has
the narrowband optical filters incorporated to detect a weak fluorescence signal near
the strong excitation wavelength. Finally, current capsules are designed to output
images, rather than detect increased levels of fluorescence. Thus, they require real-
time telemetry links to the outside of the body, as well as an external belt receiver to
collect the data, which increases their cost and power requirements. Moreover, they
are impractical for basic screening tests, due to the labour intensive video analysis.
A step in the right direction for primary cancer diagnosis was the development
of an endoscopic imaging system that offers additional imaging modes, i.e. auto-
fluorescence (AFI), Narrow Band (NBI, Figure 1.2a and 1.2b) and infrared (IRI)
imaging, in addition to the conventional white light imaging [31,90]. Neverthe-
less, this is still a classical endoscopic system and cannot access the small intestine

effectively.

(a)

(b)

Figure 1.2: a) NBI technique illuminates tissues with different narrow band wave-
lengths and records their reflection. The longer the wavelength is, the deeper the
tissue is penetrated resulting in a more contrast-enhanced image of the micro vessels

structure. b) White light image compared with a narrow band image of a tissue.



One capsule that targets early cancer diagnosis [26] attempts to do so with narrow
band and white light imaging. Narrow band images enable selective depth imaging
of microvascular structures that can help a specialist to identify the existence of a
carcinoma. However, external equipment is required for receiving the images that
are transmitted from inside the body. Also much manpower is required to scan
through the acquired footage. These make the capsule inefficient for basic cancer

screening.

Another capsule that uses autofluorescence [48] is currently too big to be practical
(2.64 cm x 8.26 cm) and the authors state that it cannot be miniaturised any further.
Al-Rawhani et al. [6] have shown the feasibility of an autofluorescence based capsule
prototype, which requires power hungry single photon avalanche diodes (SPADs).
The presented prototype only scans a small portion of the intestine walls; to scan
all 360°, the power budget will increase significantly. Also, autofluorescence screen-
ing of flavin adenine dinucleotide (FAD) lags of sensitivity compare to infrared
fluorescence screening, due to the high background noise produced by the autoflu-
orescence of other components in human tissues. Furthermore, autofluorescence in

the intestine is diet dependent [44].

Further work has been done towards tissue fluorescence detection, via the devel-
opment of an on-chip integrated optical sensor for autofluorescence [24], however
this work did not materialise into a complete system, to include the excitation source,
optical filters, electronics, memory and/or communication circuits. Also the photo-
diodes are small, at approximately 50x50 um?, and are thus unable to provide the

required sensitivity.

Therefore, there is a necessity for the development of an IR fluorescence based
endoscopic capsule, capable to provide a general screening method for primary in-
testinal cancers. It will do so, by detecting fluorescence levels emitted from molecular
agents that have increased density of fluorescence at cancerous sites compared to
the background fluorescence of healthy cells. The fluorescence data will be collected
internally, thus eliminating the need for a transmitter and an external data receiver.
Such a method also eliminates image collection, thus trained experts are not required
to analyse eight or more hours of video for each patient; they can quickly examine if
the detected fluorescence levels exceeded a predefined threshold when plotted on a

chart.



1.4 Overview

The research presented in this thesis involves the design and implementation of a
novel IR fluoroscopic screening capsule for cancer detection in the small intestine.
Remainder of the thesis is organized as follows:

Chapter 2 provides background information on fluorescence phenomena and
fluorescence spectroscopy in conjunction with molecular biomarkers, and how these
are related to the presented research. Information about endogenous and exogenous
fluorophores, as well as near-IR fluorophores and their advantages for biomedical
diagnoses, are also presented.

Chapter 3 deals with all the issues related to the optical and photo-transducer
part of the capsule. Building a fluorescence detection system with severe power
and space constraints is not trivial. This chapter includes an analysis of the pa-
rameters considered for the selection of the appropriate light source, optical filter,
photodetector, housing material etc.

Chapter 4 presents all the steps and various design considerations for the hard-
ware implementation of the fluoroscopic screening capsule. A complete, compact-
size, mixed-signal electronic system is presented, which is able to detect and distin-
guish IR fluorescence intensity levels. Several advanced features are also presented,
which are related to storage and power management, and the wireless data recovery
of the capsule.

Chapter 5 concludes the thesis and highlights the contributions of the presented

research. Finally recommendations are made for future work in this area.



Chapter 2

Fluorescence Spectroscopy and

Fluorescent Biomarkers

This chapter first introduces the reader to background knowledge on fluorescence
phenomena and spectroscopy. Next an introduction to diagnostic methods based
on fluorescence biomarkers is presented. Finally, this chapter presents the instru-
mentation required to implement these methods and how all the above relate to the

research targets.

2.1 Basic Principle of Fluorescence Spectroscopy

Fluorescence spectroscopy is an important tool for biomedical diagnostics [95]. It is
used extensively for characterization of cardiac tissue, blood and vessels analysis,
and aiding the screening and early detection of cancer. Fluorophores have a central
role in fluorescence spectroscopy and fluorescence imaging. A fluorophore, oth-
erwise known as a chromophore, is a substance composed of particular molecules
with the ability to absorb light in a specific wavelength range, leading to excitation
in higher energy levels and to an almost instant emission of light in a longer wave-
length spectrum. The emitted light has lower energy than the excitation light. Sir
George G. Stoke was the first who described this phenomenon in 1852 and named it
fluorescence as he firstly observed this in Fluorite [93,94].

Fluorescence can be understood better through a brief overview of the N.Bohr
atomic model. Based on this model, electrons can only orbit the nucleus of the atom
in particular orbits with fixed energy and angular momentum. When the atom ab-

sorbs energy from electromagnetic radiation, electrons move to higher fixed energy
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levels and then return to a lower available energy level by emitting back radiation
in the form of photons. Photons have quantised energy equal to the difference of the

two energy levels. The wavelength of the photon is equal to:

A= (2.1)

where § is Planck’s constant (6.63 x 107!!]s), ¢ is the velocity of light in vacuum
(2.998 x 108ms™') and E,y is the energy of the photon.

Accordingly, each molecule has its own characteristic quantum electronic energy
levels, in which it can be excited with the absorption of energy. A portion of that
energy maybe spent in vibrating and rotating the atoms, hence electronic energy
levels are divided into vibrational and rotational energy levels. Figure 2.1a is an
example of the schematic representation of the energy levels of a simple two-atom
molecule. Therefore, fluorescence typically occurs at lower energies at longer wave-
lengths than that of the absorption light as some of that energy is internally utilized
by the atom for vibrational and rotational relaxations. Figure 2.1b shows a typi-
cal Jablonski fluorescence energy diagram with the typical average lifetime of the

different processes.
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Figure 2.1: a) The electronic, Vibrational and Rotational energy levels of a two-
atoms molecule, b) Jablonski Energy Diagram of fluorescence and the typical average

lifetime of the different processes.



A fluorophore is characterised by the absorption (excitation) spectrum and the
emission (fluorescence) spectrum, which is specific for different fluorophores. Flu-
orescence spectroscopy uses those spectra for the identification and detection of
several biological fluorophores. The excitation and emission spectra of several
chromophores are given in Figure 2.2 as an example. The wavelength at which
a maximum excitation is observed corresponds to the wavelength with the highest
probability of absorption, i.e. that can cause the most effective excitation to the
molecules. Similarly, the emission maximum is the wavelength which is more likely
to be emitted. The difference between these two wavelengths is called ”Stoke Shift”
and is a key aspect in the detection of the emitted fluorescence in biological applica-
tions. The Stoke Shift is a distinct characteristic of each fluorophore arising from the
structure of the molecule’s energy levels. A small Stoke Shift makes the detection of
fluorescence more difficult as the excitation and emission spectra are overlapping.
The bigger the Stoke Shift is, the easier it is to filter out the excitation light in an

attempt to observe the fluorescence spectrum or measure its luminescence intensity.

Alexa Fluor 350 BODIPY FL
c
5 u S L
=] . c = c
@© -a—Stoke Shift—» o i) o
= =~ = =
o ) o o
X » X o
o 2 o 3
(0] (0]
8 3 o >
[ @ [ Q
@ o} ®
o ® 3 ®
3 3 1] 3
ot % ot 2
g g g g
T S T S
300 350 400 450 500 550 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

R-phycoerythrin DDAO Chromophore
c M c M
) c . z
5 S S S
2 & 2 2
Q ° Q
) @ o)
@ =} 0] >
o (o] 15} (o]
c ) c (0]
8 ® 2 o
2 3 2 3
o » bt »
o @, o 23
S o = o
[T S L =]

450 500 550 600 650 700 400 450 500 550 600 650 700 750

Wavelength (nm) Wavelength (nm)

Figure 2.2: Excitation and Emission spectra of several dyes.



Another general property of fluorescence is that the emission spectrum intensity
is dependent on the excitation wavelength. A decrease in fluorescence intensity
is observed when the chromophore is excited with light whose wavelength is any
other than the absorption maximum wavelength that gives fluorescence of highest

intensity (Figure 2.3).

Absorption (Excitation)
uojssiwg asuadsaion|4

Wavelength

Figure 2.3: Excitation with the maximum wavelength a causes a fluorescence re-
sponse with spectrum A (highest intensity). Similarly excitation b gives an emission

spectrum B.

Fluorescence-based diagnostic methods can be classified into two groups:
1. Methods that detect endogenous fluorophores in tissues,
2. Methods that use/detect exogenous fluorophores.

The following sections provide more details for these two methods.

2.1.1 Endogenous Fluorophores

Biological tissues are inundated by a large number of endogenous (naturally oc-
curring) fluorophores, which are extremely useful for medical imaging applica-
tions [65]. Those substances have the ability (when they are illuminated at a specific
excitation spectrum) to produce autofluoresence, which makes them visible, dis-
tinguishable and detectable. They are generally associated with cellular structure
and metabolism, hence they can provide significant information about differences
in tissues. The majority of those biochemicals become excited and fluorescent in the

UV and visible spectrum. Figure 2.4 shows the absorption and emission spectrum
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of several tissue fluorophores, including predominant ones, such as flavins (FAD),

reduced nicotinamide adenine dinucleotide (NADH), elastin and collagen.
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Figure 2.4: Absorption and Emission spectrum of several tissue fluorophores [96].

Autofluorescence spectroscopy has been used efficiently for primary gastric can-
cer diagnosis [34], [58], [62], [100], [61], since cancerous cells often undergo changes in
their metabolism and structure leading to differences in their fluorescence emission
spectrum. In particular, NADH and FAD levels in epithelial tissues change during
neoplastic transformation. A decrease in the ratio of FAD over NADH is generally
indicative of an increased metabolic activity. Similar, autofluorescence coming from
protein collagen and elastin of submucosa has decreased intensity in cancerous com-
pared to healthy tissues due to the increased blood flow and thickened mucosa layer

(tigure 2.5).
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Figure 2.5: a) Decreased autofluorescence of collagen in cancerous tissues compare

to healthy tissues [34], b) Intestine physical structure of tissue layers.

2.1.2 Exogenous Fluorophores

There are many biological tissues with no endogenous fluorophore, which cannot
be observed through autofluorescence. For that reason, exogenous fluorophores are
used for staining those biological tissues, so as to make them visible to fluorescence
imagers [102]. Exogenous fluorophores are either target biological molecules without
any prior coupling to another biomolecule, or they are conjugated with biomarkers

(ex. proteins) for selective staining specific sites in cells (figure 2.6).

Biomarker
(Specific to target)

Figure 2.6: Exogenous Fluorescent-Molecular Probe Mechanism.
In order for a fluorophore to play the role of an exogenous contrast labelling
agent, the fluorophore must:
¢ be soluble in the biological medium to be probed,

¢ have environmental stability,
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e have specific association with the target molecule; otherwise, it must be chem-
ically conjugated with the proper biomarker that will bond the fluorophore to

the target receptor,

¢ not suffer from photobleaching, which is a chemical degration that leads to the

disappearance of fluorescence,

e have high quantum efficiency of emission (defined as the number of photons

emitted over the number of photons absorbed)

Moreover, exogenous fluorophores need to have an excitation spectrum that
does not belong to the excitation spectrum of endogenous fluorophores. In partic-
ular, they should have an absorption spectrum at longer wavelengths, where no
excitation and no autofluorescence of the endogenous fluorophores occurs, when
the excitation of exogenous fluorophore takes place. In this project, an infra red
exogenous fluorophore has been selected, so as to limit the existence of background
autofluorescence, which reduce the signal-to-noise ratio and the overall sensitivity

of the detection process.

2.2 Near-Infrared Fluorescence and NIR Fluorophore

The use of near-infrared fluorescence (NIRF) imaging techniques for sensitive early
cancer detection is highly desirable for several reasons. Biological tissues exhibit
good transparency in the NIR spectrum and also show low autofluorescence re-
sulting in an increase of the signal-to-noise ratio. Photon penetration into living
tissue is highly dependent on the absorption and scattering properties of the tissue
components. Within the NIR spectrum, scattering is the most dominant light-tissue
interaction and is increased for photons of lower wavelengths; the longer the wave-
length of the light, the deeper it penetrates into the biological specimen. Moreover,
the NIR window is primarily limited by the light absorption of blood at short wave-
lengths and water at long wavelengths. Water is considered to be one of the most
important absorbers in biological tissues, dominating around 60 to 80 percent of
the tissue. It has a relatively low absorption between 200 and 900 nm (Figure 2.7)
and this allows NIR light to penetrate several centimetres into the tissue [16,17,60].
However, the lower limit of light transmission in tissue is defined up by the absorp-

tion of Haemoglobin, which constitutes approximately 40-45 percent of the blood
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composition. Figure 2.8 shows the absorption spectrum of the two different types of

haemoglobin that present higher absorption below 700 nm [41, 80, 108].
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Figure 2.7: a) The absorption spectrum of pure water on a log scale from 0.2-10 um,

b) The NIR region from 650-1050 nm.
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Figure 2.8: The absorption spectrum of Oxyhaemoglobin (HbO2) and Deoxy-
haemoglobin (Hb).
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Near Infrared Fluorescence Imaging requires exogenous NIR fluorophores to
play the role of the contrast agent that will effectively stain the sites of interest in the
biological tissues. NIR dyes have better performance than visible fluorophores and
are able to enhance detection sensitivity and signal-to-noise ratios in applications
where autofluorescence is limited [27,57,105]. The advantage of using such NIR dyes
is that their excitation in near IR produces low autofluorescence from endogenous
chromophore. Hence, the sensitivity of detection, which is often limited by the
autofluorescence background, is significantly improved. In addition excitation with
longer wavelength and fluorescence at near IR spectrum gives reduced scattering
in the tissues and, thus increases both the penetration depth and the collection
efficiency of emission as more fluorescence photons manage to reach the sensor.

In contrast to the above properties, NIR dyes sometimes present some limita-
tions, such as low quantum efficiency, insufficient stability in biological systems that
consist mainly of water, high probability of experiencing photobleaching, and poor
hydrophilicity and photostability.

A well known, frequently used NIR fluorophore is Indocyanine Green (ICG) that
has been used clinically for over 60 years for hepatic function, determining cardiac
output, cardiovascular function testing, liver blood flow and retinal angiography
[7,11,23,59]. Several studies also use and develop biomarkers that are conjucated
with ICG antibodies for micro cancer detection, including gastrointestinal cancer
[9,39,43,45,46,54,67,68,73,83,89,97]. Some of the important properties of ICG,
which make it attractive for Near-IR fluorescence cancer diagnosis, are presented in

the following section.

2.3 Indocyanine Green a Near-IR Exogenous Dye

Indocyanine Green (ICG) is a cyanine dye approved for medical use as a diagnostic
for intravenous use. Its toxicity can be classified as low [56]. It has molar mass
774.96 g/mol and chemical structure is shown in figure 2.9. It is water soluble
without changing the refractive index of the solvent. ICG presents high absorption
in the NIR spectrum at a range of 600 to 850 nm and has almost no absorption in the
visible spectrum (Figure 2.10). Its fluorescence has an emission spectrum around
780 to 880 nm with emission maximum at 820 nm and a lifetime around 1.5 ns as is

calculated with time-resolved methods [30] (Figure 2.11).
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Figure 2.10: Absorption (Excitation) Spectrum of ICG [1].
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Figure 2.11: Fluorescence of ICG in time for different emission wavelengths [30].
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The absorption properties of ICG follow to Beer law:
A=excxd (2.2)

where A is absorbance of a solution, e (liters/moles.cm) is the molar extinction coeffi-
cient of the solution at the measured wavelength which represents the probability of
absorption of incident radiation, ¢ (moles/liter)is the molarity (concentration) of the
solution and d(cm) is the optical path length. The molar extinction coefficient of ICG
changes for different concentrations of the solution (Figure 2.12), thus absorbance is
not linearly dependent of concentration. Furthermore, absorption of ICG is not only
dependent on ICG concentration, but is also affected by the solvent. For example, in
Figures 2.13 and 2.12 the absorption maximum of ICG in plasma is at 800 nm and in
water is at 780 nm; a shift of almost 30 nm of the maximum in longer wavelength is

observed.
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Figure 2.12: The absorption changes of ICG as the concentration of ICG changes. If

ICG strictly followed Beer’s law then the curves in this figure would coincide [1].
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Figure 2.13: The absorption changes of ICG at different concentrations in plasma [1].
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The ICG absorption spectrums consist of two main peaks, at 708 nm and at 780
nm (Figure 2.14). The two absorption maxima correspond to two forms of the dye:
the monomeric form (780 nm) and the oligomeric form (708 nm). With increasing
concentration of ICG, the content of monomers decreases and the absorption max-
imum is shifted to shorter wavelengths. This reflects an increase in the content of

oligomers in the solution [92].
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Figure 2.14: The absorption spectrum of ICG with two peaks at 708 nm correspond-

ing to ICG monomeric form and at 780 nm corresponding to oligomeric form [92].
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ICG solutions of lower concentrations are characterised by lower stability, since
their optical properties change over time. However, these changes occur after many
hours beyond the time the capsule needs to pass through the GI tract. Figure 2.15
shows the behaviour of ICG over time (indication with down-going and then up-
going arrows), the absorption spectrum of 30 umol/L ICG with maximum at 700
nm and 776 nm disappears and is replaced by a new absorption spectrum with
maximum at 906 nm after 96 hours [35]. Another disadvantage is that ICG has a
weak emission compared to the excitation intensity, by a factor of about hundred to
thousand times, which makes the detection of fluorescence more challenging as the
excitation spectrum is very close to the emission spectrum, at a stoke shift around
40 nm.

The decision of using ICG as the dye to be detected from the endoscopic capsule
prototype was taken after considering the plethora of advantageous properties char-
acterising this fluorophore. Concurrent research that took place at the University of
Cyprus investigated the implementation of biomarkers conjugated with ICG target-
ing epidermal growth factor receptor (EGFR - at cells-surface), which is associated
with cancerous cells [69,70,74,75,98]. Based on that research area, some preliminary
calculations were made to find the critical concentrations of ICG related to abnormal
and healthy tissues. According to reference [32], EGFR mole concentration per mg
of tissue was found to be around 300 fmol/mg and 25fmol/mg for cancerous and

control tissue respectively(Figure 2.16).
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Figure 2.16: EGFR concentration in cancerous tissue [32].
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This significant difference of EGFR concentration between cancerous and healthy
tissue can be used for cancer detection. Thus, with an assumption that 75 percent
of the EGF receptors are uptaken by ICG biomarkers, ICG mole concentration per
mg of cancerous tissue is 225 fmol/mg , as opposed to 19 fmol/mg for healthy
tissue. Considering that around 80 percent of tissue is dominated by water, the
specific weight of human tissue can be considered as approximately equal to water
density, i.e. 1 mg/mm?® then the molarity of ICG for abnormal and healthy tissue
is 225 nM (nmol/L) and 19 nM respectively. These ICG concentrations are the key
factors for the implementation of the fluoroscopic cancer screening capsule, since the
fluorescence-microscope-in-a-pill system should be able to detect these differences
in ICG concentration, targeting a more sensitive detection of cancer in the small

intestine.

Studies on emission properties of ICG of relatively low concentrations in an intra-
lipid solution ranging between 0 to 20 uM [99] has shown that: Atlow-concentration
regions the emission strength increases with ICG concentration, as opposed to high-
concentration regions where the emission decreases with the concentration. In
general, there is a maximum of emission strength as a function of concentration,
whose position depends on the wavelength of the excitation light, the distance
between the source and the detector, and the sample geometry and size. Two factors
contribute to the decay of emission strength: the “inner-cell effect” and re-absorption
of emitted photons. The first is related to the decrease in penetration depth of the
excitation light, as ICG concentration increases. This phenomenon, known as “inner-
cell effect”, results in the excitation of less sample volume and, thus, decreases the
fluorescence intensity. Samples of relatively small size and cylindrical geometry
present lower influence in “inner-cell effect” compare to sample of infinite geometry;
hence, the emission maximum appears at higher concentrations ( Figure 2.17). In
contrast, the re-absorption of emission photons dominates in samples of small size,
resulting mainly in the decrease of detected fluorescence. Furthermore, as is shown
in Figure 2.17a, emission properties differ for different source-detector separations
(rsd) and different excitation wavelengths of 660 and 780 nm. At the excitation
wavelength 780 nm, the maxima are located at concentrations of 0.3 uM and 0.4
uM for source-detector separation equal to 1.0 cm and 1.6 cm respectively, since
the ”inner-cell effect” decreases at lower source-detector separations. At 660 nm, a

relative flat region appears from 1.7 to 2.7 uM ICG. For the cylindrical geometry in
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Figure 2.17b, the concentration values of maximum emission are located between 4
and 6 uM for both excitation wavelengths of 660 and 780 nm. These values are much

higher than those of infinite geometry.
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Figure 2.17: Normalized emission amplitude of ICG in Intralipid solution as a
function of ICG concentration. a) Infinite sample geometry and b) Cylindrical small

size geometry [99].

The above properties and results on the background knowledge of ICG, are
provided by a plethora of references [10,29,36,40,53,55,79,81,82,86,99,107]. Never-
theless, most of these properties needed to be verified again and quantified by using
existing equipment in the lab, before proceeding with the design of the capsule. The

results are given in the following sections.
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2.4 Fluorescence Spectroscopy Instrumentation

This section introduces the reader to the instrumentation used in fluorescence spec-
troscopy. A typical spectrofluorometer consists of an excitation source, a sample
cuvette, fluorescence detector and monochromators to isolate the incident light and
fluorescent light (Figure 2.18). The light from the light source passes through a
monochromator and excites the fluorophore at different wavelengths. The emitted
fluorescence, which propagates in all directions, is dispersed by another monochro-
mator and detected by a photodetector which outputs the characteristic emission
spectrum of the dye. Most spectrofluorometers can record both excitation and emis-
sion spectra. For measuring the excitation spectrum the wavelength passing though
the emission monochromator is kept constant, preferably at the emission maximum
wavelength, and fluorescence intensity is measured at the output, while the exci-
tation monochromator is scanning at different wavelengths causing the excitation
of the substance. The excitation spectrum is in general identical to the absorption
spectrum, as the fluorescence intensity is proportional to the absorption. Similarly,
when recording the fluorescence (emission) spectrum the wavelength of the excita-
tion light stays constant, preferably at the absorption maximum wavelength, while

the emission monochromator scans the emitted spectrum.
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Figure 2.18: A typical set-up of a spectrofluorometer.
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In a simple fluorometer the source monochromator can be replaced by a filter
(or narrowband source, e.g. LED, LD), whilst the detection monochromator can be
replaced by an optical filter and a photodiode as a detector. This set-up measures
only the photodiode’s induced photocurrent, which is proportional to the incident
fluorescence intensity. Despite the presence of an emission filter to attenuate the
intensity of the excitation wavelengths, it is usual to place the detector at 90 degrees
to the sample so as to avoid direct exposure of the detector to the source. The intensity

of reflections at the various interfaces is still lower than a direct path. (Figure 2.19).

Excitation filter
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Figure 2.19: A simple fluorometer for measuring fluorescence intensity.

The presented capsule prototype system uses the general idea of a fluorometer
in a more compact manner in order to fit in a pill-dimension case. In the following
chapters a more descriptive overview of the screening system structure will be
presented, as well as all the considerations that were taken into account based on

the desirable specifications.
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Chapter 3

Optics and Optoelectronic Aspect of

the Capsule Fluorometer

The challenging nature of fluorescence detection is complicate accentuated by the
requirement of fitting a fluorescence level detector in a pill. Fluorescence signals are
usually of very low intensity, a crucial consideration when choosing the light source
and detector. In addition, fluorescence intensity is several orders of magnitude
smaller than the excitation light, thus the use of specialized filters is necessary to
block the excitation source to allow detection of the emitted fluorescence signal. If
only a small fraction of the laser emission is detected, then the more intense light
will be detected at the photodetector, drastically reducing sensitivity to the lower-
intensity fluorescence signals. The choice of filters is complicated even more if one
considers that the excitation and emission wavelengths are only 30-40 nm apart,
based on the Stoke Shift of indocynine green dye. In conclusion, a very intense,
narrowband excitation signal irradiates the tissue, whilst an adjacent narrow band
detector detects a weak fluorescence signal.

This chapter deals with the design of the optics and photo-transducer part of the
capsule, such that the challenges related to fluorescence detection can be overcome.
The search for various light sources/detectors/filters etc, in order to choose the com-
ponents most appropriate for this specific application and experimental validation,

is described. More specifically this chapter targets the following objectives:
1. the selection of the optimal light source, optical filters and detector,

2. the determination of the optimal position of the optical components to max-

imise sensitivity, and
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3. the determination of the right material for the capsule and index-matching
epoxy that will fill the inside of the capsule case, in order to limit light reflections

back to the detector.

3.1 Excitation Light Source Selection

The selection of an appropriate excitation light source with the desirable radiation
spectrum and emission maximum wavelength requires the knowledge of the absorp-
tion spectrum of ICG. Although the absorption spectrum of ICG is already known
and was discussed extensively in chapter 2 (section 2.3), experimental investiga-
tions were also performed for validation purposes and the absorption spectrum of
different ICG concentrations was measured.

The ICG samples were placed in an absorption spectrometer (210 VGP) and the
results from several ICG concentrations are shown in Figure 3.2, including concentra-
tions of interest near the critical concentrations of 250 nM and 25 nM, which represent
cancerous and healthy tissues respectively (chapter 2, section 2.3). The main conclu-
sion extracted from this investigations is that the excitation maximum wavelength
of the light source should be around 780nm, since the absorption maximum of low

concentrations of ICG was observed at this wavelength.
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Figure 3.1: Experimental results of the absorption spectrums of ICG with concentra-

tions at 64uM (0.1mg/2mlL).
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Figure 3.2: Experimental results of the absorption spectrums of ICG with concentra-
tions at 25uM (0.04mg/2mL), 2.5uM (0.004mg/2mL), 250 nM (0.4ug/2mL) and 25nM
(0.04ug/2mL) respectively.
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The next thing that was investigated was the type of the excitation source. Specif-
ically, an appropriate excitation light source for the screening capsule application

should have:

1. Low bias current in order to reduce the total power consumption of the system;
this is considering that the system would be powered by button cell batteries

and would take approximately 8 hours for it to cover the entire G.I. tract.

2. High light output intensity; the higher the excitation light, the higher the
emitted fluorescence and, thus, the measured photocurrent will be higher than

the noise floor of the photodetector.

3. Narrow spectral bandwidth, which will make the task of filtering out the
excitation light a little easier, whilst also avoiding the overlap of excitation
wavelengths with emitted wavelengths, since the stoke shift of the ICG is very

narrow at approximately 40nm.

4. Some tens of degrees beam divergence, in order to allow excitation of bigger
areas of organic cells, resulting to a decrease of the number of light sources

necessary for the system to screen cross sections of the intestine.

5. Fast rise/fall times to allow power cycling of the excitation source since the
illumination source does not need to be on continually, as the capsule is not

always on the move, reducing in that way its power consumption.

The choice of light source was narrowed down to Laser Emitting Diodes (LEDs)
and Laser Diodes (LDs), for a number or reasons. They both have a narrowband
spectrum, they are powerful enough to produce fluorescence signals with high in-
tensity and are available in small sizes that are preferable for the capsule application
where space is limited. Table 3.1 provide a brief comparison of LD and LED charac-
teristics. Looking at Table 3.1, it can be seen that each source has it’s pros and cons.
LDs provide intense monochromatic light, which is ideal for fluorescence, as filtering
of a narrow band excitation light from the emitted fluorescence is simpler. On the
other hand, LEDs are not as intense and their light is not monochromatic. They can,
however, operate at a much lower power, which is a very important consideration
the fact that the capsule has to remain continuously operational for approximately 8

hours. In addition, LED light has higher beam divergence, which makes the design
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of the device easier since the distance from the laser to the tissue will be so small
and will be difficult to cover a large area from each single light source. However, the

beam divergence of the LD can easily be addressed with a microlense.

Table 3.1: Comparison of the characteristics of LEDs and LDs

Issue LEDs LDs
Bias Current 50-150 mA 100-500 mA
Intensity Output Low High
Spectral Bandwidth  25-40 nm 2-5nm
Beam Divergence High Low (parallel beam)
Rise/Fall time 3-20 ns 0.5-2ns
Cost Low Medium

The next step was to test experimentally the excitation results that both light
sources can provide. The goal of those experiments was to observe the fluorescence
emission spectrum of ICG at different concentrations. For such an experiment an
experimental set-up similar to fluorescence spectrometer was needed (Chapter 2,
Section 2.4), with an excitation light source (LED or LD), several lenses, a long pass
filter, a monochromator, ICG samples of different concentrations and an Si calibrated
photodiode at the exit slit of the monocromaitor for the measurement of fluorescence
intensity at different wavelengths. The experimental set-up is shown in figure 3.3.
A LED (LED780-03AU) with emission maximum at 780 nm was used and placed
perpendicular to the monochromaitor entrance slit. The perpendicular arrangement
and the long pass filter with cut-off at 800 nm minimise the probability of any

excitation light from directly reaching the photodiode.
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Figure 3.3: Experimental set-up for the observation of ICG emission spectrum
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Based on the theoretical background, an emission fluorescence maximum at
around 810-820 nm was expected, although the result in figure 3.4 shows the maxi-
mum at 800 nm. The observed spectrum is not actually the fluorescence spectrum,
but the reflected high intensity excitation light, which still managed to get through
the long pass filter and produce a photocurrent. That photocurrent has higher in-
tensity than that produced by the fluorescence emission wavelengths, thus resulting
in the masking of the ICG emission spectrum. The filter was unable to cut out the
whole wide-range spectrum of the LED due to the overlap between the excitation
spectrum and the selectivity of the filter, resulting in a spectrum maximum at the
cut-off wavelength (figure 3.5). An interesting observation is that, at a higher ICG
concentration (232 nM) an increased intensity at wavelengths greater than 800 nm is

observed, corresponding to the fluorescence spectrum.
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Figure 3.4: Emission results from the excitation of ICG with LED source of 780 nm.
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Figure 3.5: Overlap between the LED emission spectrum and the selectivity of the

output long pass filter.
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The experiment was repeated with a 780 nm LD (QL78]J65A) as the excitation
source and without the peripherals confocal lenses, since light from a LD is already
a parallel beam. The results are shown in figure 3.6. The peaks on the right hand
side are the fluorescence spectra of ICG at different concentrations and the peaks in
the left hand side are the reflected LD excitation spectrum after filtering. The LD
has a very narrow spectral range that does not overlap with the selectivity of the
filter. That characteristic makes the LD more suitable for the particular application,
since the excitation light can be removed with filtering, resulting in more efficient
detection of ICG fluorescence spectrum at different concentrations. Furthermore,

the usage of a narrow band optical filter, needed in the case of a LED, is avoided.
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Figure 3.6: Emission results from the excitation of ICG dye with a monochromatic

laser diode source of 780 nm wavelength. The ICG fluorescence spectra at different

concentrations of the dye are clearly identifiable.

The experiment was repeated by replacing the ICG water-diluted samples with
cryopreserved human tissues impregnated with ICG. The fluorescence spectrum of
ICG was again observed, providing a clear discrimination of control tissue against

ICG-occupied tissues. The results are shown in Figure 3.7.
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Figure 3.7: Fluorescence spectrum of cryopreserved tissues impregnated with ICG.

3.1.1 Constant Luminescence Excitation Source

As mentioned in section 2.3, the discrimination between two critical ICG concen-
trations at 19 nM and 225 nM, can provide information regarding the existence of
cancer in the small intestine. However, the fluorescence intensity can easily change
due to the variation of the optical power of the excitation source, thus it is necessary
that the laser diode and its driver to provide constant luminescence during the ex-
citation process. If the excitation source power is not constant, this may give rise to
a false positive. Luminous intensity and emission wavelength of a LD depend on
its forward current. Therefore, a LD system requires a constant current to maintain
color integrity and to provide the desired luminosity. Furthermore, by using pulse
width modulation (PWM), the average current in the LD can be regulated by creat-
ing changes to the light intensity without changing the real LD current, i.e. without
affecting the emitted color (Figure 3.8). In other words, with changes in flashing duty
cycle the brightness of the LD changes, but the peak current level remains constant

preventing wavelength shifting.

Color Change

True Color Intensity Change

Figure 3.8: Luminous intensity changes of the laser diode with PWM without affect-

ing emission wavelength.

32



In the presented application, the laser diode was driven with a constant current
source in a flashing mode. A constant current driver was used to eliminate the
effect of the power supply voltage variations, which can cause a change in the laser
diode’s luminous intensity and color. In addition, by power cycling the LD energy
is saved and the LDs can safely output higher intensities. The drawback of the
power cycling method is that, it may produce switching spikes at the beginning of
the current pulses and, subsequently affect the luminous intensity of the LD. For
that reason, measurements of fluorescence at the beginning of the excitation pulse
should be avoided. Figure 3.9 represents the proposed constant current LD driver
circuit in power cycling operation. A voltage reference IC (LM317M) was used
to create a current reference topology through a constant voltage output at 1.2 V
and a feedback resistor. A switching NMOS trench transistor driven by a field-
programmable gate array (FPGA) or a complex programmable logic device (CPLD)
controls the power cycling operation. Moreover, luminous intensity depends and is
inversely proportional to LD-junction temperature that affects also the emitted color
with a shift to higher wavelength as temperature increases. However, this is not as
crucial for the specific application, since body’s temperature variations throughout

the day are not significant.

5.5V Input Output | Vr=1-2v _100mA
I LM317M

R=12Q
Adjustment

VG
NMOS
Transistor
VG voltage driven from an FPGA or a CPLD in power cycling operation

Figure 3.9: Constant current LD driver circuit, in power cycling operation, for con-

stant luminescence.
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The following mathematical analysis provides an estimation of the laser diode
brightness variations due to variations in operating current, flashing duty cycle and
ambient temperature. It was important to perform this analysis in order to gauge
the viability of the capsule fluorometer, in view of the fact that the potentially low
concentrations of the fluorophore lead to a relatively small dynamic signal range,
and that any other sources of variation must be minimized and quantified. The

optical power of a LD is given through the following expression (equation 3.1):

PoptLD = Dc-ns(lop —Im) 3.1)

where 7, is the slope efficiency, I,, is the LD operating current, I, is the minimum
threshold current needed for the proper operation of the LD and DC is the flashing
duty cycle [85]. Consequently, LD optical power can change after variations in the
operating current, slope efficiency, threshold current and duty cycle. Therefore,

optical power variations are estimated from the following differential equation (3.2):

dpo tLD dpo tLD dpo tLD dpo tLD
APyyiip = —— dl, + —2 = dly, + —— dn, P dDC 2
P = e T T, T, T TIDe (32)
Otherwise:
oP oP oP
APopiip = —2 dly + —e2 AT+ ——=  dDC (3.3)
Iy per, ITj . oDC 1,1,

ns and I, are dependent on temperature variations and can be obtained from equa-
tions 3.4 and 3.5 respectively. h is Planck’s constant, c¢ is the velocity of light in
vacuum , e is electron’s coulomb, 7, is the external differential quantum efficiency
of LD, A is the emitted wavelength (which depends on the LD junction tempera-
ture), Iy, and Iy are the threshold currents at absolute junction temperature T; and
at 0 K respectively and T, is the characteristic temperature (which characterizes the

temperature dependence of the threshold current of a laser diode).

h.c ng
;= ng=12 4
=A™ > X[ 34
T;IK]
Ith = L,.em (35)
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Equations of the partial derivatives are given below :

JoP,
M = pCam, = DC. (1.25@) (3.6)
Loy DCT; A
aPopt‘LD ny
TC s = "ol = 1) = (1.257) (Lo In) (3.7)
aPopiELD _ aPopl‘LD dns d_A + aPopl‘LD @ (3 8)
8T] Iop,DC 87’15 Lop Iy, DC d/\ dT] alth Lp,1s,DC dT]

ng dA ng Ith
= (DC.(L,, — In)). (—1.25—) i (—Dc. (1.25—)) . (—) (3.9)

b A2)dT; AT,

In equation 3.9 the temperature coefficient of the peak wavelength of the laser can

be obtained from the bandgap energy E, of the laser medium [33]:

dA h.c dEg

The temperature dependence of the semiconductor bandgap energy is given through
Varshni relation [72] (equation 3.11), where a and f§ are fitting parameters charac-
teristic of a given material and E,(0) is the bandgap energy at a temperature of 0

K. "
a.l”

E.(T;) = E,(0) — — 3.11

o(Tj) = E4(0) T+ (3.11)

Thus, the equation 3.10 then becomes:

A (h_c) [2.a.T]-(Tj+ﬁ)—a.T]2]

i =& T 57 (3.12)

Moreover, considering the current source topology in Figure 3.8, the LD operating
current is equal to the reference voltage, V,=1.2V, divided by the feedback resistor R
(equation 3.13), thus any variations of the operating current are related to the varia-

tions of the reference voltage and the resistor value with ambient-body temperature
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changes. Equation 3.14 calculates the variations of the operating current, based on
the assumption that reference voltage variations are negligible with temperature

change anticipated inside the body.
Iy = — (3.13)

dR 1.2 dR

dl
dlop = - ATy = "R AT

—_— AT 3.14
dR AT, ’ 314
In addition, duty cycle in power cycling operation is a function of the switching
frequency f., of the NMOS transistor, while switching frequency is a fraction of a
crystal oscillator frequency fus, which further depends on ambient-body temperature

Tomp- Equations 3.15 - 3.17 show these dependencies:

DC = t,.fu, (3.15)
_ ﬁ)sc(Tumb)
fsw - T (316)
ﬁysc = fo(l + b(Tamb - Tr)z) (317)

where t, is LD pulse duration, m is the diviation number of crystal oscillation

frequency, f, is the crystal frequency at room temperature T, = 25 °C and b[%5 ] is the
temperature coefficient of the crystal. Thus, small changes in duty cycle are given

by equation 3.18:

_dDC dfsy dfe

iUCy dﬁsw .dfosc.dTamb

AT = t,,.%.Zfob(Tamb —T,).dTomp (3.18)

The final step was to estimate LD optical power variations based on the above
relations and actual values of the parameters. The excitation source used for the
capsule fluorometer was an AlGaAs infrared laser diode with peak wavelength
at 785 nm, output intensity around 100 mW and a relatively small package of 3.3
mm diameter. Table 3.2 shows all the parameters that are related to the AlGaAs
infrared laser diode (ADL-789015X), the crystal oscillator (ASDK 32.768 KHz) and

the feedback resistor of the current source topology.
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Table 3.2: Parameters values of several components of the capsule system

Parameter Equation Value
Lop Ly=12% 100 mA
A - 0.785 um
I - 25mA
ng - 1.1 mW/mA
t, - 1ms
Jsw - 1Hz
DC DC=t,.fw=1 ms.1 Hz 1073
T, - 55K
i - 2.5+ 10 *um/K
Jo - 32.768 KHz
fro=L = 1Hz = 276Kz 32768
b - -0.04 ppm/°C>
R - 100 ppm/°C

Tmb Tompy=body temperature 37.45 °C

The substitution of the parameters to the equations gives the following results:

8ljt)plfLD -3 -3
o dly, =1.75 10 [mW/mA] * (=10 * 10)[mA/K].d Ty,

w Do (3.19)
= —0.0175 * 103 [mW/K].dT s

aPopt‘LD -3
ADC =131.37[mW] * (=1 % 103)[1/K].dTams
oDC 1,1, (3.20)

= -131.37 = 10_3[mW/K]-dTamb

JP optLD
oT;

dT] =—0.84+% 10_3[1’11W/K]-dTamb
- (3.21)

fOT'T]' = Tamb

Finally, assuming that the capsule is used for cancer screening between the hours
of 11 a.m. and 9 p.m., where body temperature changes, dT,,;, are around +0.11°C

(Figure 3.10), then the LD optical power variation is approximately +£0.015mW (based

37



on equation 3.22).

JP dP JP
dPoptLD _ aoptLD dl,, + aoptLD AT; + optLD ADC
Lop DCT; T; Iop,DC dDC 1,1,

= (=0.0175 % 1072).dT s + (=131.37 # 1072).d T + (—=0.84 + 107%).d Ty
= +0.015mW
(3.22)

Considering that the photocurrent produced from LD radiation is around 10°A
(see Figure 3.5) and ICG fluorescence is around 107°A (see Figure 3.6), then it can be
assumed that excitation light intensity is 10° stronger than fluorescence. Therefore,
LD intensity variation of +0.015mW can cause fluorescence variation of around
+0.0151nW, thus ICG concentrations can still be detectable even after such variations

in their fluorescence intensity.
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Figure 3.10: Humans body temperature variations during daily activity [5].

3.1.2 Intestine Tissue Maximum Permissible Laser-Exposure

The gastrointestinal track will be exposed to near infrared radiation during a cancer
screening procedure, thus an investigation of the maximum permissible exposure
(MPE) of intestine tissue to laser radiation is necessary. Optical radiation is usually
absorbed in a thin layer of tissue, causing thermal heating and heating-related in-
juries to the cells. For that reason there is a threshold value, a maximum exposure

level of radiation energy, below which no risk exists. In order to estimate the MPE for
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intestine tissue we need to consider, first, that intestine tissue falls between sensitive
and hard tissue. Thus, the MPE of intestine tissue can be estimated as the average
value of the MPE for eye (sensitive tissue) and skin (hard tissue); both these values
can be obtained from the exposure limits of the ANSI Z-136.1 safety standard [71].
Eye and skin injury thresholds vary considerably with radiation wavelength.
Figure 3.11 shows the exposure limits for direct ocular exposures and skin exposure
from a laser beam in the visible and near infrared radiation range. Yellow boxes mark
the MPE which is related to the presented application, since ICG-tissue excitation

pulses have a duration of some milliseconds in a period of 1 second and a wavelength

of 785 nm.

MPE for Ocular Exposure
[Visible and Near Infrared Exposure Duration t(s) MPE Jicm? MPE W/cm?
0.400 to 0.700 10710 18 x 107 0.5x%10°
0400 to 0.700 [18x10%t0 10 1.8 #7x 107
0.400 t0 0.450 [10 to 100 1.0x 10”
0.450 10 0.500 1010 T) 1x10°
0.450 to 0.500 T to 10° Cex 10~
0.400 1o 0.500 100 to 3 x 10° Cex 107
0500 to 0.700 10to 3% 10% 1x10°
0.700 to 1.050 10°to 18 x 10°° 5.0Cyx 107
0700 to 1.050 [18x10°t0 10 et
0.700 to 1.050 [10t03x 10" Cax 107
1.050 to 1.400 10" to 50 x 107 5.0Cc x 10°
1.050 to 1.400 50% 107 to 10 9.0Ccr " x 107
1.050 to 1.400 10t0 3% 10° 5.0 Ccx 107
MPE for Skin Exposure
Visible and Near Infrared
Wavelength Exposure MPE
(L) Duration. 7 (s) (Jcm™) (W cm™)
] 7 -2

[ 107 to 10 2C: x 10

0.400 to 1.400 I 100 to 10 e =
4
[10 t03x 10 0.2C,

Figure 3.11: Maximum permissible laser exposure for direct ocular and skin exposure

[71].

Therefore, the MPE for intestine tissue can be considered as the average of the

two values:

1.8CA.t°7°.1073 + 1.1C4.t9%
2

MPE estine—tissue = (3.23)

where C, = 100002(4=700mm) jg 5 correction factor for wavelengths between 700 nm

and 1050 nm.
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3.2 Fluorescence Detector Selection

As previously mentioned, fluorescence intensity is relatively weak compared to the
excitation light intensity, thus for an efficient detection of different levels of ICG emit-
ted light, a sensitive photodetector with low noise and low dark current is necessary.
The choice of the detector type was between photoresistor, photodiode, phototran-
sistor and avalanche photodiode [25], all of which have a small size appropriate for
the limited-space capsule application. In the next section various options that were

considered are described and evaluated in terms of suitability for this application.

3.2.1 Photoresistors

A photoresistor (or photocell) is basically a resistor whose resistive value changes
depending on how much light shines onto its active area. Specifically, its resistance
decreases with increasing incident light intensity. A typical structure for a photore-
sistor uses an active semiconductor layer that is deposited on an insulating substrate.
The semiconductor is normally lightly doped to reach the required level of conduc-
tivity (Figure 3.12a). Contacts are then placed either side of the exposed area. In
many instances the area between the contacts is in the form of a zig zag pattern to
maximise the exposed area (Figure 3.12b). Photocells are very low cost, and come in
many sizes and specifications; however, they have low accuracy and slow response,
taking tens or hundreds of milliseconds to respond to sudden changes in the light
level. Each photocell sensor will act a little differently than the other, even if they
are from the same batch. The variations are of a magnitude of 50 per cent or higher.

For these reasons, they should not be used for determining precise light levels.
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Figure 3.12: a) Layer structure of a photoresistor , b) Photoresistor sensor.
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3.2.2 Photodiodes and Avalanche Photodiodes

Photodiodes are semiconductor light sensors that generate a current or voltage
when the active area of the semiconductor is illuminated by light. They are sensors
used to detect the intensity of light. When a semiconductor is illuminated by light
whose energy is greater than the semiconductor band-gap energy (E,) the light is
absorbed and electron-hole pairs are generated creating a photocurrent. Specifically,
at absolute zero temperature the valence band is completely filled with electrons and
the conduction band is empty. As the temperature increases, the electrons acquire
thermal energy and move from the valence band to the conduction band, leaving
holes in the valence band. The resulting electrons in the conduction band and holes
in the valence band are free to conduct current. Therefore, a diffusion current is
generated due to differences in electron and hole concentration at the P-type and
N-type regions. Electrons from the N-type region diffuse to the P-type region and
holes from the P-type to the N-type region creating a built-in voltage across the

P-N junction and a region with no free carriers, called the depletion region. The

Anode (+)

Light o

Area
SiO,

Active
{ LL P+
@ electron
O hole

Si0,

Depletion Region

— .

Cathode (-)

Figure 3.13: Layers structure of a photodiode.

built-in voltage across the depletion region results in an electric field , which only
exists within the depletion region and is maximum at the junction. Any applied
reverse bias at the anode and cathode of the photodiode is added to the built-in
voltage, resulting in a wider depletion region and a stronger electric field. Thus,
light-induced electron-hole pairs in depletion region are separated by the electrical
field, contributing to a drift photocurrent, which is proportional to the incident light

(Figure 3.13).
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With light absorption, the current-voltage characteristics of a photodiode change
as shown in Figure 3.14, and the reverse current increases due to generation of the
photocurrent I;,. Depending on the reverse pn-junction bias voltage, the operation
modes of a photodiode can be divided into photovoltaic (no reverse biased), pho-
tocontactive (reverse biased), and avalanche photodiode mode (reversed biased to

breakdown voltage).

Photocontactive Photocontactive
Mode Mode

Reverse Bias Forward Bias

/T/DT‘ Vv
(Saturation Current)

Increasing
y Light Level

Figure 3.14: Current - Voltage characteristics of a photodiode with increasing level

of incident light.

When a reverse bias is applied, a small reverse leakage current appears known
as dark current, Ip, and flows even when the photodiode is in a dark environment.
Dark current is temperature dependent and it approximately doubles its value for
every 10°C increase in ambient temperature. Thus, the total measured current from

a photodiode is equal to:

eV
Liotar = Ip + Ly = Lgpe & + I, (3.24)

where Ip is the dark current, I, is the induced photocurrent, I, is the reverse
saturation current due to thermal generated carriers, V, is the applied bias voltage,
k is the Boltzmann Constant and T is the absolute temperature (273°K=0°C).

As the applied reverse bias increases, there is a sharp increase in the photodiode
current. The applied reverse bias at this point is referred to as breakdown voltage

(Figure 3.14). This is the maximum applied reverse bias, and the photodiode should
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operates below this voltage. On the other hand, the avalanche photodiode uses
that functionality and operates in avalanche mode near the breakdown voltage.
That makes the device more sensitive to very low intensity light, however the high
reverse bias voltage, around 100 V - 200V, is not practical.

A silicon photodiode can be represented by a current source in parallel with an
ideal diode (Figure 3.15). The current source represents the current generated by
the incident radiation, and the diode represents the p-n junction. In addition, a
junction capacitance (C;) and a shunt resistance (Rsy) are in parallel with the other
components. A series resistance (Rs) is also connected in series with all components

in this model.

VWA

Rs

Rsh RL

Figure 3.15: Photodiode’s equivalent circuit.

Shunt resistance (Rsy), or dynamic junction resistance, is given by the slope of
the current-voltage photodiode curve at zero voltage. It is temperature dependent,
decreasing with increasing temperature. For best photodiode performance the high-
est shunt resistance is desired. The series resistance (Rs) of a photodiode arises from
the resistance of the contacts and the resistance of the undepleted silicon. Ideally
Rs should be very small. Finally, junction capacitance (C;) is determined by the
boundaries of the depletion region, which act as the plates of a parallel plate ca-
pacitor whose capacitance is directly proportional to the diffused area and inversely
proportional to the width of the depletion region. It also depends on the reverse
bias, since the depletion region increase with increasing reverse bias voltage.

Low noise is a desired characteristic of a photodetector, since noise current will
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limit the usefulness of the photodiode at very low light levels where the magnitude
of the noise approachs that of the signal photocurrent. In a photodiode two sources
of noise can be identified: shot noise and Johnson noise. Thermal, or Johnson noise
is inversely related to the value of the shunt resistance of the photodiode and is
caused by the thermal generation of carriers. This type of noise is the dominant
current noise in the photovoltaic (unbiased) operation mode. On the other hand,
shot noise is related to the statistical fluctuation of both the photocurrent and the
dark current of the photodiode and it dominates when the photodiode is used in the
photoconductive mode, where an external reverse bias is applied across the device
causing an increase of dark current.

Photodiode light current is often causing linear over a wide range of light inten-
sities with excellent linearity over 6 to 9 decades of light intensity. Consequently,
photodiodes are often used in applications where absolute measurement of light
intensity is required. The lower limit of the photocurrent linearity is determined by
the noise current and the upper limit by the series resistance and the load resistance.
Furthermore, the response time of a photodiode depends on the value of the applied
voltage across the diode (since this has a major effect of the junction capacitance),
and the load resistance.

Accordingly, a reverse bias can greatly improve the speed of response of the
devices, due to increase in the depletion region width and, consequently, decrease
in junction capacitance. Applying a reverse bias, however, will increase the dark
and noise currents. On the contrary, photovoltaic mode of operation is preferred
when a photodiode is used in low frequency applications, as well as ultra low light
level applications, since noise current is lower. In photoconductive mode the dark
current may approximately double for every 10 °C increase change in temperature,
whilst in photovoltaic mode, shunt resistance may approximately double for every
6 °C decrease in temperature.

An important characteristic is the responsivity (R) or the sensitivity of a photode-
tector. The responsivity of a photodiode is a measure of the sensitivity to light and
is defined as the ratio of the photocurrent to the incident light power (P) at a given

wavelength:

R, = %h[A/W] (3.25)

44



In other words, it is a measure of the effectiveness of the conversion of light power
into electrical current. It varies with the wavelength of the incident light, as well as
applied reverse bias and temperature.

Avalanche Photodiodes (APDs) have high sensitivity, high response speed and
improved signal-to-noise ratio, since they utilize an internal gain avalanche mech-
anism. In particular, APDs operate in avalanche mode where a reverse bias near
breakdown voltage (100 V - 200 V) is required. The high voltage biasing creates a
strong electric field, that provides high kinetic energy to the light-induced electron-
hole pairs, which then collide with atoms in the crystal lattice creating more elec-
tron-hole pairs, some of which cause further ionization. Compared to photodiodes,
avalanche photodiodes can measure even lower light levels and are used in appli-
cations where high sensitivity is required. However, the very high reversed bias
voltage needed for their operation, results in much higher dark current and, thus,
resulting power consumption. Moreover, charge pumps are required, hence increas-
ing power consumption and space. Also quenching circuits are needed to terminate
the electron avalanche and to trigger the photocurrent processing in the subsequent
circuits. In order for a regular photodiode to detect lower light levels, common prac-
tice involves increasing the gain in the operating circuit by increasing the feedback
resistor value. This has the unwanted consequence of reducing the speed of response
and increasing the thermal noise associated with the operating circuit. The effect
of the thermal noise can be reduced by adding a parallel (to the feedback resistor)
capacitor, which essentially lowers the phototransduction circuit’s response time.

Otherwise, it can be reduced in a later stage, through digital averaging techniques.

3.2.3 Phototransistor

A phototransistor can be viewed as a photodiode whose output photocurrent is fed
into the base of a conventional BJT transistor. The PN junction is the collector-base
diode of a bipolar transistor and the light-induced current effectively replaces the
base current (Figure 3.16 ). The nature of the transistor itself is such that a change
in base current can cause a significant increase in collector current. Thus, the base
current from the incident photons is amplified by the gain of the transistor, resulting
in current gains that range from hundreds to several thousands, providing higher

sensitivity to the device. The phototransistor has a much lower level of noise when
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is compared to an avalanche photodiode, but the noise is higher compared to a
photodiode, since dark current is also subject to the amplification. Furtheremore,
unlike a photodiode, whose output is linear with respect to incident light over 7 to 9
decades of light intensity, the collector current of a phototransistor is linear for only
3 to 4 decades. Moreover the speed of response of a phototransistor is dominated
almost totally by the capacitance of the collector-base junction and the value of the
load resistance. These dominate due to the Miller Effect, which multiplies the value
of the RC time constant by the current gain of the phototransistor. This leads to the
general rule that for devices with the same active area, the higher the gain of the

photodetector, the slower the response is.

Window
Emitter Base
C
’ m
E

Collector

Figure 3.16: Phototransistor layer structure and electrical symbol

3.2.4 Conclusion on Photodetectors

Table 3.3 shows a brief summary of the main characteristics of the four candidate
photodetectors, for the capsule system, as they described above. The advantageous
properties of the devices are indicated in green, in contrast to the disadvantages,
which are marked in red. Large photodiodes are shown to be the most appropriate
fluorescence detectors for this application. This is mainly because, the low dark
current in comparison to the phototransistors and the low bias voltage in compari-
son to avalanche photodiodes. Also, they do not need the extra charge pump and

quenching circuitry, thus lower overall power consumption.
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3.3 Optically Transparent Capsule Housing materials

There are several materials for housing the fluoroscopic system, which are mainly
approved for medical use. Those materials are Polyphenylsulfone, Polysulfone,
Polyetherimide, Polymethyl methacrylate and Polycarbonate, all of which are plas-
tics. Also, they are Soda-lime and Borosilicate, which belong to the glass category.
The first three are unsuitable, as they are translucent, and have poor optical charac-
teristics. Polycarbonate is also inappropriate, as it also has some potential biocom-
patibility problems. Choosing between plastic and glass, plastic is preferred as it is
cheaper and can be easily formed into a complicated structure, that may have optical
lenses and reflectors integrated to its body. Therefore, Polymethyl methacrylate, the
well known Acrylic, was chosen as the housing material, which is often used as an

alternative to glass option. Other characteristics of Acrylic are listed below [52]:

e It is transparent to IR light up to 2800 nm with a refractive index of 1.49.
Index matching epoxy should have similar refractive index to prevent light

reflections.
e It can be easily heat-formed without loss of optical clarity

e It is unaffected by aqueous solutions of most laboratory chemicals, cleaners,

diluted inorganic acids and alkalis

e It is a strong and lightweight material with good impact strength higher than
glass

e It has good degree of compatibility with human tissue and is biologically

compatible.

3.4 Optics Optimal Structure

The optimal positioning of the excitation sources, the detectors and lenses can in-
crease the overall detection sensitivity and efficiency of the capsule system by opti-
mally screening the whole small intestine area. For that reason, two structures were
considered as the most appropriate optics-position for the presented capsule appli-
cation. Those structures are a) the side circular and b) the front circular positioning,

shown in Figure 3.17.
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Figure 3.17: Optics a) side circular structure and b) front circular structure.

Inboth cases the excitation sources and the photodetectors are placed in a circular
manner, covering in this way a cross section of the small intestine and allowing to the
capsule fluorometer to perform an overall intestine screening. The spherical surfaces
(lenses), which are responsible to diverge the excitation light to a total cross sectional
area of the intestine, will be constructed on the acrylic capsule case. However, the
actual implementation of the capsule housing with the embedded lenses is outside
the scope of that research. The following sections provide a more detailed description
of the two structures, as well as the necessary calculations related to the spherical

surface characteristic parameters.
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3.4.1 Side Circular Optics Structure

As Figure 3.17a shows, laser diodes and photodiodes are placed side by side in a
circular manner around the capsule case side-walls. This structure, in combination
with spherical surfaces for diverging the excitation light, allow the capsule to perform
an efficient screening of an entire cross sectional area of the small intestine. Figure
3.18 shows the cross section of the Capsule - Intestine System, where the diameter
of the capsule is 12 mm with an acrylic case of 2 mm thickness and a small intestine

average value diameter of around 30 mm [3].

Small Intestine Wall

|
Excitation Light Divergence

Small Intestine Area

T Capsule Acrylic Case

Laser Diodes

Capsule Inside Area

Convex lenses
(spherical surface

on the acrylic case)

Figure 3.18: Capsule - Intestine System cross section of side circular optics structure.

Let us now consider the LD - Lens System and calculate the radius of curvature
(R) of the spherical surface, such that the excitation light is refracted in a desirable
angle illuminating in this way an arc-part of the intestine. With the assumption that
the laser diode is attached to the capsule case walls with index matching epoxy, then
the light ray from the LD is refracted at a single surface POQ that separates air and
acrylic with a refractive index of 1 and 1.49 respectively (Figure 3.19 ). Furthermore,
the divergence angle (U) of the laser beam is 8.5° based on the data sheet [4] of the

device.
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Figure 3.19: LD - Lens System. Refraction of laser beam ray at a spherical surface.

The following set of equations allows the calculation of the radius of curvature

R of POQ surface [84]. From the right triangle S’A’C and SAC,

CA’ = (L' + R)sinll’ (3.26)

CA = (L + R)sinU (3.27)

and from the right triangle QA’C and QAC,

. CA
sinX' = R (3.28)
CA
nX = — 2
sinX = — (3.29)
Applying Snell’s law,
. n .
sinX' = ?sz (3.30)
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Substituting Eqs. 3.28 and 3.29 into Eq. 3.30 then,
n
CA = ;CA (3.31)

Finally, the radius of curvature of the POQ surface is:

CA’
R =
sinll’

I4

= wCA L’ (3.32)
~ sinll’ ’

Z(L + R)sinU Y
sinl’

Therefore, the value of R can be calculated by assigning some values to the angle
U’ and length L’ since all other parameters are known. The calculation of those
parameters is given below.

The length of the arc KT is 7.85 mm, derived from dividing the intestine perimeter

by six,
Pintestine = 2T Rintestine = 3070 = 94.25mm (3.33)
KTM = 94.25/6 = 15.71mm (3.34)
KT = 15.7/2 = 7.85mm (3.35)

The length OQ can be approximately estimated through the tangent of angle U
(eq. 3.36) or through the arc length of angle U (eq. 3.37). Since both equations give

similar result, they consider valid for small distances.

OQ = tanU * L = tan(8.5) * 2 = 0.299mm (3.36)
—— u 8.5
0OQ = ZRL% = 2712% = 0.297mm (3.37)

All the above, result to two equations (eq. 3.38 and 3.39) with U” and L as unknown
parameters. Solving those equations the missing parameters for equation 3.32 can

be obtained (eq. 3.40).
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u u 1719

0Q =2nl'55 =>03 =20l 75 => [/ = =2 (3.38)
KT =2r(TO + L) L 7g5= 21(7 + L) u' (3.39)
- 360 00T 360 '
34.38 U
. — = ’ = . ° ’ = . 4
7.85 = 2n(7 + = 2=) 55 => U’ = 61.80°, L' = 0.28mm (3.40)

Therefore, from eq. 3.32, the radius of curvature of the POQ surface is approxi-

mately 0.29 mm (eq. 3.41)

L(L + R)sinU
SR —

sinl’

wLsinl — L'sinl’ .44 — 0.25
~ sinlll — ZsinU  0.88-0.22

(3.41)

= 0.29mm

3.4.2 Front Circular Optics Structure

The front circular optics structure is shown in Figure 3.17b, where the six sets of
alternating laser diodes and photodiodes are placed concentrically at the end of the
capsule. They are positioned as such, so as to scan the intestinal walls whilst being
pushed along by the peristaltic movement (Figure 3.20). This is important, since
at this time, the intestine is pressed up closely to the capsule walls, thus keeping a

fairly constant distance between the walls and the optics.

Contraction

From ) / Capsule 3 To
mouth ..' i )} anus
JUAN >

Figure 3.20: Peristaltic movements of small intestine.
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Figure 3.21 shows the side and front view of the structure. Some useful dimen-
sions are also indicated for the calculation of radius of curvature of the spherical sur-
face. The calculation of R in front circular optics structure, uses the same equations
as in the side circular structure, differing only by some parameter values. Specifi-
cally, KITM length is now 4.7 mm and TO distance is around 5 mm. Thus, from the
equations 3.42 to 3.45, the radius of curvature of the POQ surface is approximately

0.83 mm.

Side View Front View

Excitation Light

> Intestine Area Divergence

Small Intestine Wall

Excitation Light

Divergence Intestine Area

Convex lenses
(on the case)

Laser Diodes

Convex lenses

(on the case) Laser Diodes

s ¢apsule Acrylic Case Capsule Acrylic Case

! | "
«2mmp- i | +—4.7 mm—>»
| |

| |
~«5mme- ‘%—9 mm————»

Figure 3.21: Capsule - Intestine System’s front and side view of the front circular

optics structure

— Lu w1719
OQ =2nl/sp => 03 =2nl 7o => L' = —= (3.42)
KT = 2r(TO + L) w o 35= 2n(5 + L) w (3.43)
B 360 77T 360 '
17.19. U’ , c o,
2.35 = 2n(5 + ~5) 305 => U’ = 23.49°, L' = 0.73mm (3.44)
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Z(L + R)sinU
R=t—— 1
sinl’

“LsinU — L'sinU’ (.44 — 0.29
~ sinll’ — ZsinU~ 0.40 - 0.22

(3.45)

= 0.83mm

3.5 Air Pockets as Light Diverging Lenses

An air bubble, in the index matching epoxy, in front of each LD, can be used as a
divergent lens, to scan a larger segment of the intestine (Figure 3.22a) [106]. Each ray,
in a collimated laser beam of infinitesimal thickness, that impinges on an air bubble,
gives rise to a group of rays by reflection and refraction , as is shown in Figure 3.22b.
The theory on an air bubble acting as a micro lens, has been thoroughly analysed
by Davis [18], where he showed that the energy of the collimated beam of incidence
upon an air bubble in water (with a large diameter in comparison to the wavelength
of the incident light) is scattered in the general forward direction, ranging in angle
from 0° to 82.8°. The author highlights that the surfaces 1 and 2 of rays incidence,
contribute the most to the intensity of the scattered light within this angular range.
Thus, we expect a similar behaviour from light interacting with bubbles found in

the index matching epoxy (Mwater = 1.333, Mgpoxy = 1.52, Hgeryiic = 1.49).

Air Bubble

Air Bubble in the
index matching epoxy

(@) (b)

Figure 3.22: Laser Diverging Bubble Lens: a) Air bubble in the index matching

epoxy, b) Reflection and refraction of components of an incident ray.
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An experiment was performed to verify the validity of the principle to the capsule
application. During the attachment of the pcb to the capsule case, which was filled
with index matching epoxy, an air bubble was trapped in front of each LD (Figure
3.23a). The cylindrical shape of the laser diode allowed the formation of such a
micro-lens. The experiment uses a calibrated photodiode and Keithley 4200SCS for
the measurement of the LD’s optical intensity at an angular range from 0° to £90°

and at a radius distance of 1 cm (Figure 3.23b).

Capsule
Fluorometer
with air bubble
in front of the
laser diode

Figure 3.23: a) The formation of an air bubble in front of each LD, b) Experimental

setup for verification of the principle.

The results are shown in Figure 3.24, where the data set marked with blue cor-
responds to the angular distribution of laser intensity, scattered by an air bubble
micro-lens, while the data set marked with red corresponds to same measurements
obtained only by a LD. It is observed that the air bubble causes a further divergence
of the laser beam, which has an initial divergence angle of 17°, as stated in the data
sheet [4] and also presented in the experimental data. The intensity of light at a
diverging angle of 30°, is almost half to the intensity measured at the optical axis (0°
divergence). Thus, a light diverging of 60° from each one of the six laser diodes, can
completely illuminate the walls of the small intestine, though the intensity will be

lower at the 30° divergence angle.
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Figure 3.24: Angular distribution of light intensity of LD, scattered by an air bubble
in index matching epoxy. A divergence of light, by the air bubble, at higher angles

is observed compare to the angular distribution of the LD’s intensity.

3.6 Conclusions

This chapter concludes with several decisions and results on the optics and opto-

electronics of the system. These are concluded below:

e As an excitation source, a laser diode with emission wavelength at around 780
nm, is used. The narrow spectral range of the LD, allows the more efficient

tiltering of the excitation spectrum from the fluorescence.

e A long pass optical filter with cut-off wavelength at 800 nm can reduce the

excitation light, allowing the detection of the emitted fluorescence signal.

e A constant current LD driver circuit that operates in power cycling mode, is
used. Such a circuit provides relatively constant luminescence to the LD, reduc-
ing the variations of the fluorescence intensity. Calculations show that, those
variations can not affect the ability of the system to detect and discriminate the

two critical concentrations of ICG.
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e Asaphotodetector, a photodiode is used, that has low dark current in compar-
ison to a phototransistor and low bias voltage in comparison to an avalanche
photodiode. Also, it does not need the extra charge pump and quenching

circuitry.

e Acrylic is chosen as the capsule housing material, mostly because it is trans-

parent to IR light and it is also approved for medical use.

e Side circular and front circular positioning of the optics and optoelectronics
was decided, where the LDs and photodiodes are placed in a circular manner,

illuminating a cross section of the intestine.

e The divergence of the laser diode beam to scan a larger segment of the intestine,
can be realised either through micro-lenses constructed on the acrylic housing,

or through an air bubble in the index matching epoxy, that acts like a micro-lens.

The following chapter addresses the design and implementation of the mixed
signal electronics of the capsule, together with all the detailed considerations and

calculations.
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Chapter 4

Implementing the Electronics

This chapter presents the implementation of a screening capsule prototype that
is able to detect and distinguish increased levels of IR fluorescence emitted from
indocyanine green (ICG) aqua solutions of low concentrations. Several system opti-
misations on VHDL coding and hardware level are also presented, which are related
to storage and power management, capsule structure and size, and optical data re-
covery. The following sections concern the customisation of a mixed signal electronic
system with off-the-shelf components and its integration on a compact-size PCB. The
system includes the following: excitation source driver, photodetector interface, an
A/D converter, an accelerometer, a flash memory, storage and power management
algorithms, signal processing algorithms, peripheral communication interface, con-

tactless data transfer interface, reference circuits, timers and clock generator.

The general operation of the system can be summarized as follows. An exci-
tation source driver bias the light sources with constant current so as to ensure
constant intensity of the excitation light ( section 3.1.1) and thus give a consistent
fluorescence value for a given concentration of fluorophore. The light sources flash
sequentially through switching transistors in a circular arrangement, thus covering a
cross sectional view of the intestine. Simultaneously, the photodetectors receive the
fluorescence light coming from the excited fluorophore, which carries information
on the existence or non-existence of cancer, and through amplification, the weak
fluorescence will be enhanced. The signals are then be digitized by an ADC and
stored to an internal flash memory. After, to readout the stored data, a 4-wire SPI

interface and/or an optical data transmission interface can be used.
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Variations in physical sample distance, due to variations in the capsule speed,
can either be handled by having a high data sampling rate, which is power hungry,
or through a speed/acceleration dependent sampling rate. In addition, a complex
programmable logic device (CPLD) is responsible for the signal processing, the con-
trol of photo-transducer switching, the storage and power management, and the SPI
communication with the peripherals IC (i.e. ADC, flash memory, accelerometer).
Furthermore, a clock generator is needed to provide a global clock to the CPLD, and

also several voltage reference circuits to power supply all the devices.

4.1 The First Generation Capsule

Electronic circuit design usually requires a few iterations to converge on a circuit.
In this section the first generation capsule is presented, which was used to show the
teasibility of such a fluorescence detection capsule and which was used as a stepping
stone towards an optimized design. As there is educational value in a first iteration,

this is presented, rather than directly present the second generation capsule.

4.1.1 Hardware Architecture and Implementation

The implemented hardware satisfies the three important factors that an IR screening
capsule system must have: a) IR fluorescence sensitivity, b) small size, and c) low
power consumption. The system hardware is shown in Figure 4.1 and consists of a
flexible PCB (brown) connected to the capsule main body rigid PCB (green) through
a mini ZIF connector (FH26-235-0.3SHW). Figure 4.2 shows the full four layer PCB,
which was designed in Altium software. Standard mixed-signal design techniques
were used with separated analog and digital parts, as well as different ground and
power plane. The main body rigid PCB has dimensions 13 mm x 27 mm, while
the flexible PCB has dimensions 41 mm x 27 mm (Figure 4.3) so it can be wrapped
around the rigid PCB in a diameter of 13mm, forming in that way a compact cylin-
drical shape with the optical photo-transducers (laser diodes, photodiodes) placed

in the side circular structure described in section 3.4.1.
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Figure 4.1: Hardware Implementation.
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Figure 4.2: Four Layer Rigid PCB: top layer (top left corner), bottom layer (top right

Digital Part

corner), mid-layer-1 (bottom left corner), mid-layer-2 (bottom right corner)
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Figure 4.3: Two Layer Flexible PCB: top layer (red), bottom layer (blue).

Figure 4.4 shows the hardware architecture of the capsule, which is segmented in
the flexible (Circuit Schematic - Appendix A) and the rigid PCB (Circuit Schematic
- Appendix A). The flexible PCB consists of: (1) six excitation laser diodes (ADL-
78901sx) with a constant current biasing module (LM317MDCYR), (2) n-channel
MOSEFET transistors (S11023X-T1GE3) for lighting up the LDs one at a time, (3) six de-
tector photodiodes (EPD-880-0-1.4) with their operational amplifiers (OPA129UE4),
(4) an analog multiplexer (SN74LV4051ATPWRQ]1), and (5) a Hall effect sensor
(AH1802). The rigid PCB consists of: (1) a sixteen bit ADC converter (ADS1146IPW)
with 2V external voltage reference (REF3320AIDBZT), (2) a non-volatile memory
(AT25DF021) to store the collected fluorescence data, (3) a three - axis accelerom-
eter (KXUD-1026) with one of its axes aligned in the direction of the movement,
(4) a CPLD module (CoolRunner-II, XC2C64A) that implements signal-processing
algorithms and SPI communication protocol to interface with the above peripheral
units, (5) an oscillator of 32kHz for driving the master clock of the CPLD and several
voltage regulators; (6) a dual voltage reference 1.8 / 3.3V (TPS70151PWP) to power
up the CPLD and the peripheral units and (7) charge pumps of 5.5 V (MAX1853
and MCP1253) for biasing the operational amplifiers required to detect the tiny

photocurrent.

62



Capsule’s Rigid PCB Voltage
Regulator
(for power up
Flash Memory SPI <+ the peripheral
Communication Accelerometer devises)
With an external
Opal Kelly FPGA Vout1=3.3V
SP! sprt Vout2=1.8V
Oscillator \ I A} l
(32KHz) :
CPLD
Voltage
Reference
Vref=2V
SPI Positive
Voltage-
(D Regulated
Converter Charge Pump
V=+5.5V
Inverting Voltage
Charge Pump
V=-5.5V

Photodiode 1

Capsule’s Flexible PCB

Figure 4.4: Hardware Architecture.

4.1.2 System’s Components Documentation

The system required a processor responsible for the management of all the functions
taking place inside the capsule. For this purpose, a Complex Programmable Logic
Device (CPLD) was preferred over a Field Programmable Gate Array (FPGA), a

Digital Signal Processor (DSP) and a micro-controller.

Micro-controllers lack the ability of parallel processing, since they perform one
instruction cycle at a time. This fact makes them require a relatively fast clock in
comparison to programmable logic devices, leading to an increase in power con-
sumption. Moreover, a micro-controller that is small enough in size has much fewer

IOs than a programmable logic devices of comparable size, thus introducing a lim-

63



itation on input-output signals usage. Also, programmable logic devices (CPLDs
and FPGAs) provide increased performance over traditional DSPs with the same
flexibility, since they can handle more processes at the same time because of their
parallel architecture. Likewise, programmable logic devices have a flexible archi-
tecture that can be adapted for a specific DSP function and they have sufficient
capacity to fit multiple MACs (Multiply/Accumulator) or algorithms into a single
device along with the interface circuitry required by the application, as opposed
to a traditional DSP that only has a single MAC. In general, programmable logic
combines the flexibility of a general-purpose DSP plus the speed and density of an
ASIC implementation [51], [78], [77], [91], [38].

CPLDs have a non-volatile character, small size and low power consumption,
which make it preferable over FPGAs. FPGAs and CPLDs are composed of config-
urable logic cells or macro-cells with programmable interconnects between the CLBs
(Contigurable Logic Block) and the inputs and outputs. FPGA has much more logic
capability than CPLD and is usually found within complex applications. CPLDs
typically have thousands to tens of thousands of logic gates, while FPGAs typically
range from tens of thousands to several million. Although, for less complex high
speed designs and low power applications, CPLDs are more suitable. The impor-
tant thing with CPLDs is their non-volatile character, which allows the device to
store the logic configuration program even when no supply exists and to function
immediately on system start-up. On the contrary, FPGA with SRAM-based con-
tiguration character loses any programming when the device is not powered, so it
must be reconfigured each time after power-up. To avoid losing the configuration
program, an external configuration memory moduleis needed, such as a ROM or
flash memory. This implies occupation of more space on the PCB, which is undesir-

able [13], [91], [101], [109], [91].

Transimpedance amplifiers with low input bias current and low input current
noise are also used in the system, since the photodiode’s photocurrent, generated
from the fluorescence light, is expected to be very small; in the order of pico to
nanoamperes (see Figure 3.7). An input bias current on the inverting terminal of the
amplifier will result in an output offset. To minimize these effect, transimpedance
amplifiers with very low input bias current are preferred. Also, amplifiers with
large input current noise to overshadow the weak signals, can not be practical

for amplification of very small current. Table 4.1 shows the characteristics of select
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amplifiers, with the OPA129 outperforming the others, due to its small surface mount
package, the comparable low input current noise and the low (some fA) input bias
current. Furthermore, OPA129 has a substrate pin that should be connected to a
guard ring around the input and be driven by a circuit node equal in potential to
the input terminal of the op amp, resulting in a zero potential difference. In the
presented case, the guard ring is grounded because of the virtual grounded input.
In that way the input is well shielded, minimizing the leakage of photocurrent from

the terminal.

Table 4.1: Important Characteristics of Several Transimpedance Amplifiers

Input Input
Bias Current Supply
Amplifiers Current Noise Current Package
AD549L
VS=+15V 40-60 fA 0.11 fA/Hz 0.6-0.7 mA 8-PinTO-99
LMC6001AL 8-Pin TO-99,
V+=5V,V-=0V  10-25fA 0.13fA/Hz  0.45-0.75mA  8-Pin PDIP
LMP2231 SOT-23,
V+=5V,V-=0V 20-1000 fA 10 fA/Hz  0.01-0.016 mA  8-Pin SOIC
LMP7721
V+ =5V, V- =0V 3-20 fA 10 fA/Hz 1.1-1.5 mA 8-Pin SOIC
opalllBM
VS=+15V 500-1000 fA 0.4-0.6fA/Hz  25-35mA  8-Pin TO-99
opal28LM
forVS=+15V 40-75 fA 0.12 fA/Hz 09-1.5mA  8-Pin TO-99
opal29
VS=+15V 30-100 fA 0.1 fA/Hz 1.2-1.8 mA SO-8

The digitization is performed via a 16-bit sigma-delta A/D converter (ADS1146),
with an internal digital filter and oscillator, and an external voltage reference of 2 V
that allows a conversion of voltage signals in the range of 30.5 uV (2V/(2'* - 1)) to
2 V. Since the output voltage is a result of the photocurrent amplification through
an operational amplifier with a negative feedback resistor of 30 M(), the range of
the measurable current with the specific ADC is from 1 pA to 66.6 nA (Figure 4.5
and equations 4.1 - 4.2 ), which is in agreement with the fluorescence photocurrent
values. Changes in the ADC voltage reference and the value of the feedback resistor

can redefine a new measurable current range in the case of fluorescence detection
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tailure. For example, with 1 V ADC voltage reference and 300 M() feedback resistor,
the measurable current range shifts to lower values from 50 fA to 3.3 nA, which
justifies the selection of an amplifier with input bias current and current noise in the
A scale. The trade-off in that case is that, by increasing the feedback resistor the

thermal noise increases.

Vi 2
I, = ——_2"-1 _ 10204 4.1
min = TR T 30ma 0P (1)
V 2V
I = = = 66.6nA 4.2

-~ L

\_ Vout = Iph*R

l l

Figure 4.5: Photocurrent amplification through an operational amplifier with a neg-

ative feedback resistor.

A flash memory (AT25DF021) of 2 Megabits capacity was chosen for the storage
of the digital fluorescence data in the capsule. With a data resolution of 16-bits,
a sampling rate at 6 samples per second (since there are 6 LDs-photodiodes and,
thus, six fluorescence data per screening cycle) and a five-hour maximum screening
process of the small intestine area (with 8 hours travel to the overall digestible
system), a storage capacity of 1728000 bits (16 bits * 6 sps * 60 s * 60 min * 5
hours) was needed, which makes the 2 Magebits flash memory ideal for the specific
application. Flash memory is a non-volatile storage chip that keeps the data saved
even when the power is removed and can be electrically erased and reprogrammed.
It is considered as a specific type of EEPROM (Electrically Erasable Programmable
Read-Only Memory) with the difference that it is erased and programmed in large
blocks. EEPROM erases and rewrites its content one byte at a time or, in other words,
at byte level. On the other hand, flash memory erases or writes its data in entire

blocks, which makes ita very fast memory compared to EEPROM. The key advantage
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of flash memory above other storage methods is its low power consumption. For
that reason a serial flash memory was chosen, small in area size, with low power
dissipation during write operation at around 12 mA, that uses a serial SPI interface
for sequential data access.

Last but not least, it was confirmed that the output current of all the voltage
regulators can feed the following stages.

1) The charge pumps MAX1853 (-5.5 V) and MCP1253 (+5.5 V) with output
currents 30 mA and 120 mA respectively supplying the six operational amplifiers
(OPA129UE4) with total current dissipation of 10.8 mA (1.8 mA maximum current
consumption from each one).

2) The external voltage reference REF3320AIDBZT with output current 35 mA
connected to the ADC with reference input current of 30 nA.

3) The current reference module consisted of a voltage regulator LM317M and
a feetback resistor with maximum output current 500 mA biasing the laser diodes
(one at a time) with 100 mA current.

4) The dual output voltage regulator TPS70151PWP with output current 500 mA
at the 3.3 V output and 250 mA at the 1.8 V output feeding all the digital and analog

peripherals components with total current dissipation at around 113 mA.

4.1.3 Hardware Functionality

Low concentration aqua solutions of indocyanine green have an excitation maximum
at 780 nm and an emission maximum at 810 nm. The fluorescence emission spectrum
is around 790 nm to 860 nm (see Section 2.3 for details). Therefore, the capsule system
is equipped with laser diodes having an excitation wavelength at 785 nm biased
intermittently with 100 mA constant current, providing 131 mW optical intensity
(equation 3.1). For each LD there are corresponding photodiodes, which operate in
photovoltaic mode where no reversed bias is applied, resulting in lower dark current
and also lower shot noise current. The photodiodes have large active area (1.2 mm?)
for the detection of the weak fluorescence signal emitted by the ICG fluorophore.
The large active area gives the system its high sensitivity and good signal-to-noise
ratio. Furthermore, each photodiode has an integrated optical long-pass filter, with
a cut-off frequency of 800 nm, to prevent the high-intensity excitation wavelengths

from reaching the detector. Thus, the resulting photocurrent is mainly produced
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by fluorescent light. The produced photocurrent is amplified and converted to an
output voltage through a transimpedance amplifier, which is then digitized and
stored in a flash memory. When the hall sensor is activated, the system is switched
into data extraction mode and only then the data can be recovered from the system.
With that functionality, there is an option of placing the capsule in a magnetic case
allowing in this way the realisation of wireless data extraction. At this stage, the data
are extracted from the capsule system to an external Opal Kelly FPGA board through

4-wire SPI communication and recovered as a .bin file through a USB interface.

More specifically, an SPI master module is implemented in an Opal Kelly FPGA
(VHDL coding - Appendix B) and is responsible for externally controlling the capsule
internal flash memory through 4-wire SPI signals (CSn, SCK, SI, SO). The flash
memory has to obey unprotecting, erasing, writing and reading the memory. The
commands for those instructions were given through a Front Panel Xilinx interface
(Front Panel Coding - Appendix B), which was made specifically for this purpose.
The Front Panel interface is linked with the SPI master VHDL code. Functionality
is implemented in the form of, several push buttons GUI: the Unprotect button
releases all the sectors in the memory from protection and the Erase button prepares
the memory for a new writing procedure by deleting any written data that occupy
memory space. This function should be done every time that new data is obtained,
otherwise the writing can not be accomplished properly, leading to the storage
of wrong data values. By pressing the Read Data push button a read memory
command is executed and all the data from the flash memory are moved to a pipe
in-out memory within the external FPGA. Then, with the BTPipe button all the data
are recovered to a .bin file through USB interface. The file can be imported in Matlab

for further processing (MatLab coding - Appendix B).

A CPLD was configured to perform a number of tasks that follow the timing
diagram shown in Figure 4.6: (a) to flash the six excitation laser diodes in sequence at
least every one second with a pulse duration of 5 ms, (b) to multiplex the fluorescence
signals to an ADC, which signals were sensed from a corresponding photodiode
and amplified to a transimpedance amplifier, (c) to store the collected data to flash
memory and (d) to drive the SPI master modules, a clock divider and a system
controller. One of the other tasks of the controller is to regulate the sampling rate of
the capsule, which moves slowly most of the time (velocity of intestine peristalsis is

1-2cm/min [37]). During rapid movement, the output of an accelerometer is used to
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increase the sampling rate to 10 full scans/second and thus ensure a thorough scan
of the G.I. tract, whilst consuming less power than if a fixed sampling rate was used

(see section 4.3.1).
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Figure 4.6: Timing Flow Diagram.

Since the flashing duty cycle and the excitation pulse of the laser diode have
been defined, the emitted energy per square centimetres must now be estimated
and confirm that this is lower than the maximum permissible tissue exposure (MPE)
given from equation 3.23. With an LD pulse duration at 5 ms, the MPE is calculated
around 0.22 J/cm?. Now, from equation 3.1, the optical power emitted by the LD
with 5 % 107 flashing duty cycle (5 ms/1 s), is estimated at around 0.66 mW, which
corresponds to an energy of 3.3  1076] ((0.66 * 10°W) = (5 » 107s)). That energy hits
a tissue area of radius 7.85 mm (equation 3.35)(7t * R? = 1.9cm?), which corresponds
to exposure energy per square centimetre of 1.7 * 107¢]/cm? ((3.3 » 107)/(1.9)]/cm?).
This value is far below the MPE.
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4.1.4 Experimental Testing and Results
4.1.4.1 System Calibration

The system was calibrated by replacing a photodiode with a current source (Keithley
6221) that simulates the fluorescence photocurrent. Figure 4.7 shows the resulting
decimal values with the applied DC currents, and gives an evaluation of the order
and range of photocurrent that can be detected and measured with the proposed

system.
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Figure 4.7: Decimal A/D Converted Values Vs. Photocurrent.

4.1.4.2 ICG Concentration Detection

The main and the most important functionality of the presented system is the ability
to detect increased levels of fluorescence emitted by ICG solutions of low concen-
trations. That functionality will provide a system able to detect and discriminate
molecular ICG contrast agents, which are selectively up-taken by cancerous cells.
Inayama et al. [43] present the development of an indocyanine green derivative used
as an infrared fluorescent labelling substance for the detection of microlesions by
an IR fluorescence endoscopy. They show that human gastric cancer tissues stained
with different concentrations of ICG in the range of 125nM (0.1ug/ml) to 12.5uM
(10ug/ml) can provide sufficient fluorescence intensity. Based on this study, the

developed prototype uses a transimpedance amplifier with a 30 MQ resistor in the
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feedback loop, providing a gain of 0.03 V/nA, thus enabling the detection of ICG
concentrations in the nanomolar to micromolar scale.

ICG solution of 250 uM was prepared by dissolving 0.39 mg of ICG in 2 mL
distilled water. Lower concentrations were created from the dilution of a portion of
the main solution with distilled water. The several solutions of different concentra-
tions of ICG were placed in cylindrical transparent glass cuvettes, of 2 mL capacity.
The experimental setup is shown in Figure 4.8. The cuvettes with the ICG solutions
were placed in a dark box for isolating the optical part of the system (laser diode
and photodiode) from any outside light sources. The excitation laser diode and the
photodiode (for the detection of the fluorescence signal) were placed in a perpendic-
ular structure as shown in Figure 4.8. Thus, the detector photocurrent was mostly
produced by ICG fluorescence light, since the direct and reflected excitation light is
reduced with the perpendicular arrangement. The fluorescent signal was acquired
from the capsule system and the digitised value was stored in the internal memory.
The converted data were then recovered with an external FPGA and a computer

front panel interface through SPI communication and pipe out procedure.
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Figure 4.8: Experimental Setup for ICG Concentration Detection.

The in-vitro experimental results are shown in Figure 4.9. The system is able
to detect different concentrations of ICG from 20 nM to 3.6 uM, with sensitivity
at about 0.5 uV/nM. However, a higher sensitivity can be achieved with changes
in photocurrent amplification. Although, Figure 4.10 shows that the two critical
concentrations of ICG related to abnormal and healthy tissues at 225 nM and 19 nM

respectively (based on section 2.3) are clearly discriminated.
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Figure 4.9: Fluorescence Vs. ICG Concentration.
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Figure 4.10: ICG Fluorescence at the Lower Concentrations.

After demonstrating that the objective of detecting such low levels of fluorescence
without having to resort to designing a custom ASIC, a second generation capsule
was designed, this time aiming for a more compact structure and with additional

elements for reading out data wirelessly.
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4.2 Second Generation Capsule

The first generation design indicated the feasibility of fitting a fluorometer with in
a capsule and including sufficient data storage space to screen the small intestine.
The second generation capsule is an optimized version, that capitalizes on smaller
components, a custom designed rigid-flex PCB, and on lessons learnt from the
previous iteration. This led to a prototype that: a) has a size comparable to the
size of the existing endoscopic capsule, b) has low power consumption for allowing
an approximate 8-hour operation for screening the entire G.I. track, and c) has IR
fluorescence sensitivity for detecting low concentrations of ICG and further detecting

early cancer.

4.2.1 System Implementation and Functionality

Figure 4.12 shows a photograph of both sides of the system hardware, implemented
on a flexible - rigid PCB (Circuit Schematic - Appendix A). Three rigid circular PCBs,
that are 12 mm in diameter, are connected to each other through a flexible PCB in
such a way that allows them to fold over in a more compact size, and pack tightly
in the capsule case as illustrated in Figure 4.35a. The material of the capsule case is
plastic (made from a test tube), for demostration purposes. Components required
and signal density of the system, lead to a four layer PCB design, as is shown in
Figure4.13. A complete system was designed with dimensions that suitably small, to
enable ingestion, but which are also large enough to enable the capsule to come into
close contact with the intestine walls during peristalsis. Therefore, the dimensions
of the encapsulated system are 13 mm x 25 mm, which are also comparable with the

size of a typical imaging capsule with 11 mm diameter and 30 mm length.

Figure 4.11: The Encapsulation of the System in a Compact Capsule.
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Figure 4.12: Hardware Implementation of the Second Capsule.

T

Figure 4.13: Four Layer PCB: (A)top layer, (B) bottom layer, (C) mid-layer-1, (D)mid-
layer-2.
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Figure 4.14: Hardware Architecture.

Figure 4.14 shows the hardware architecture of the capsule system. The PCB
body consists of several modules: (A) An Illumination Module with six excitation
laser diodes (ADL-78901SX) intermittently biased by a constant current source (gen-
erated via LM317L-N), which lit up in sequence, vian-MOSFET transistors (5i1034X),
(B) A Detection Module with six detector photodiodes (EPD-880-8-1.4) connected to
six operational amplifiers (OPA2381) for the amplification of the weak fluorescence
signal, and an analog multiplexer (ISL84781), for sequentially selecting and routing

each signal to a twelve bit ADC converter (AD7466), (C) A Controller Module, that in-
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cludes a CPLD CoolRunner-II that implements signal-processing algorithms and SPI
communication protocols to interface with the peripheral units, and a non-volatile
memory (AT25DF081A) for storing the digitised fluorescence data, (D) A Sensor Mod-
ule with a Hall effect sensor (AH1802) and a three-axis accelerometer (LIS3DH) for
sampling rate regulations, (E) A Power Module with three different voltage supplies
1.8V/3.3V/5V, (AS1374 for 1.8/3.3V and LTC3204-5 for 5V) for powering the CPLD

and the peripheral units.

As is shown in the Time diagram in Figure 4.15 the six laser diodes flash in
sequence every one second with a pulse duration of 5 ms. A corresponding photo-
diode senses the fluorescence and produces a photocurrent which is amplified and
multiplexed to an ADC. Each time that a LD is lit up (duration 5ms), a particular
fluorescence signal is sampled multiple times and averaged to further improve the
signal-to-noise ratio by VN, where N is the number of averaged samples. The result
is stored in flash memory. During rapid movement, acceleration information is again

used to decrease the sampling period from 1sto 0.1 s.
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Figure 4.15: Timing Diagram.
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When the screening procedure is accomplished, the data are extracted from the
capsule, with the help of an external docking unit. The data coupling to the external
docking unit is conducted through a wireless infrared data transmission scheme,
which is activated through the onboard hall sensor, when the capsule is placed in
the magnetic docking unit. A wireless scheme is needed since it would be very
costly to develop hermeticly sealed conductive feedthroughs, and the laser diode
transmitter is part in the capsule anyway. The external unit connects to a PC via a

USB interface and displays the results.

4.2.2 Capsule Testing and Results

The key objective of the second generation capsule is to detect the increased levels
of fluorescence given by swine intestine tissues, which are stained with the IRF dye
ICG. Tadatsu et al. [88] present, the development of indocyanine green infrared-
labelling agents that target microlesions presented in humans intestine. They show
that indocyanine green derivatives with different concentrations in the range of
0.1ug/ml (~129 nM) to 500 ug/ml (~645 uM) can provide sufficient fluorescence

intensity for diagnosis of microcancers with IR fluorescence endoscopy.

4.2.2.1 In-Vitro Experiments

The functionality of the second generation capsule was first tested in-vitro with the

experimental setup used for testing the first capsule prototype (Figure 4.16).
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Figure 4.16: Perpendicular arrangement and environmental-light isolation of the

optical part of the system for ICG concentration detection.
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The following experimental data were collected through a single analog-to-digital
conversions of the fluorescence signal, obtained from excitation processes of 5 ms
duration (excitation pulse 5 ms). The fluorescence data exhibited large noise, which
was introduced into the signal by the previous amplification stage with the M(Q feed-
back resistor (the noise coming from the photodiode is negligible by comparison).
For that reason, the data underwent signal processing in Matlab before extracting
the final results. Specifically, the fluorescence data of each ICG concentration were
tiltered with an equally-weighted eighth order moving average filter, i.e. the out-
put is given by the sum of eight samples, each weighted with 1/8" of their value.
The mean value of the filtered data corresponds to the fluorescence binary value
for each ICG concentration. Figures 4.17 to 4.19 show the fluorescence results with
ICG concentrations at signal amplifications of 0.02 V/nA, 0.05 V/nA and 0.1 V/nA
respectively. The use of the moving average filter enables the detection of different
ICG concentrations. This filter then implemented on the system in order to provide
real-time detection. The optimisation of the real-time averaging procedure is pre-

sented later in this chapter.
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Figure 4.17: Fluorescence Vs. ICG concentrations under signal amplification with a

20 MQ feedback resistor.
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The effect of the excitation pulse duration on the fluorescence intensity was also
investigated. Based on equation 3.1, the optical power of the excitation source
increases at higher laser diode pulse duty cycle, resulting in an increases of the
fluorescent intensity. Figures 4.20 and 4.21 show the ICG-fluorescence results, with
ICG-excitation at different pulses durations of 4, 8, 16, 32, 64 and 128 ms. The results
do not differ significantly, since the changes in the excitation pulse duration only
slightly affect the fluorescent intensity, which also displays some other variations
presented extensively in section 3.1.1. Thus, the excitation pulse was chosen to be
around 5 ms, allowing the system to function with a lower power consumption with

the laser diodes draining 100 mA current for just 5 ms in every excitation cycle.
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Figure 4.20: Excitation of ICG concentrations with different LD pulse durations.
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Figure 4.21: Zoomed-in results at lower ICG concentrations.
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An additional factor that can make the system more reliable at detecting dif-
ferent fluorescence-intensity levels, is the reduction of the noise coming from the
pre-amplification stage. However, this is non-practical, since the large amount of
thermal noise to the signal is introduced by the big feedback resistor in the tran-
simpedance amplifier. Although, the big feedback resistor is necessary to provide
enough amplification to the fluorescence signal, allowing higher sensitivity in the
discrimination of ICG concentrations in the nanomolar scale. Hence, a methodology
was implemented that measures the average value of several fluorescence data col-
lected in every excitation procedure (Figure 4.15). Figure 4.22 shows the averaging
(blue line) of four and eight data samples of the noisy fluorescence data (red line).
The larger the number of the fluorescence data collected in every excitation, the

higher the noise reduction achieved through averaging.

Fluorescence Binary Value

.

% 0 T Fry P
Data Number

Fluorescence Binary Value

1] i) 1] 15 X0 50 m 350 A
Data Number

Figure 4.22: Fluorescence data averaging of four (top) and eight (bottom) data

samples.
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Figure 4.23 and 4.24 show the fluorescence results with ICG concentrations for
different N (the number of averaged samples). It was observed that for N = 4 the
noise levels are too high to be able to reliably detect the ICG trend with concentration.
On the other hand, for N = 16 the smoothing effect of higher averaging becomes
apparent with the lower fluorescence peak response. Thus, an averaging of eight

data samples was considered as the most appropriate for the capsule system.
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Figure 4.23: Fluorescence Vs. ICG concentrations with averaging of 4, 8 and 16 data

samples.
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Figure 4.24: Zoomed-in results at lower ICG concentrations.
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The averaging methodology of eight fluorescence data samples (N=8) was also
implemented for different signal amplifications. Figures 4.25 to 4.30 show the results
of fluorescence versus ICG concentrations under 0.15 V/nA, 0.2 V/nA and 0.27 V/nA

amplifications respectively.
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Figure 4.25: Fluorescence Vs. ICG concentrations under signal amplification with a

150 MQ feedback resistor using the averaging-noise-reduction methodology (N=8).
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Figure 4.26: Zoomed-in results at lower ICG concentrations.
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Figure 4.27: Fluorescence Vs. ICG concentrations under signal amplification with a

200 MQ feedback resistor using the averaging-noise-reduction methodology (N=8).
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Figure 4.28: Zoomed-in results at lower ICG concentrations.
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Figure 4.29: Fluorescence Vs. ICG concentrations under signal amplification with a

270 MQ) feedback resistor using the averaging-noise-reduction methodology (N=8).
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Figure 4.30: Zoomed-in results at lower ICG concentrations.

Therefore, it is verified that the system is able to detect different concentrations
of ICG, with sensitivity at nanomolar range from 25 nM to 50 000 nM. In particular,
the system is able to discriminate the two critical concentrations of 19 nM and
225 nM, which represent the healthy and cancerous cells respectively based on the

calculations presented in section 2.3.
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4.2.2.2 Ex-Vivo Experiments

The functionality of the capsule with the front-end optics structure was also tested
in swine intestine tissue impregnated with ICG solution of different concentrations.
ICG solution of 231 uM was prepared by dissolving 0.36 mg of ICG in 2 mL distilled
water. Lower concentrations of 18 nM, 46 nM, 92 nM, 231 nM, 2.3 uM, 23 uM and
46 uM were prepared from the dilution of a portion of the main solution in distilled
water, and were injected into swine intestine tissues. The last step may have further
diluted the concentration, however we have assumed that this is negligible.

In the front-end optics structure, the excitation laser diode and the photodiode are
placed side-by-side, as shown in Figure 4.31. In this configuration, we expect that the
excitation light (785 nm), which is much more intense than the returned fluorescence
intensity (790-860 nm), will be partially reflected from the capsule walls, as well as
from the ICG-impregnated tissue sample. Nevertheless, it was shown that the long-
pass filters integrated on the photodiodes, with cut-off at 800 nm, were sufficient for

keeping this unwanted component at bay.

Figure 4.31: Front-end optics structure. The laser diode and the photodiode are in

parallel.

Asisshownin Figure 4.32, the system is able to discriminate between tissue of var-
ious ICG concentrations in the range of interest. Figure 4.34 provides similar results
when photodiodes of lower sensitivity (smaller active area) were used. It is observed
that fluorescent increases with increasing concentration in low-concentration region

(< 300nM) while the emission strength decreases with the concentration in high-
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concentration region (> 300nM). The existence of emission strength maximum as a
function of concentration is mainly a result of the re-absorption of emitted photons
that never reach the detector [99]. Moreover, higher concentrations of 46 uM and
231 uM present even lower fluorescence, since they are not effectively excited by 785

nm light but with 708 nm wavelength (section 2.3).
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Figure 4.32: Discrimination, with the capsule system, of different concentrations of

ICG impregnated in swine intestine tissue.
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Figure 4.33: Discrimination, with lower-sensitivity photodiodes, of different concen-

trations of ICG impregnated in swine intestine tissue.
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Figure 4.34: Discrimination, with lower-sensitivity photodiodes, of different concen-

trations of ICG impregnated in swine intestine tissue.

Another set of experiments, test the screening ability of the system (Figure 4.35a)
on a long part of swine intestine that was impregnated with ICG of different con-
centrations. The capsule scanned the walls of the intestine through a screening
procedure with an average speed of 1 mm/sec (Figure 4.35b). This is the average
speed that food moves in the intestine. Figures 4.36 and 4.37 show the ability of
the system to discriminate the different intestine-impregnated ICG concentrations

through the screening procedure.
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Figure 4.35: a) The Completed Ingestible Microcancer Detection Capsule, b) Screen-

ing of swine intestine that was impregnated with ICG of different concentrations.
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Usage of lower-sensitivity photodiode.

Next, a swine intestine was impregnated with only 231 nM ICG at two different
places, at a distance to each other. The intestine was again screened with an average

speed of 1 mm/sec. Time markers 45-95 s and 170-225 s were noted when the capsule
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was screening the ICG-injected areas. The results in Figures 4.38 and 4.39 show

the fluorescence detection of the two areas in the intestine, around the noted time

markers.
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Figure 4.38: Detection of ICG-injected areas on the walls of the swine’s intestine.
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4.3 Advanced Features

4.3.1 Sampling Rate and Power Management

A methodology is proposed for regulating the data-acquisition sampling rate of
the cancer screening capsule and of any endoscopic capsule in general [21]. The
proposed method utilizes acceleration information to increase the sampling rate
during rapid movement. In order to test this method a module was designed, which
allows a quick implementation of the methodology. This module consisted of a
custom-built PCB, which interfaced with an Opal Kelly FPGA board, in addition to
other components. The whole setup was tested on a Motion Dynamic simulator. The
proposed methodology ensures a thorough scan of the G.I. tract, whilst consuming

less power than the fixed sampling rate used in existing capsules.

Currently, commercially available capsules have a fixed image acquisition rate
of approximately 2-18 images/sec in order to be able capture the entire G.I. tract,
by providing uniform temporally-distributed images. As a result, current capsule
technology is either very power hungry, when a high sampling rate is used, or it
does not adequately scan all sections of the intestine, when a low sampling rate is
used. Key constraints related to battery capacity and size are: a) the capsule needs to
be small enough to be easily swallowed i.e. <1.5cm diameter and b) imaging process

must last 8 hours or more.

Capsules are pushed through the intestine via peristalsis. Peristalsis generally
occurs over short segments (approximately every 6 cm) and propagates at a rate of
1-2 cm/min [37]. For this reason, current commercial capsules acquire images with
a fixed image acquisition rate. PillCam SB (the first endoscopic capsule by Given
Imaging Ltd), Olympus EndoCapsule and the SSSA Capsule provide an acquisition
rate of 2 images/sec. The next generation of capsules by Given Image has a higher
frame rate of 4 images/sec. A magnetically propelled capsule developed by Olympus
Company uses an inductive external power source, allowing an image acquisition
rate of up to 5 images/sec. Inductively powered systems are more cumbersome,
since the patient needs to wear a ‘belt’ carrying relatively heavy external batteries
and the recording device. Since a capsule travels relatively quickly through the
esophagus, specialized capsules are used to scan the esophageal tract at higher

sampling rates, for example, the PillCam ESO and ESO2 sample at 14 images/sec and
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18 images/sec respectively. Their battery, however, will only last for 30 minutes, thus
requiring a second capsule to scan the rest of the GI tract. The capsule developed
by the Norika Project Team incorporates a rotating CCD camera to enable image
acquisition at different positions for the whole GI tract with capture rate of up to
30 images/sec. That capsule is also externally powered and the diagnostic system
includes heavy peripheral equipment such as an external controller, a transmitter
vest and a workstation [64], [63].

If one considers that a capsule is stationary most of the time, and occasionally
moves forward during peristalsis, one can deduce that a constant image acquisition
rate of 2-5 image/sec is not optimal. Furthermore, it is possible for the capsule to
rapidly shoot forward, as the intestine contracts around the capsule. In the case
of rapid movement, available capsules may not image certain sections of the GI
tract, which could be a problem if these are diseased. Even though using a constant
high sampling rate, would give sufficient coverage. This is not practical since most
capsules rely on silver-oxide watch batteries with limited capacity, e.g. two SR45
batteries in series can provide a 3 V supply with around 60 mAh capacity. Other

battery types with larger capacities are not approved for clinical use.

In the following sections, a novel solution is presented that overcomes the dis-
advantages of the above-mentioned systems by using acceleration information to
change the sampling rate during rapid movements. This functionality can increase
the reliability of the endoscopic capsules and reduce the power consumption of im-

age capturing.

4.3.1.1 Variable Sampling Rate Proof-of-Concept Test Hardware

A hardware platform was designed for quick and flexible testing of the underlying
principles before these were applied to the capsule system (Circuit Schematic and
PCB - Appendix A). Many of the components that are included in the test platform
may not be needed in an autonomous capsule; however, these were included to
allow exploration of various options. Figure 4.40 shows a photograph of the ex-
perimentation platform module, which consists of: (1) a three - axis accelerometer,
with one of its axes aligned in the direction of the movement, and (2) an Opal Kelly

board that allows quick testing of VHDL code that implements signal-processing

92



algorithms and communication protocols to interface to non-volatile memory and
the accelerometer. Furthermore, the Opal Kelly board has a USB interface that allows
quick interfacing to a PC for debugging purposes.

[ AT25DF021 | .- B Opal Kelly
| Flash Memory FES FPGA Board

A

Figure 4.40: Hardware Implementation.

The FPGA code consists of various modules presented in Figure 4.41. As shown
in the flowchart, the accelerometer provides x-axis data every 10 ms to a signal-
processing system (SPS) through an SPI bus link. The SPS calculates the modulus of
changes in acceleration, by subtracting the previous and current acceleration value
and then averages this signal through an exponentially-weighted moving-average
filter [22], to reduce the effect of noise. The SPS output is then input to a threshold-
decision unit, which determines, through a multiplexer, if a faster sampling rate
of 10 circular scans per second (csps) should be used or if the slower sampling
rate of 1 csps is appropriate. In more complex implementations, one can choose to
have intermediate sampling rates for different capsule speeds. At the same time the
sampling clock and the acceleration data are transmitted through the SPI bus to be
stored on a non-volatile flash memory for testing purposes. The same VHDL code

was eventually used to store the data on the non-volatile flash memory.
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Figure 4.41: Hardware Flowchart.

4.3.1.2 Functionality Testing

The module was tested on a single-axis rate table TES-3T (Figure 4.42), which can
be programmed to rotate at one-axis while simultaneously being manually tilted to
any angle. The rate table was used to simulate capsule movement in the heavily
convoluted intestine. Rate table control and/or recording of its current position
(deg) and velocity (deg/sec) is performed via a PC running National Instruments

LabVIEW.

Figure 4.42: Single-Axis Rate Table TES-3T.

Figure 4.43 and 4.44 present the results from the execution of a manual displace-
ment of 25°. The velocity increases and decreases within a time frame of 200ms,

whilst the measured acceleration represents the derivative of velocity.
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Figure 4.43: Position, Velocity, Acceleration and Acceleration Derivative results of a

25° manual displacement.

Figure 4.44 shows the processed acceleration derivative, the filtered output and
the sampling clock, as executed in real-time on the FPGA. The usage of a low-pass
filter avoids false triggering leading to an unnecessary higher sampling rate, whilst

the capsule is almost stationary.

The output of the accelerometer consists of two components, one arising from
the effect of gravity ¢ and the other from the actual movement of the capsule a,.
The effect of gravity depends on the orientation of the capsule with respect to the
gravitational field i.e. k = sin0, where 0 is the angle between the accelerometer axis

and the surface of the earth. Hence,

Ay=a,+tkg k<1 4.3)
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Figure 4.44: Acceleration Derivative, Filtered Acceleration Derivative, Threshold

value and Sampling Clock results of actual 25° manual displacement.

It is important to ensure that the algorithm modulating the data sampling rate
is relatively unaffected by the gravitational component. Assuming that the tilting
action of the endoscopic capsule is a slow event, this is not detectable by using the
derivative of acceleration. Figure 4.45 shows measured results illustrating that the
above methodology is robust to the effect of gravity and slow changes in capsule
orientation. Also, Figure 4.46 shows the result of testing the same system in oscilla-
tion mode (2 Hz), for different swing amplitudes, i.e. 10°, 20°, 30°, 40° and 50°. The

system behaves as expected for both short and relatively long rapid movements.
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Figure 4.45: Acceleration and Sampling Clock results of tilt and sudden movements.
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oscillations with amplitudes 10°,20°,30°,40°,50°.

4.3.1.3 Current Consumption at Fixed and Variable Sampling Rate

Peristalsis has a rate of 10 cycles/min and propagates at a rate of 1-2 cm/min [37].
During fast movements an increased sampling rate of 10 circular scans per second
(csps) is used. If we assume that this rate is only required for 1/8" of the time, 1
circular scan per second would be sufficient for the remaining time, as the peristalsis
propagation is around 2 mm/peristaltic-cycle. Then, the equivalent sampling rate
for this capsule is (1/8)10csps + (7/8) X 1csps = 2csps. Thus, the sampling rate of 2

csps corresponds to 12 fluorescence data per second. Respectively, 36 fluorescence
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data per second, corresponds to a screening capsule with fixed sampling rate of 6
csps. Thus, the total power consumption of a constant rate capsule would be three

times more, compared to a variable sampling rate capsule.

The current consumption analysis of a complete system with a variable sampling
rate, is shown in Table 4.2. Power cycling of components allows the reduction of
the total power, without affecting the performance. Analog to digital conversion
requires approximately 0.5 ms to complete, thus conversion of 12 fluorescence data
each with eight values for averaging, requires 48/1000" of a second correspond-
ing to 0.96 uA of current consumption. For the remainder of the time, the ADC
(AD7466) operates on sleep mode with lower current consumption at 0.1 uA. Simi-
larly, the flash memory (AT25DF081A) requires approximately 12/1000" of a second
to store twelve data of sixteen bits with current consumption along programming
operation at 10 mA. However, in sleep mode it consumes 25 uA. In addition, the
fluorescence-amplification circuitry runs simultaneously with the excitation, which
lasts approximately 5 ms. Thus the 5 V charge pump (LTC3204-5) and the voltage
regulator (AS1374a) that power up the amplifiers (OPA2381) are in operation mode
for a period of 60/ 1000 of a second, consuming a current of 6.6 uA. While the
amplifiers are in operating mode, they consume a current of 48 uA. Higher cur-
rent consumption occurs when the laser diodes switch on, requiring an intermittent
constant current of 100 mA.The total current consumption of the LDs, with a pulse
duration of 5 ms and average sampling rate 2 csps is approximately 6 mA. At the
same time the constant current source (LM317L-N), that biases the laser diodes,
works also for a period of 60/ 1000”5 of a second, consuming 3 uA. The rest of the
devices; the analog multiplexer (ISL84781), the voltage reference that powers up the
CPLD and all the peripherals (AS1374b), the CPLD, the oscillator, the hall sensor
(AH1802) and the accelerometer (LIS3DH), are in continuous operation with a cur-
rent consumption at approximately 107.95 uA. The total current consumption was
calculated around 6.3 mA, which means that the system can run for almost 9.5 hours
with silver-oxide SR45 batteries of 60 mAh capacity (mean value screening duration
of the gastrointestinal track is around 8 hours). Respectively, the total current con-
sumption for the fixed sampling rate capsule, is around 18,9 mA and can operate
for only 3.2 hours. The same analysis is provided in Table 4.3 for the first generation

prototype system.
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Table 4.3: Current Consumption Analysis of First Generation Capsule

Component Operating Mode Sleep/Shutdown Mode Current Consumption (2csps)
AT25DF021 (12*1ms/1000ms)*12mA=144uA (988ms/1000ms)*51uA= 50.39uA 194.39uA
ADS1146 (12*0.7ms/1000ms)*420uA=3.53uA (991.8ms/1000ms)*0.3uA= 0.29uA 3.83uA
MAX1853 (12*5ms/1000ms)*165uA=9.9uA (940ms/1000ms)*0.5uA= 0.47uA 10.37uA
MCP1253 (12*5ms/1000ms)*60uA=3.6uA (940ms/1000ms)*0.1uA= 0.09uA 3.69uA
OPA129UE4 (12*5ms/1000ms)*1.2mA=86.4uA - 86.4uA
Laser Diodes (12*5ms/1000ms)*100mA=6000uA - 6000uA
CPLD 50uA(at 32kHz) - 50uA
REF3320 3.9uA - 3.9uA
KXUD9 220uA - 220uA
Oscillator 1.5uA - 1.5uA
LM317MD 50uA - 50uA
SN74LV4051AT 20uA - 20uA
TPS70151 230uA - 230uA
AH1802 5uA - 5uA
Total Current Consumption 6879.08uA
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In conclusion, it has been shown that the variable sampling rate methodology
can save capsule power, whilst reducing the risk of omitting images in segments
of the intestine during which the capsule travels faster than normal. Calculations
show that the proposed method will enable a capsule to consume almost three time
less power than the fixed sampling rate capsule, whilst eliminating false triggering

of the faster sampling rate, by noise or by gravitational acceleration.

4.3.2 Memory-Efficient Storage Management

Regulating the ten-fold increase in the data-acquisition sampling rate during sudden
movements of the capsule, poses some storage limitation issues. The higher the
sampling rate, the larger the amount of data samples that have to be stored in
the internal memory. This issue can be overcome either by replacing the flash
memory with a higher capacity one, or by managing the collected data in a way that
will decrease the amount of stored data. Here, the latter is chosen and a storage
management methodology is presented that uses spike detection procedure for the
storage of a time-stamp information that indicates a detection of cancer in the small
intestine. Considering the cancerous affected area as an intense fluorescence signal
in a noisy background (Figure 4.47), then a general procedure of spike detection can

be used for the detection of cancerous cells.

Tumor

Cancerous
Cells

Healthy

' m, Cells

Fluorescence Intensity (Volts)

Time (s)
Figure 4.47: Correlation of cancer with a spike voltage.
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The proposed methodology follows a number of steps, which are shown in Figure
4.48. The digitised fluorescence signal is driven through a low pass filter that removes
the noisy background. The filtered data is subtracted from the current value and
the absolute value result is compared with a threshold value. Detection then takes
place through threshold crossing. If the result is higher than the threshold, then a
detection is made and a time-stamp value is stored to the memory. The utilisation of
this strategy only stores the pertinent data in the memory by providing the time of
when an increased level of fluorescence was detected above the background average

or a predetermined threshold.

Amplified Low Pass Filter
Fluorescence (Moving Average Filter)
Signal

Current Value Filtered Value

Detection

If ISubl>Threshold

Then ‘1’ else ‘0’ Subtractor

Trigger—l

Time-Stamp.
Counter Value —P Flash Memory

Figure 4.48: Basic steps for spike detection.

The following sections focus on the design of an appropriate, hardware-efficient,
digital low pass filter that can be used in the screening capsule. More specifically,
a module is presented that implements a particular class of moving average filters,
the Exponential Weighted Moving Average (EWMA) filter, which is compared to a

regular moving average filter (MA).

4.3.2.1 Basic Moving Average Filter

The Moving Average (MA) filter is one of the most widely used digital filters [19].
The MA filter replaces the current sample with the average value of the latest n

samples of a data sequence. Its mathematical expression at any instant i is given by:

1 .
Yma;, = E xi_]- i>n-1 (44)



where x;_; is the input signal, yu4, is the output signal, i.e. the moving average, and n
is the number of points considered in the average. Such a filter is useful for reducing
random noise in a signal by attenuating out-of-band noise. This is applicable for the
detection of action potentials in a noisy background. It should be noted that in the

basic MA filter described above the data points affect the average value equally.

The implementation of a regular Moving Average filter is shown in Figure 4.49
and represents the optimum hardware-efficient structure. After amplification, an
ADC converts the fluorescence analog signal into a digital data sequence, which is
sent to an adder/accumulator as well as to a n-FIFO register to keep track of the
n latest samples of the input data. With every input sample that is added to the
accumulator, an element (the oldest in the n-FIFO register) is removed from the sum.
At startup the n-FIFO contains 7 zeros, so the average, which is at the output of the
adder, is not valid until at least n samples have been loaded. From there on the oldest
element is subtracted from the average and the newest one is added. The division
by n is realized in each sample by having bit shifting by direct wire connections.
Thus, n must be an integer power of 2. So forn = 2,4,8...,2" the division is realized
correspondingly with 1,2,3...,m bits shift to the right. Additionally, performing

the division before the addition prevents an overflow in the sum result.

Division by 4
00 kk k4 k3 k2
Lss | | LI
kO
k1 Load Data
Input 8 k2
Signal —»| <
kk
MSB
A Adder —HAPF——————
Average 8
Register —! "B 2
Load Data 4
Qe | - -
R 5
Subtractor A
00 Sk S4 83 S2 J
Sub B
4-FIFO

Figure 4.49: The minimal hardware implementation of a MA filter (with n=4).
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One can see that the size of the FIFO increases with the number of points, 1, in the
average, hence the MA architecture becomes less hardware-efficient for lower cut-off
frequencies. This is where a hardware-efficient low pass filter design is needed that
is compact enough to be used in a future IC implementation of the capsule system
or even to be programmed in the low capacity CPLD that is currently used on the

system.

4.3.2.2 Proposed Moving Average Filter

In dynamic signals, the current value tends to better reflect the signal behaviour. A
tilter that places more emphasis on the most recent sample would, therefore, be more
useful. Such a filter is the Exponential Weighted Moving Average filter (EWMA).
This type of filter is similar to the regular MA filter, with the difference that more
weight is given to more recent data. The EWMA is described by the following

mathematical expression:

)]/EMAil + (%)xi i>1 4.5)

n-1

Yema;, = (

where x; is the input signal, yruma, is the current output signal (weighted average),
YEMma, , is the previous EWMA value, and 7 is a constant that determines the weight
given to new points with respect to the prior average value. This is somewhat related
to the number of points in a moving average. Furthermore, the above expression
takes the following form for the computation of the EWMA of any i + N steps, where

N is an arbitrary point in future time:

= (- 1N
nN+1—j

n-1

N+1
) YEMA;, T Xitj (4.6)

YEMAN = ( 7 /
j=0

One can see that far in the future the previous average ym4, , will have almost no
weight, whereas the most recent value x;,y, will have the highest weighting. The
choice of n will determine the rate of attenuation of the older values. The effect
of different values of n on the filter response in time can be seen in Figure 4.50, in
which the input stimulus is a noisy action potential. As n increases the output signal
becomes smoother and responds slower, implying a lower cut-off frequency of the

low-pass.
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Figure 4.50: EWMA filters of different order.

The implementation of an exponential moving average filter is shown in Figure

4.51. Compared to the regular MA filter, and as can also be seen from the mathe-

matical expression 4.5, only one addition and one multiplication is required. This is

always the case, regardless of the number of the data points, 1, considered. The divi-

sion by 7 is not that important from the point of view of the hardware size since it is

realized by bit shifting by connectivity. Thus, we are expecting the same restrictions

Input
Signal

1L

Load Data

Division by 4—————
00 kk k4 k3 k2
LSB
» | | L
sml 1L
Register
< Load Data
kk
MSB
" A Adder
Average g
Register L —*| B S
c
[7)
&
Q
] R 2
0 0 Mk 4[ M4 M3 M2 MultiplierX3
Division by 4——— Mu|

Figure 4.51: The implementation of a EWMA filter (with n=4).

105



as in the MA for the number n. It is already obvious that the hardware-non-efficient
FIFO (in the MA technique) is replaced by a multiplier (in the EWMA technique)
and, therefore, we can successfully implement a hardware-efficient lowpass filter.
The function of the EWMA filter starts with a positive clock edge that triggers the
import of the current sample and the previous EWMA value into the adder. The
subsequent negative clock edge gives a new calculated EWMA in the output, while
the multiplication takes place simultaneously and so prepares the next value that

will be added in a new input sample.

4.3.2.3 Comparison of the Filters Behaviours and Size

For the capsule application there is an interest in the general frequency response and
time domain behavior of the filters, as well as the area cost of the hardware. There-
fore, a comparison of the EWMA and MA filters with respect to these characteristics
is presented next.

Figure 4.52 shows the behavior of both filters for various n in the frequency
domain. These simulations were conducted in Matlab by inputing sinusoidal signals
at different frequencies and estimating the gain of the output with respect to the
input. It can be seen that for the same n the regular MA filter has a larger corner
frequency (-3dB gain) than the EWMA, however it has a sharper roll-off, which also

includes significant stopband ripple. As the filter order increases: (1) a lower cut-

|:|.
-
S EwMA =32
— ol | MA=E
= o EWMA =15 ‘
2 ||~ Mmares
= — — — EWWYMA n=5
=
=20}
_25-
10° 10° 107

Freguency (Hz)

Figure 4.52: Frequency response of MA and EWMA filter of different order.
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off frequency can be achieved (this effect is much stronger for the EWMA than the
MA), and (2) the MA presents a faster roll-off behaviour compared to the EWMA. In
addition, a similar cut-off frequency for a MA filter of order n can also be achieved
with an EWMA filter of order n/2. So, both filters have almost the same behavior to
low frequency input fluorescence signals.

Figure 4.53 shows the behaviour of both filters in the time domain, with an input
signal of a noisy action potential. As expected, the behaviour of the EWMA filter
of order n/2 was analogous to that of the MA filter of order n. Thus, both filters
display similar behaviour with low frequency input fluorescence signals. Two cases
of similar behaviour are presented: (1) case 1, which is the behaviour of MA with
n = 32 and EWMA with n = 16; and (2) case 2 of MA with n = 16 and EWMA with

n=_8.

Input data sequence
L f f — MAR=32 |
{ § — EWhA n=16
—— —MA =16
— — — EWhA n=3

100

Arnplitude

a0 F

2500 2550 2600 2650 2700 2750
Murmber of Samples

Figure 4.53: The behaviour of MA and EWMA in the time domain

The similarity between the time responses of an EWMA and a MA filter was
assessed using the Pearson’s Correlation Coefficient (PCC) on the curves of Figure
4.53. The PCC indicates the strength of a linear relationship between variables and
is obtained through the following formula:

Lje (i = %) (vi — )

ey = m-1)5.5, 4.7)

where x and y are the sample means of X and Y, S, and S, are the sample standard

deviations of X and Y and m is the total number of the samples.
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The results for the Pearson’s Correlation Coefficient are shown in table 4.4. The
Pearson correlation is +1 (-1) in the case of a perfect increasing (decreasing) linear

relationship and the results that we have here seem to be very close to unity.

Table 4.4: Pearson’s Correlation Coefficient

Regular  Exponential Weighted  pearson’s

MA Filter MA Filter Corr.Coeff.
1% case n=32 n=16 0.9885
2" case  n=16 n=8 0.9971

Another way to assess the dependence of these two averages was through a
scatter plot, which shows the functional relationship of two quantities. Scatter plots
for both cases are shown in Figure 4.54 and as we can see there is a linear relationship
between MA with n = 32 and EWMA with n = 16, and respectively between MA
with n = 16 and EWMA with n = 8.
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Figure 4.54: Scatter plots for a) case 1 and b) case 2

To summarize, the main conclusion is that an 7/2 order EWMA filter can be used,
which is more hardware-efficient than a MA filter with n points in the average and
which has similar behaviour in the time domain and still can provide spike voltage
detection.

Generally digital circuits can use the minimum device sizes, so in order to com-
pare the hardware size (implementation efficiency) a transistor count for both filter

types was performed. Assuming that the input signal is converted to samples with
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8 bit sampling precision and knowing that 1 bit adder can be constructed with at
least ten transistors [66], and a 1 bit register also with ten transistors (which is the D
latch with transmission gate) then the number of transistors that are needed for the
above two cases can be shown analytically in table 4.5. Therefore, it seems that the
EWMA filter is almost 85% more hardware-efficient than the MA filter, which is a

considerable reduction.

Table 4.5: Hardware Comparison

Regular Exponential Weighted
MA Filter  Transistor MA Filter Transistor
1% case n=32 Number n=16 Number
Different . 1 9
Hardware 32-FIFO and Multiplier*15
Parts Subtractor 2656 and Register 320
Percentage 100% 12%
Regular Exponential Weighted
MA Filter  Transistor MA Filter Transistor
2 case n=16 Number n=8 Number
Different T
Hardware 16-FIFO and Multiplier*7
Parts Subtractor 1376 and Register 240
Percentage 100% 17.4%

4.3.24 Hardware Simulation of the Methodology

The hardware architecture of the storage management methodology was imple-
mented in Quartus designer. Both low pass filters presented above (with ny4 = 64
and newma = 32) were implemented in the module and simulated separately with
Modelsim software. The input data was created in Matlab and is shown in Figure
4.55. There are two fluorescence spike voltage that correspond to a larger and a
smaller cancerous area. Figure 4.55 also shows the filtered results through a MA and
EWMA filter. This data was digitised and introduced to the storage management

module for simulation proposes.
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Figure 4.55: Fluorescence signals representing a larger and a smaller cancerous area.

Simulations of both topologies, shown in Figure 4.56, present the proper func-
tionality of the storage management module with an effective detection of both
“cancerous” areas at expected time. Time-stamps in the topology with the EWMA
filter indicate a timely faster spike detection, since this filter places more emphasis

on the most recent sample.
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Figure 4.56: Simulation results of the Storage Management Module. MA filter (top)
and EWMA filter implementation (bottom).
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4.3.3 Optical Data Transmission

The extraction of fluorescence data from the capsules internal memory can be accom-
plished either through a 4-wire SPI interface (with an external FPGA playing the role
of the SPI master to the SPI slave flash memory) for prototype debugging purposes,
or through an infrared optical communication link. It is important to avoid the
feedthroughs in the final version to keep the cost down and to minimise the chance
of fluids leaking into the capsule. Figure 4.57 shows a picture of the prototype con-
tactless data recovery system, which consists of: (a) a magnetic case that triggers
capsule’s hall sensor for data extraction, (b) a photodiode as the IR receiver, (c) an
amplifier (OPA659) with high slew rate to track and reinforce the IR digital signals,
(d) two charge pumps (MCP1252/3 and MAX1853) of +5V for power-supplying the
amplifier and (e) an Opal Kelly FPGA board (XEM6010) for signal processing and
USB interfacing of the data with a PC.

Opal Kelly Board
XEM6010

\
e B Positive Regulated | E
ul "B Charge | sl  Amplifier
(MAX1853) (MCP1252/3) (OPA659)

Figure 4.57: Contactless Data Recovery System

Once a capsule is placed in the magnetic case, the hall sensor outputs a digital
signal that initiates the capsule readout mode. The CPLD reads the data from the
flash memory via an SPl interface and then drives one of the IR excitation laser diodes
in order to transmit the data to the data recovery system. In order to avoid using
two LDs, i.e. one for the clock signal and one for the data signal, the transmitted
output data was encoded within the capsule using a Manchester code, where the
clock and data can be recovered from a single signal [28], thus halving the power to
transmit the data. Manchester code represents binary values by a transition rather
than a level ('0" or '1"). The transition occurs at mid-bit, with a low-to-high transition

used to represent a logic '0’, and a high-to-low to represent a logig "1” (Figure 4.58).

111



Data Bit Cell

Sychronisation Clock
(SCK SPI signal)

XNOR
| |

-

Bit Logic Value
(SO SPI signal)

S

- |

|

Manchester Code |
| | | | | |

1

Figure 4.58: Conversion of SCK and SO SPI signals to a Manchester code.

To verify the correct transmission of the data via the IR scheme, the stored
data was read out with two methods; firstly it was extracted by using a 4-wire
SPI protocol and then the same data was extracted via the wireless-optical method
described above. A small sample of the data extracted with the two methods is
shown in Figure 4.59 where the data value can be seen to be the same. As the optical
transmission is digitally encoded it is extremely robust. For recovering the IR data
after the amplification, a modified Manchester Decoder from Xilinx (Application
Note: XAPP339 - V1.3 October 1, 2002) was used in the data recovery system. The
data was subsequently extracted to a .bin file through a USB Opal Kelly FPGA

interface.
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Figure 4.59: Capsule data extracted through a) 4-wire SPI interface and b) IR-optical

transmission.
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4.4 Summary

In this chapter an endoscopy cancer-screening capsule prototype was presented,
which has demonstrated that it can detect Indocyanine Green-based cancer labelling
agents, from the nanomolar to the micromolar range. The capsule has been tested
in-vitro and ex-vivo, using ICG-impregnated swine intestine. The overall size of
the capsule is suitable for ingestion by humans. It uses a variable sampling rate
methodology, which reduces the amount of redundant data collected and enables
the low current consumption of 6.3 mA. Furthermore, the magnetically-activated,
wireless data readout technique does not require conductive feedthroughs or the
hermetic seal of the capsule to be broken, in order to recover the data. Hence, the
technical feasibility of a microcancer screening method for the small intestine, based

on existing fluorescence biomarkers, has been proven.

113






Chapter 5

Conclusion

This thesis explores and develops a fluoroscopic screening capsule prototype for
early-stage detection of cancerous cells in the small intestine, in order to provide more
effective treatment to the patient. The development of such a device, which detects
early-stage small intestine cancer via fluorescence emitted by ICG IR-biomarker, in-
troduces, to the medical community, a novel, non-invasive cancer screening method
for the small intestine. This project has successively delivered the first completely
autonomous IR-fluorescence-based ingestible endoscopic cancer screening capsule
that has no external wiring or receiver, that is relatively cheap, with low power
requirements and that is able to detect and discriminate low concentrations of the
IR-fluorophore indocynine green, which is related with the present of cancer in the

small intestine.

5.1 Contributions

The key contribution of this thesis is the development of a unique IR-fluorescence-
based endoscopic capsule, to implement a novel non-invasive cancer screening
method for the small intestine. In implementing this capsule, a number of unique

features were developed that can also be used in other applications. These are:

e The implementation of a sampling rate control algorithm that uses acceleration
information in order to regulate the image/data acquisition sampling rate of
a regular endoscopy capsule, thus reducing the power consumption of the
system, avoiding unnecessary data collection, whilst providing a methodology

for thoroughly scanning the G.I. tract.
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e The usage of on-board memory, to eliminate the need for real time data trans-
mission and to allow the patient to go about their normal activity, whilst
undergoing screening. This avoids the use of an external data-receiver belt,

which is used by the current endoscopic capsules.

e The implementation of a memory-efficient storage management algorithm,
which uses a moving-average filtering technique in combination with thresh-
old crossing methodology for the detection of fluorescence spikes, in a noisy

background.

e The development of a contactless data recovery system, which is able to re-use
the excitation laser diodes, to download the stored data, without breaching the
hermetic seal. Once the capsule is attached to a read-out case, a magnetically-

activated signal initiates the readout process.

e The use of air bubbles in epoxy to increase the divergence angle of the colli-

mated laser diode beam.

5.2 Recommendations for Future Work

Future work on this topic would most be related to the commercial development
of the capsule, since this work has proven the technological feasibility of the idea,
and through a prototype, has led to a technology readiness level of the idea, that is
suitable for the creation of a spin-off company.

Most definitely, the design and fabrication of a customised integrated circuit,
which would include the majority of the discrete components used in this prototype,
would further decrease the overall size and power of the system. This would free up
more space for the optical parts of the system (optical filters, lenses, more detectors
and excitation sources) and would increase battery life. Moreover, an integrated
solution could increase the fluorescence detection sensitivity, by using charge-based
amplifiers, thus enabling a decrease in the illumination power, which currently
consumes about 95% of the power. Also if there is room for larger photodiodes, then
once again it is possible to decrease the illumination power.

Finally, before being tested on humans, a series of in-vivo experiments in animal
models are required. Such experiments will prove the ability of the capsule to detect

early-stage cancers in living beings.
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Appendix A

Altium Designer: Circuits Schematics

and PCBs
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Figure A.1: Circuit Schematic of the first generation capsule Rigid PCB part.
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Figure A.3: Circuit Schematic of the second generation capsule.
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Figure A.5: PCB of the hardware platform that tests the variable sampling rate
methodology.

Figure A.6: PCB of the contactless data recovery system.
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Appendix B

Coding: VHDL, Matlab and Opal
Kelly Front Panel Codes

B.1 SPI master VHDL code for external controlling of

the capsule internal flash memory through 4-wire

SPI signals

library IEEE;

use

use

use

use

use

IEEE.

TEEE

ieee.
IEEE.

work.

STD_LOGIC_1164.ALL;

.numeric_std.all;

std_logic_arith.all ;
std_logic_unsigned.all;

FRONTPANEL . all;

entity DataExtractor 1is

port (hi_in : in STD_LOGIC_VECTOR(7 downto 0);
hi_out : out STD_LOGIC_VECTOR(1 downto 0);
hi_inout : inout STD_LOGIC_VECTOR(15 downto 0);
hi_aa : inout STD_LOGIC;

SO_

hi_muxsel ,i2c_sda,i2c_scl: out STD_LOGIC;
CSN_EXT, SCK_EXT ,SI_EXT:out STD_LOGIC;
EXT:in STD_LOGIC;

clkl:in STD_LOGIC);

end DataExtractor;
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architecture Behavioral of DataExtractor is

signal ti_clk : STD_LOGIC;

signal okl : STD_LOGIC_VECTOR(30 downto 0);
signal ok2 : STD_LOGIC_VECTOR(16 downto 0);
signal ok2s : STD_LOGIC_VECTOR(3*17-1 downto 0);

Component FMSystem_Entity is

port (clkl,ti_clk,MRST,Unprotect,Erase,sampleCLK,
Readingin,SO,btpipeO_read®:in std_logic;
LEDs:inout std_logic_vector (15 downto 0);
ReadAddr: in std_logic_vector (23 downto 0);
Data,Data2:in std_logic_vector (15 downto 0);
btpipeO_data®:out std_logic_vector (15 downto 0);
Mode:in std_logic_vector (1 downto 0);
AddressOut:inout std_logic_vector (23 downto 0));

end Component;
signal RST,btpipeO_data®,btpipeO_datal,Unprotect,LEDs,Erase,Readingin,
Writing,ModeFM,ReadAddrl,ReadAddr2,AddrOutl,Paralout,

Paraloutl:std_logic_vector (15 downto 0);

signal btpipeO_read®,btpipeO_readl,bs_out,S0,S015,BSY1,
fulll,emptyl:std_logic;

signal AddressOutl,ReadAddress:std_logic_vector (23 downto 0);

signal clk2,Div2,Div4,Div8,Div16,Div32,Div64,Div128,Div256,Div512,
Div1024,Div2048:std_logic;

begin
i2c_sda <= 'Z7;
i2c_scl <= 'Z7;

hi_muxsel <= '0’;
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-- Implement the logic

gl:FMSystem_Entity PORT MAP(clkl => clk2,ti_clk => ti_clk,
MRST => RST(®),Unprotect => Unprotect(0),Erase => Erase(0),
sampleCLK =>Writing(0®),Readingin => Readingin(0),
SO => SO,btpipeO_read® => btpipeO_read®,LEDs => LEDs,
ReadAddr => ReadAddress,Data => x"44AA",Data2 => x"3377",
btpipeO_data® => btpipeO_data®,Mode => ModeFM(1l downto 0),
AddressOut =>AddressOutl);

ReadAddress<=ReadAddr2 (7 downto 0)& ReadAddril;

AddrOoutl1<="0000" & AddressOutl (11l downto 0);

SO<=SO_EXT;

CSN_EXT<=LEDs (5);
SCK_EXT <=LEDs (6) ;
SI_EXT<=LEDs (7);

---clocks dividers
process (clk1l,RST(®),Div2,Div4,Div8,Div16,Div32,Div64,Div128,
Div256,Div512,Div1024 ,Div2048)

begin
if (RST(®) = ’'1’) then
Div2 <= ’0’;

elsif rising_edge(clkl) then--T=0.03ms

Div2 <= not Div2;--0.06ms

end if;
if (RST(®) = ’1’) then
Divd <= ’0’;

elsif rising_edge (Div2) then

Div4d <= not Div4;--0.12ms

end if;
if (RST(®) = ’1’) then
Div8 <= ’0’;

elsif rising_edge (Div4) then
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Div8 <= not Div8;--0.24ms

end if;

if (RST(®) = ’'1’) then

Divle <= ’0’;

elsif rising_edge (Div8) then
Divl6e <= not Divl6;--0.5ms

end if;

if (RST(®) = ’'1’) then

Div32 <= ’0’;

elsif rising_edge (Div16) then
Div32 <= not Div32;--1Ims

end if;

if (RST(®) = ’'1’) then

Dived <= ’'0’;

elsif rising_edge (Div32) then
Div64 <= not Divo64;--2ms

end if;

if (RST(®) = ’'1’) then

Div128 <= '0’;

elsif rising_edge (Div64) then
Div128 <= not Div128;--4ms

end if;

if (RST(®) = ’1’) then

Div256 <= '0’;

elsif rising_edge (Div128) then
Div256 <= not Div256; --8ms

end if;

if (RST(®) = ’1’) then
Div512 <= '0’;

elsif rising_edge (Div256) then
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Div512 <= not Div512;--16ms
end if;

if (RST(®) = '1’) then
Div1024 <= ’0’;

elsif rising_edge (Div512) then
Div1024 <= not Div1024;--32ms
end if;

if (RST(®) = '1’) then
Div2048 <= '0’;

elsif rising_edge (Div1024) then
Div2048 <= not Div2048;--64ms

end if;

-- resynchronize back to clock
if (RST(®) = ’'1’) then
clk2 <= ’0’;

elsif rising_edge(clkl) then
clk2 <= Div2048;

end if;

end process;

--Instantiate the okHost and connect endpoints

hi_out=>hi_out,

hi_inout=>hi_inout,hi_aa=>hi_aa,

ti_clk=>ti_clk,okl=>0kl,

okHI okHost port map (hi_in=>hi_in,
okWO okWireOR

epl: okWireIn port map

ep2: okWireIn port map

ep3: okWireIn port map

ep4: okWireIn port map

ep5: okWireIn port map

ep6: okWireIn port map

ep7: okWireIn port map
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generic map (N=>3) port map (ok2=>0k2,

(okl=>0kl,ep_addr=>x"00",
(okl=>0kl,ep_addr=>x"06",
(okl=>0kl,ep_addr=>x"07",
(okl=>0kl,ep_addr=>x"08",
(okl=>0kl,ep_addr=>x"09",
(okl=>0kl,ep_addr=>x"0C",
(okl=>0kl,ep_addr=>x"0D",

ok2=>0k2);
ok2s=>0k2s);

ep_dataout=>RST);
ep_dataout=>Writing);
ep_dataout=>Readingin);
ep_dataout=>Unprotect);
ep_dataout=>Erase);
ep_dataout=>ModeFM);

ep_dataout=>ReadAddrl);



ep8: okWireIn port map (okl=>o0kl,ep_addr=>x"OE", ep_dataout=>ReadAddr2);
ep9: okWireOut port map (okl=>o0kl, ok2=>0k2s( 1*¥17-1 downto 0%*17 ),
ep_addr=>x"20", ep_datain=>LEDs);
epl®: okWireOut port map (okl=>o0kl, ok2=>o0k2s( 2*17-1 downto 1*17 ),
ep_addr=>x"22", ep_datain=>AddrOutl);
epll: okBTPipeOut port map (okl=>o0kl, ok2=>0k2s(3*17-1 downto 2%17 ),
ep_addr=>x"A0", ep_read=>btpipeO_read®,ep_blockstrobe=>bs_out,

ep_datain=>btpipeO_data® (15 downto 0), ep_ready=>’1’);

end Behavioral;

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.NUMERIC_STD.ALL;

entity FMSystem_Entity is

port (clkl,ti_clk,MRST,Unprotect,Erase,sampleCLK,Readingin, SO,
btpipeO_read0®:in std_logic;
LEDs:inout std_logic_vector (15 downto 0);
ReadAddr: in std_logic_vector (23 downto 0);
Data,Data2:in std_logic_vector (15 downto 0);
btpipeO_data®:out std_logic_vector (15 downto 0);
Mode:in std_logic_vector (1 downto 0);
AddressOut:inout std_logic_vector (23 downto 0));

end FMSystem_Entity;

architecture Behavioral of FMSystem_Entity is

component Write_Entity

port (clkl,MRST,sampleCLK,SO:in std_logic;
Data,Data2:in STD_LOGIC_VECTOR (15 downto 0);
CSn_2,SCK_2,SI_2,WrEnd:out std_logic;
AddressOut:inout std_logic_vector (23 downto 0));

end component;
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component Unprotect_Entity

port (clkl,MRST,Unprotect,SO:in std_logic;
CSn_0,SCK_0,SI_0:out std_logic;
Unpr,SPRL:out std_logic);

end component;

component Erase_Entity

port (clkl,MRST,Erase,SO:in std_logic;
CSn_1,SCK_1,SI_1l:out std_logic;
Move_1,EPE:out std_logic);

end component;

component Read_Entity

port (clkl,MRST,Readingin,SO:in std_logic;
Addr: in std_logic_vector (23 downto 0);
CSn_3,SCK_3,SI_3,BSY_3,Move_3:0ut std_logic;
Paraloutl:out std_logic_vector (15 downto 0));

end component;

component MUX_S
Port (sel: in STD_LOGIC_VECTOR (1 downto 0);
input4,input3,input2,inputl: in STD_LOGIC;
output : out STD_LOGIC);

end component;

component Decoderl
port (input:in std_logic_vector(2 downto 0);
output:out std_logic_vector(7 downto 0));

end component;

component clkdivision2
port( clk, rst:in std_logic;
clkout:inout std_logic_vector(2 downto 0));

end component;

component fifo2
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port (

rst: in std_logic;

wr_clk: in std_logic;

rd_clk: in std_logic;

din: in std_logic_vector (15 downto 0);
wr_en: in std_logic;

rd_en: in std_logic;

dout: out std_logic_vector (15 downto 0);
full: out std_logic;

empty: out std_logic);

end component;

signal Paraloutl:std_logic_vector (15 downto 0);
signal CSn_0®,SCK_0,SI_0,CSn_1,SCK_1,SI_1,CSn_2,SCK_2,SI_2,
BSY,CSn_3,SCK_3,SI_3,fulll,emptyl:std_logic;

begin

gl:Unprotect_Entity port map (clkl,notUnprotect,Unprotect,SO,
CSn_0,SCK_0®,STI_0,LEDs(®),LEDs(1));
g2:Erase_Entity port map (clkl,not Erase,Erase,SO,CSn_1,
SCK_1,SI_1,LEDs(2),LEDs(3));
g3:Write_Entity port map (clkl,MRST,sampleCLK,SO,Data,Dataz2,
CSn_2,SCK_2,SI_2,LEDs(9),AddressOut);
g4:Read_Entity port map (clkl,MRST,Readingin,SO,ReadAddr,CSn_3,
SCK_3,SI_3,BSY,LEDs(4),Paraloutl);
g5:MUX_S port map(Mode(l downto 0),CSn_3,CSn_2,CSn_1,CSn_0,LEDs(5));
g6:MUX_S port map(Mode(l downto 0),SCK_3,SCK_2,SCK_1,SCK_0,LEDs(6));
g7 :MUX_S port map(Mode(l downto 0),SI_3,SI_2,SI_1,SI_O0,LEDs(7));
g8:fifo2 port map (rst =>MRST,wr_clk => BSY,rd_clk => ti_clk,
din => Paraloutl,wr_en => Readingin,rd_en => btpipeO_read0,

dout => btpipeO_datal®, full => fulll,empty => emptyl);

end Behavioral;
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B.2 Front Panel interface code for external controlling

of the capsule internal flash memory

<object class="okPanel" name="panell">
<title>First FrontPanel Example</title>

<size>500,550</size>

<object class="okStaticBox">
<position>10,290</position>
<size>100,20</size>
<label>Flash Memory Control</label>

</object>

<object class="okToggleButton">
<label >RST</label >
<position>10,250</position>
<size>70,25</size>
<endpoint>0x00</endpoint>
<bit>0</bit>

</object>

<object class="okDigitEntry">
<position>10,320</position>
<size>70,25</size>
<tooltip>Mode</tooltip>
<radix>16</radix>
<minvalue>0</minvalue>
<maxvalue>3</maxvalue>
<endpoint>0x0C</endpoint>
<bit>0</bit>
<value>0003</value>

</object>

<object class="okStaticBox">

<position>100,320</position>
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<size>300,25</size>
<label>00:Unprotect ,01:Erase,10:Write,11:Read</label>

</object>

<object class="okToggleButton'">
<label>Writing</label>
<position>300,350</position>
<size>70,25</size>
<endpoint>0x06</endpoint>
<bit>0</bit>

</object>

<object class="okToggleButton">
<label>Unprotect</label>
<position>10,350</position>
<size>70,25</size>
<endpoint>0x08</endpoint>
<bit>0</bit>

</object>

<object class="okToggleButton">
<label >Erase</label >
<position>10,380</position>
<size>70,25</size>
<endpoint>0x09</endpoint>
<bit>0</bit>

</object>

<object class="okToggleButton'">
<label>Read Data</label>
<position>10,410</position>
<size>70,25</size>
<endpoint>0x07</endpoint>
<bit>0</bit>

</object>
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<object class="okStaticBox">

<-- LEDs

<position>90,400</position>
<size>71,45</size>

<label >Read Address</label>

</object>

<object class="okDigitEntry">

<position>90,410</position>
<size>70,25</size>

<tooltip>Read Address2</tooltip>
<radix>16</radix>
<minvalue>0</minvalue>
<maxvalue>255</maxvalue>
<endpoint>0x0E</endpoint>
<bit>0</bit>

<value>0000</value>

</object>

<object class="okDigitEntry">

<position>200,410</position>
<size>70,25</size>

<tooltip>Read Addressl</tooltip>
<radix>16</radix>
<minvalue>0</minvalue>
<maxvalue>65535</maxvalue>
<endpoint>0x0D</endpoint>
<bit>0</bit>

<value>0000</value>

</object>

-->

<object class="okLED">

<position>100,350</position>
<size>25,25</size>
<label align="bottom">Yes</label>

<style>SQUARE</style>

135



<color>#00ff00</color>
<endpoint>0x20</endpoint>
<bit>0</bit>

</object>

<object class="okLED">
<position>120,350</position>
<size>25,25</size>
<label align="bottom">Yes</label>
<style>SQUARE</style>
<color>#00ff00</color>
<endpoint>0x20</endpoint>
<bit>1</bit>

</object>

<object class="okLED">
<position>100,380</position>
<size>25,25</size>
<label align="bottom">Yes</label>
<style>SQUARE</style>
<color>#00£ff00</color>
<endpoint>0x20</endpoint>
<bit>2</bit>

</object>

<object class="okLED">
<position>120,380</position>
<size>25,25</size>
<label align="bottom">No</label>
<style>SQUARE</style>
<color>#00ff00</color>
<endpoint>0x20</endpoint>
<bit>3</bit>

</object>

<object class="okLED">
<position>10,440</position>
<size>25,25</size>
<label align="bottom">CSn</label>

<style>SQUARE</style>
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<color>#00f£f00</color>
<endpoint>0x20</endpoint>
<bit>5</bit>

</object>

<object class="okLED">
<position>30,440</position>
<size>25,25</size>
<label align="bottom">SCK</label>
<style>SQUARE</style>
<color>#00f£f00</color>
<endpoint>0x20</endpoint>
<bit>6</bit>

</object>

<object class="okLED">
<position>50,440</position>
<size>25,25</size>
<label align="bottom">SI</label>
<style>SQUARE</style>
<color>#00ff00</color>
<endpoint>0x20</endpoint>
<bit>7</bit>

</object>

<object class="okLED">
<position>400,350</position>
<size>25,25</size>
<label align="bottom">WrEnd</label>
<style>SQUARE</style>
<color>#00£ff00</color>
<endpoint>0x20</endpoint>
<bit>9</bit>

</object>

<object class="okDigitDisplay">
<position>10,490</position>
<size>70,25</size>

<tooltip>AddressOut</tooltip>
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<radix>16</radix>
<minvalue>0</minvalue>
<maxvalue>65535</maxvalue>
<endpoint>0x22</endpoint>
<bit>0</bit>

</object>

<object class="okFilePipe">
<position>90,490</position>
<size>70,25</size>
<label>BTpipe out®</label>
<endpoint >0xA0</endpoint>
<tooltip>read a file from pipe </tooltip>
<length>131072</length>
<append/>

</object>

</object>

</resource>

B.3 Import of a .bin file in Matlab and further process-
ing of the data for the calculation of the fluorescence

signals values

fid=fopen(’x5.bin’,’r’);
data=fread(fid);
LSBindex=5:2:1length(data);
MSBindex=6:2:1length(data);
LSB=data(LSBindex);
MSB=data (MSBindex);
DataBin=MSB*256+LSB;

plot(data,’'rx-’);
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