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1. Introduction

1.1 Motivation

Anaemia is common throughout the world. It is a condition that occurs when the
hemoglobin level in the blood is low. Therefore, the red blood cells do not carry enough
oxygen to the tissues of the body, as the hemoglobin is a protein-based component of the
red blood cells that is responsible for transferring oxygen throughout the body's circulatory
system. Anaemia affects all population groups. However, the most susceptible groups are
pregnant women and young children. In the severe form, anaemia is associated with
fatigue, weakness, dizziness and drowsiness. Without treatment, anaemia can worsen and
becomes an underlying cause of chronic ill health, such as impaired fetal development
during pregnancy, delayed cognitive development and increased risk of infection in young

children, as well as reduced physical capacity in all people [WHOO1].

Nine out of ten anaemia sufferers live in developing countries [WHOOO]. The World Health
Organization (WHO) reported that 1.6 billion people worldwide suffer from anaemia,
although many more are suspected of being undiagnosed, with women and children at the
highest risk [WHOO02]. Anaemia may contribute up to 20% of maternal deaths [WHOOT1].

The current treatment of anaemia is dependent on measuring the total hemoglobin (tHb)
concentration by invasive laboratory or Point-of-Care (POC) methods, using blood drawn
from venipuncture or a finger stick. The test of tHb concentration is one of the most
frequently requested tests in both acute care and outpatient settings, as anaemia is the most

common amongst blood disorders.

Pulse oximeters measure the functional oxygen saturation of hemoglobin in arterial blood

(Sp0O2). Currently, these are widespread in operating rooms, recovery rooms, intensive



1.1 Motivation

care, emergency medical aids, sleep medicine, home and other fields of medical care
[Hil00] [Wuk88]. In spite of their wide applications for monitoring the SpO,, pulse
oximeters have a lot of shortcomings, as demonstrated in detail in section 5.3. The most
serious disadvantage of these devices is that the pulse oximetry will not detect carbon
monoxide hemoglobin (COHb) and methemoglobin (MetHb). This leads to incorrect
measurement of oxygen saturation by carbon monoxide poisoning and methemoglobinemia
[Bar87] [Bar89]. Therefore, the fractional arterial oxygen saturation, which is the ratio of
oxygenated hemoglobin concentration (O,Hb) to the total hemoglobin concentration, has to
be calculated. In these cases, the invasive measuring of the arterial oxygen saturation is

conducted to measure the fractional oxygen saturation using the blood gas analyzers.

The invasive measurements either for tHb concentration or for the fractional arterial oxygen
saturation have many disadvantages, unlike blood loss that can be briefly demonstrated as
follows:

e The invasive measurements are time consuming and should be conducted in a
laboratory. Therefore, it cannot be available at the place of the medical care like the
intensive care unit and also the real-time (continuous monitoring) patient monitoring

cannot be conducted.

e The invasive measurements may increase the risk of infection due to blood drawn and

may expose the patient and the healthcare provider to blood-borne pathogens.

e The invasive measurements cause pain to many patients especially children and

neonates during the blood drawn.

The accessibility of non-invasive measuring for tHb concentration by measuring the
concentrations of its four hemoglobin components (COHb, MetHb, O,Hb, and reduced
hemoglobin (RHb) will offer relevant advantages over the current invasive measuring
methods to caregivers in intensive care units (ICUs), operating rooms, neonatal intensive
care units, ambulatory care centers, blood donation centers, and general hospital wards. If
tHb concentration and O,Hb concentration are measured non-invasively, the fractional

oxygen can be measured.

Measuring of the tHb concentration and the ratios of its four components (COHb, MetHb,
O2Hb, RHb) using a few drops of blood helps in overcoming some disadvantages of the
traditional invasive laboratory measuring method, such as blood loss, time consumption and

its availability at the point of care.
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1.2 Research objectives
1.2.1 Non-invasive measuring

The main objective of this study is measuring the total hemoglobin concentration and the
ratios of the oxyhemoglobin, carboxyhemoglobin, methemoglobin, and reduced
hemoglobin non-invasively to overcome the disadvantages of the invasive measuring of
these physiological variables. This objective can be achieved by investigating a new version
of pulse oximetry devices that has the ability to measure these variables non-invasively. To

achieve this objective some tasks should be conducted as follows:

e Proposing non-invasive measuring methods, two different methods are employed
for that purpose. The two methods are based on photoplethysmography PPG signals
with different wavelengths. The first method is based on modified Lambert-Beer
law and the principles of the pulse oximetry. This method is applied by two
different essential equations. Therefore, this method comprises two methods. The
second method is based on the intelligent algorithms and the photoplethysmography
technology. It is considered a new trend to measure these physiological variables

using the intelligent algorithms like fuzzy expert systems.

e A reliable non-invasive optoelectronic measuring system should be developed
according to the proposed methods. This measuring system provides non-invasive

online measurements.

e Reliable algorithms are proposed to extract the main features of the PPG signals that
are processed during the calculation and to improve the quality of the PPG signals.

1.2.2 Invasive measuring

Developing new fast algorithms to measure the total hemoglobin concentration and the
ratios of the oxyhemoglobin, carboxyhemoglobin, methemoglobin and reduced hemoglobin
using a compact hemoglobin analyzer that uses a few drops of blood is also one of the

thesis objectives.
For this purpose, the intelligent algorithms are employed. A whole fuzzy expert system is

developed, consisting of two fuzzy expert systems: one considers the accuracy and the

other considers the interpretability of the measuring operation.
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1.3 Thesis outline

Part I introduces the background and the current state of the art:
Chapter 2 mtroduces physiological foundations of hemoglobin including its function and

test.

Chapter 3 discusses the principles of the pulse oximetry including the calculation method
and its limitations. The final part of this chapter gives an overview about the current state of
the art.

Part Il is devoted to the methodology applied in this work:
Chapter 4 describes the developed optoelectronic system, the signal processing module that

is proposed for the low-amplitude signals, and the overall software flowchart.

Chapter 5 introduces a reliable algorithm in order to extract the main distinctive features of
the PPG signals and proposing the non-invasive calculation methods. Two methods are

described in this chapter.

Chapter 6 presents the invasive calculation method that is based on the fuzzy expert

systems.

Part 11l shows the results and the conclusions:
Chapter 7 demonstrates the results of the two non-invasive measuring methods and the
results of the invasive measuring method. The final part of this chapter includes the results

discussion.

Chapter 8 concludes the thesis by summarizing the contributions made and presents

suggestions for future work.
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Background and Current State of the Art






2. Physiological Foundations

2.1 Preliminaries

Blood is the medium in which dissolved gases, hormones, nutrients and waste products are
transported. Blood, together with the heart and the blood vessels (e.g. veins and arteries),
comprises the circulatory system of the body. The circulatory system is responsible for
maintaining balanced conditions within the body (i.e. homeostasis).

This chapter introduces general considerations of human blood physiology, including a
brief overview about the blood composition and functions. Special emphasis is placed upon
hemoglobin, as the thesis concerns estimating the total hemoglobin concentration as well as
the ratio of its components. The hemoglobin structure and function are described and also
the hemoglobinopathy is demonstrated. The hemoglobin test is one of the most frequently
requested laboratory measurements. The purpose, the precautions and the normal results of
the hemoglobin test are described in detail in the final part of this chapter.

2.2 Blood composition and functions
2.2.1 Blood composition

The composition of blood is quite complex. Blood accounts for 8% of the human body
weight [AIb07]. With an average density of approximately 1060 kg/m’, it is very close to
pure water's density of 1000 kg/m’ [Shu06]. The average adult has a blood volume of
roughly 5 liters (1.3 gal), composed of plasma and several kinds of cells (occasionally
called corpuscles); these formed elements of the blood are erythrocytes (red blood cells),
leukocytes (white blood cells), and thrombocytes (platelets). By volume, the red blood cells
constitute about 45% of whole blood, the plasma about 54.3%, and white cells about 0.7%
[AlbO7].



2.2 Blood composition and functions

Whole blood (plasma and cells) exhibits non-Newtonian, viscoelastic fluid dynamics; its
flow properties are adapted to flow effectively through tiny capillary blood vessels with less
resistance than plasma by itself. In addition, if all human hemoglobin were free in the
plasma rather than being contained in RBCs, the circulatory fluid would be too viscous for

the cardiovascular system to function effectively [Gan03].

Blood cells

One microliter of blood contains:

4.7 to 6.1 million (male), 4.2 to 5.4 million (female) erythrocytes [Gan03]:

In most mammals, mature red blood cells lack a nucleus and organelles. They contain the
blood's hemoglobin and distribute oxygen. The red blood cells (together with endothelial
vessel cells and other cells) are also marked by glycoproteins that define the different blood
types. The proportion of blood occupied by red blood cells is referred to as the hematocrit,
and is normally about 45%. The combined surface area of all red blood cells of the human
body would be roughly 2,000 times as great as the body's exterior surface [Tall06].
4,000-11,000 leukocytes: white blood cells are part of the immune system; they destroy
and remove old or aberrant cells and cellular debris, as well as attack infectious agents
(pathogens) and foreign substances. The cancer of leukocytes is called leukemia [Gan03].
200,000-500,000 thrombocytes: thrombocytes, also called platelets, are responsible for
blood clotting (coagulation). They change fibrinogen into fibrin. This fibrin creates a mesh
onto which red blood cells collect and clot, which then stops more blood from leaving the

body and also helps to prevent bacteria from entering the body [Gan03].

Plasma

About 55% of whole blood is blood plasma, a fluid that is the blood's liquid medium, which
by itself is straw-yellow in color. The blood plasma volume totals 2.7-3.0 liters (2.8-3.2
quarts) in an average human. It is essentially an aqueous solution containing 92% water,
8% blood plasma proteins, and traces of other materials. Plasma circulates dissolved
nutrients, such as glucose, amino acids, and fatty acids (dissolved in the blood or bound to
plasma proteins), and removes waste products, such as carbon dioxide, urea, and lactic acid.
Other important components include: serum albumin, blood-clotting factors (to facilitate
coagulation), immunoglobulins (antibodies), lipoprotein particles, various other proteins,

various electrolytes (mainly sodium and chloride) [Gan03].

2.2.2 Blood functions

The primary function of red blood cells, or erythrocytes, is to carry oxygen and carbon
dioxide. Hemoglobin (Hb) is an important protein in the red blood cells that carries oxygen
from the lungs to all parts of our body. The primary function of white blood cells, or
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leukocytes, is to fight infection. There are several types of white blood cells and each has
its own role in fighting bacterial, viral, fungi, and parasitic infections. Types of white blood
cells that are most important for helping protect the body from infection and foreign cells
include the following: Neutrophils, Eosinophils, Lymphocytes, Monocytes, Ranulocytes.
The primary function of platelets, or thrombocytes, is blood clotting. Platelets are much
smaller in size than the other blood cells. They group together to form clumps, or a plug, in
the hole of a vessel to stop bleeding [Guy06].

2.3  Hemoglobin

Hemoglobin is found in the red blood cells of the body (see Figure 2-1). Each red blood cell
(RBC) contains approximately 280 million hemoglobin molecules [sea99]. The main
function of hemoglobin is to transport oxygen from the lungs to the tissues and then
transport CO2 back from the tissues to the lungs. One hemoglobin molecule has the ability
to transport up to 4 oxygen molecules. There are two main forms of hemoglobin:
oxyhemoglobin, which is saturated with oxygen molecules and deoxyhemoglobin (also is
called reduced hemoglobin), which is desaturated with oxygen molecules [sea99].
Oxyhemoglobin has a higher affinity for oxygen than deoxyhemoglobin, and
deoxyhemoglobin has a higher affinity for CO2 than oxyhemoglobin. Therefore, oxygen
binds to oxyhemoglobin in the lungs and is then transported through the blood stream until
it reaches the tissues. There, the oxygen is released to myoglobin, which then transports it
to the mitochondria where it is used for aerobic respiration. In exchange, deoxyhemoglobin
picks up 2 protons and 2 molecules of CO2 and returns to the lungs, where the CO2 is
released through exhalation [Pre78].

Hemoglobin

Oxygen molecule —
Red blood cell

Hemoglobin carries
oxygen thoughout

the body
FADIANL

Figure 2-1: Red blood cells and hemoglobin [Lom11].

Hemoglobin may also be in the forms of dysfunctional hemoglobins (or dyshemoglobins)
that do not support the transport of oxygen to the tissues. They are either unable to bind

reversibly to oxygen or interfere with the ability of oxyhemoglobin to release its oxygen to
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the tissue. The four most common dyshemoglobins are methemoglobin (MetHb),

carboxyhemoglobin (COHD), sultfhemoglobin, and carboxysulthemoglobin [Wie97].

Methemoglobin is oxidized hemoglobin. It is a result of oxidation of a free heme iron
instead of the reversible binding of oxygen to heme inserted into globin subunits. Oxidized
hemoglobin subunits are not capable of binding oxygen and altering the oxygen binding of
the remaining ferrous hemes. Therefore, the functionality of hemoglobin is highly affected
by methemoglobin. Under physiological circumstances the amount of methemoglobin
remains below 0.6% of the total hemoglobin.

Carboxyhemoglobin is hemoglobin that has carbon monoxide (CO) instead of the normal
oxygen bound to it. The carbon atom of carbon monoxide is bonded to the iron atom of
heme. The affinity of hemoglobin binding with carbon monoxide is approximately 210
times larger than that of oxygen. Therefore, the presence of a high level of carbon
monoxide will reduce the amount of oxygenated hemoglobin significantly. The source of
the carbon monoxide may be exhaust (such as from a car, truck, boat or generator), smoke
from a fire, or tobacco smoke. The level of carboxyhemoglobin is a measure of the degree
of carbon monoxide exposure. In non-smokers the level of COHb is usually below 2% but

this value varies with the local environment [ WuK&8].

Sulfhemoglobin 1s produced by the reaction of oxyhemoglobin and hydrogen sulphide. The
oxygen affinity of the heme iron in sulthemoglobin is 100-fold lower than the oxygen
affinity of unmodified hemoglobin [Wie97].

Carboxysulfhemoglobin results from a reaction of sulfhemoglobin with carbon monoxide.

The concentrations of sulfhemoglobin and carboxysulthemoglobin in human blood are
usually not significant [Wie97].

2.3.1 Hemoglobin function

The ability of hemoglobin to take up oxygen molecules in the lungs and then release them
in the tissues is regulated by several factors both within the hemoglobin molecule itself and
through external chemical factors. One of the biggest regulators of the oxygen affinity of
the hemoglobin is the presence of oxygen itself. In the lungs, where the oxygen levels are
high, the hemoglobin has a higher affinity for oxygen and this affinity increases
disproportionately with the number of molecules it already has bound to it [Sea99]. In other
words, after the oxyhemoglobin binds one molecule of oxygen its affinity for oxygen
increases until the hemoglobin is fully saturated. In the same way, deoxyhemoglobin has a
lower affinity for oxygen and this affinity decreases disproportionately with the number of
molecules it already has bound [Sea99]. Thus, the loss of one oxygen molecule from
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deoxyhemoglobin lowers the affinity for the remaining oxygen. This regulation is known as
cooperativity and is essential to the functioning of the hemoglobin because it allows the
oxyhemoglobin to carry the maximum amount of oxygen to the tissues and then allows
deoxyhemoglobin to release the maximum amount of oxygen into the tissues [Sea99].
Cooperativity is a function of the hemoglobin's unique structural characteristics, and it was
found that the cooperative effects of the hemoglobin totally disappear if the hemoglobin is
split in half [Pre78]. Essentially, hemoglobin is an allosteric protein that has more than one
shape and can undergo conformational changes in its structure based on environment

conditions [Sea99].

There are two alternative structures of hemoglobin; the relaxed structure (R) which has a
greater oxygen affinity, and the tense structure (T) which has lower affinity for oxygen
[Pre78]). The change between the T and R structures is the result of a rotation of 15 degrees

between the two alpha-beta dimers [Kea04].

2.3.2 Hemoglobin structure

Hemoglobin is a tetramer composed of 4 globin molecules; 2 alpha globins and 2 beta
globins (see Figure 2-2). The alpha globin chain is composed of 141 amino acids and the
beta globin chain is composed of 146 amino acids [Pre78]. Both alpha and beta globin
proteins share similar secondary and tertiary structures, each with 8 helical segments
(labeled helix A-G). Each globin chain also contains one heme molecule. The heme
molecule is composed of a porphyrin ring, which contains 4 pyrrole molecules cyclically
linked together, and an iron ion ligand bound in the center. The heme molecule is located
between helix E and helix F of the globin protein. The alpha and beta subunits of the globin

chains exist in two dimers which are bonded together strongly [Kea04].

Figure 2-2: 3-D Ribbon Structure of the hemoglobin molecule. Each of the 4 globin chains is
represented in a different color. The heme molecule is shown in red [Psc11].
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Figure 2-3: Heme molecule. Porphyrin ring with iron atom ligand bound inside [Oml11].

Oxygen binds to the iron ion tightly, and if two heme molecules come together in the
presence of oxygen the iron atoms will oxidize and irreversibly bind to the oxygen (see
Figure 2-3). This irreversible binding would not be of use in the hemoglobin molecule
because oxygen needs to be released in the tissues. The globin chain prevents this
irreversible binding by folding the protein around the heme molecule, creating a pocket to
isolate the heme molecule from other heme molecules. Therefore, the globin molecules
allow the iron atom to form loose bonds with the oxygen, and therefore, the ability to bind
to oxygen and then release it into the tissues without becoming permanently oxidized in the
process [Pre78].

2.3.3 Hemoglobinopathy

It is to have hemoglobin different from the normal hemoglobin. The hemoglobinopathies
are among the most common monogenic diseases, with more than 1,000 different mutant
alleles having been identified on the molecular level [O1d07].The most significant of these
from a clinical point of view are the sickle-cell diseases (SCD) and B thalassemia which
affect populations with origins in Africa, the Mediterranean region, Southeast Asia, the
Middle East and the Far East [Kha06]. Around 1-2% of the global populations are
heterozygous for hemoglobin S and 3% are heterozygous for 3 thalassemia [The07].

Historically, the majority of children who were carriers of these diseases died during their
first 10 years of life from complications. However, recent important advances have
extended the average life of patients and significantly improved their quality of life.
Improved understanding of the etiology and mechanisms of anaemia, earlier diagnosis, new
therapeutic approaches and better management of transfusion iron overload have
dramatically improved the clinical picture [Old07].
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The inherited disorders of hemoglobin are classified into three groups:
1. Structural variants.

2. Thalassemias.

3. Hereditary persistence of fetal hemoglobin (HPFH).

The first group is characterized by the presence of abnormal hemoglobins with different
structures, but no alterations in the rate of globin production. Approximately 1000 Hb
variants have been identified, of which Hbs S, C, D, and E are the most frequent worldwide
[Beu06].The second group, thalassemias , is characterized by a reduced rate or lack of
synthesis of one or more globin chains. The two main types are a and § thalassemias. a-thal
is classified as type 1, where both al and a2 genes are deleted (or mutated), and type 2,
where only one a gene is deleted (or mutated). B-thals are divided into B+- thal, with a low
B globin chain production, and B0-thal, in which the B chain synthesis is null [Wea06].The
last group, HPFH, is a benign condition in which synthesis of Hb Fetal (Hb F) persists
beyond the neonatal period. Hemoglobinopathies constitute the most common monogenic
disease group in the world. The World Health Organization estimates that about 370,000
infants are born each year with a hemoglobinopathy, and approximately 5% of the world’s
population carries a genetic mutation for this pathology [WeaO1].

2.3.4 Hemoglobin test

Definition
A hemoglobin test reveals how much hemoglobin is in an individual's blood. This
information can be used to help physician's diagnose and monitor anaemia [a low

hemoglobin level] and polycythemia vera [a high hemoglobin level] [CheO1].

Purpose

A hemoglobin test is performed to determine the amount of hemoglobin in an individual’s
red blood cells (RBCs). This is important because the amount of oxygen available to tissues
depends upon how much oxygen is in the RBCs, and local perfusion of the tissues. Without
sufficient hemoglobin, the tissues lack oxygen and the heart and lungs must work harder to
compensate. A low hemoglobin measurement usually means the individual has anaemia.
Anaemia results from a decrease in the number, size, or function of RBCs. Common causes
include excessive bleeding, a deficiency of iron, and vitamin B12, or folic acid, destruction
of red cells by antibodies or mechanical trauma, and structurally abnormal hemoglobin.
Hemoglobin levels are also decreased due to cancer, kidney diseases, other chronic
diseases, and excessive IV fluids. An elevated hemoglobin level may be caused by
dehydration (decreased water), hypoxia (decreased oxygen), or polycythemia vera. Hypoxia

may result from high altitudes, smoking, chronic obstructive lung diseases (such as
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emphysema), and congestive heart failure. Hemoglobin levels are also used to determine if
a person needs a blood transfusion. Usually a person's hemoglobin must be below 7-8 g/dl
before a transfusion is considered, or higher if the person has heart or lung disease. The
hemoglobin concentration is also used to determine how many units of packed red blood
cells should be transfused. A common rule of thumb is that each unit of red cells should

increase the hemoglobin by approximately 1.0-1.5 g/dl [KeeO1].

Precautions

Fluid volume in the blood affects hemoglobin values. Accordingly, the blood sample
should not be taken from an arm receiving IV fluid. It should also be noted that pregnant
women and people with cirrhosis, a type of permanent liver disease, have extra fluid, which
dilutes the blood, decreasing the hemoglobin. Dehydration, a decreased amount of water in
the body, concentrates the blood, which may cause an increased hemoglobin result. Certain
drugs such as antibiotics, aspirin, antineo-plastic drugs, doxapram, indomethacin,
sulfonamides, primaquine, rifampin, and trimethadione, may also decrease the hemoglobin
level. A nurse or phlebotomist usually collects the sample by inserting a needle into a vein,
after cleaning the skin, which helps prevent infections [Che01].

Normal results

Normal values vary with age and sex, with women generally having lower hemoglobin
values than men. Normal results for men range from 13-18 g/dl. For women the normal
range is 12—16 g/dl. Critical limits (panic values) for both males and females are below 5.0
g/dl or above 20.0 g/dl. A low hemoglobin value usually indicates the person has anaemia.
Different tests are done to discover the cause and type of anaemia. Dangerously low
hemoglobin levels put a person at risk of a heart attack, congestive heart failure, or stroke.
A high hemoglobin value indicates the body may be making too many red blood cells.
Other tests are performed to differentiate the cause of the abnormal hemoblogin level.
Laboratory scientists perform hemoglobin tests using automated laboratory equipment.
Critically high or low levels should be immediately called to the attention of the patient's
doctor [Kje00].
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3. Pulse Oximetry

3.1 Preliminaries

Pulse oximetry is considered one of the most significant technological advances in clinical
patient monitoring over the last two decades that decreases the cost of care [Men92]
[Web97]. It provides information about functional arterial oxygen saturation
non-invasively. Pulse oximetry became known as the fifth vital sign along with blood
pressure, heart rate, temperature, and respiration rate [Sam09] [Coh05] [Nef8] [Yel83].

It is now routinely used in many clinical applications and in all types of health settings
[Sam09] [Dem07]. Outpatient sites of service typically include the emergency department,
pulmonary function laboratory, clinic, physician’s office, pulmonary rehabilitation
programs, and the patient’s home. Inpatient pulse oximetry is performed in operating
rooms, intensive care units (ICUs), neonatal intensive care units and on general hospital
wards. Pulse oximetry is also used in alternative settings such as skilled nursing facilities
and long-term acute care facilities.

In recent years, many research groups have employed the principles of the conventional
pulse oximetry to measure more clinical physiological variables unlike the arterial oxygen
saturation and the heart rate, such as total hemoglobin (tHb) concentration, blood pressure
and blood glucose. This thesis concerns measuring tHb concentration and the ratios of
oxyhemoglobin, carboxyhemoglobin, methemoglobin, and reduced hemoglobin, according
to the principles of the pulse oximetry. Therefore, it is very important to introduce an
overview about pulse oximetry technology foundations.

This chapter presents the essential theoretical background for pulse oximetry including
information about photoplethysmography, general physical basics of light absorbance, and
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physical basics of light absorbance in pulse oximetry. The method of calculating the
functional arterial oxygen saturation by pulse oximetry is explained after the theoretical
introduction. The sources of inaccuracy in pulse oximeters are briefly discussed in
section 3.5 to optimize the usage of these devices. The final section of this chapter
demonstrates a literature review of estimating tHb concentration non-invasively and the
artificial application for the photoplethysmography signal to show the current state of the
art of utilizing the principles of the pulse oximetry to measure tHb concentration and its

four components ratios.

3.2  Photoplethysmography

Plethysmography (PG) is a set of non-invasive techniques to measure changes in blood
flow or air volume in different parts of the body. It can be employed to detect blood clots in
arms and legs, or to estimate how much air can be drawn into the lungs. The commonly
detected volume changes are those caused by breathing, blood being forced into vessels,
and in the heart as it pumps. PG can be conducted by different means, such as strain gauge
plethysmography, = water  plethysmography, impedance plethysmography, air
plethysmography, gravimetric plethysmography, microwave plethysmography, and
photoplethysmography [Nop10] [Gra96]. Several plethysmographic vein occlusion sensors
and systems are shown in Figure 3-1. In the following, photoplethysmography is introduced

in detail, as it is the cornerstone of the pulse oximetry devices.

Photoplethysmography (PPG), also called photoelectric plethysmography, is not a new
technology. The principles of photoelectric plethysmography were first described in 1935
by K. Mattes, K. Kramer and also F. Gross who followed photoelectrically the reduction of
oxyhemoglobin in the blood in vitro and in vivo as reported by A. B. Hertzman in 1938
[Her38] [Mat35] [Gal89]; however, A. B. Hertzman and C. R. Spielman were the first to
use the term “Photoplethysmograph” and suggested that the resultant “Plethysmogram”

represents volumetric changes in the blood vessels of the skin [Kam§89].

PPG refers to an optical measurement technique that can be applied to detect changes in
blood flow and blood volume in the microvascular bed of tissue [Cha74]. Valuable
information about the cardiovascular system can be supplied non-invasively by PPG
[Kam89], The basic system of Photoplethysmography technology consists of a few
optoelectronic components: a light source (most commonly light emitting diode (LED)) to
illuminate the tissue and a light detector (photodetector) to measure the small variations of
the light intensity. The detector can be placed either directly across from the light source for
transmission photoplethysmography or next to the light source for reflective
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photoplethysmography, as illustrated in Figure 3-2. PPG is applied non-invasively and

often operates in red and near infrared light wavelengths regions.

Figure 3-1: Several plethysmographic vein occlusion sensors and systems: strain gauge and fiber sensor
(a), water plethysmograph (b), impedance plethysmograph (c), air plethysmograph sensor (d),
Computer supported gravimetric plethysmograph (e), and microwave plethysmograph (f) [Nop01].
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Figure 3-2: Transmission photoplethysmography (left) versus reflective photoplethysmography (right).

The Photoplethysmography technology has been used in a wide range of commercially
available medical devices for measuring oxygen saturation, cardiac output, blood pressure,
respiration monitoring, and assessing autonomic function and also detecting peripheral

vascular diseases [All07].

3.2.1 The photoplethysmography waveform

The PPG waveform comprises a pulsatile (alternating part AC) physiological waveform
attributed to cardiac synchronous changes in the blood volume and usually has its
fundamental frequency, typically around 1 Hz according to heart beat, as shown by
Figure 3-3. The AC pulsatile is superimposed on a slowly varying (static part DC) baseline.
This DC component varies slowly with various lower frequency components attributed to

respiration, sympathetic nervous system activity and thermoregulation.

Figure 3-4 shows the amount of the absorbed light in the living tissue as a function of time.
The amount of the absorbed light is correlated with the pulsation of arterial blood. A
constant amount of light is absorbed by the skin pigmentation, bone, other tissue, venous
blood and the non-pulsating part of the arterial blood. More blood is present in the arteries

during systole and therefore more light is absorbed.

PPG

Figure 3-3: The pulsatile (AC) component of the PPG signal and corresponding electrocardiogram
(ECG) [A1107].
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Figure 3-4: Absorbed light in living tissue [Web09].

3.3  Light absorbance basics

This section describes the basic principles of light absorption in substances to understand
the important theoretical concepts of the operation of the pulse oximeter [Wie97] [Dem98]
[PeeO1].

The determination of the concentration of a light-absorbing substance in a medium using a
spectrophotometer is based on Lambert-Beer’s law (also referred to as Beer’s or Bouguer’s
law). Lambert-Beer’s law identifies the attenuation of light entering a sample of a uniform
medium that contains an absorbing substance due to the absorption. If monochromatic
incident light of an intensity /, enters the medium, a part of this light is transmitted through
the medium while another part is absorbed. As illustrated in Figure 3-5, the intensity / of
light travelling through the medium decreases exponentially with distance and can be

expressed by the following equation.

=1 e P 3.1)

o

where &(4) is the absorbability or the extinction coefficient of the absorbing substance at a
particular wavelength, c is the concentration of the absorber that is constant in the medium,
and d is the absorption optical path length through the medium. The concentration c is
measured in mmol L, the distance is expressed in cm, and the extinction coefficient is

measured in L mmol'cm™.
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Figure 3-5: Description of Lambert-Beer’s law that controls the absorption of light travelling through a
uniform substance.

The atoms of all molecules vibrate in a particular pattern that is unique for every substance.
As the light is passed through a substance, the frequency of the light similar to the vibration
frequency of the substance is absorbed while all the other frequencies are transmitted or
reflected. The absorbance is sometimes referred to as the optical density of a medium. The
extinction coefficient of a substance can be graphed at various wavelengths as a spectrum.
This spectrum is specific for each substance.

It is necessary to mention some of the other useful definitions:

The transmittance (T) of light is defined as the ratio of the transmitted light / to the incident

light 7, that travels through a medium with an absorbing substance.

r=L o et (3.2)

The unscattered absorbance (A) of this process is defined as the negative natural logarithm
of the transmittance of light.

A=-InT = &(A)cd (3.3)

The absorption coefficient (1)) of this process is a measure of the rate of decrease in the
intensity of the light as it passes through a given substance. It depends on the wavelength of

the incident light and can be calculated by the following equation.

() = e(A)c (3.4)
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What is the case if there is more than one substance that absorbs light in the same medium?
The properties of Lambert-Beer’s law are also valid in this case. The mathematical
representation of such system of absorbers is a superposition of the individual absorbing
processes. The resulting total absorbance 4 and total absorption coefficient a(A) of light in
a medium with n absorbing substances are the sum of their n independent absorbencies and

absorption coefficients, respectively, as demonstrated by the following two equations.

(3.5)
() = £, (), + &3 (AVCy + oot &, (A)C, = 28 (e, (3.6)

where &(4), c;, and d; are the extinction coefficient, concentration of the substance i, and the

optical path length through the absorbing substance, respectively.

According to Eq. (3.4), Lambert-Beer’s law allows us to determine n unknown
concentrations of n different absorbing substances in a homogenous medium if the
absorbance of light is measured at n different wavelengths, the extinction coefficients of the
substances are known, and the optical path lengths, which may differ from substance to

substance in the medium, are estimated.

3.4  Light absorbance in pulse oximetry and estimation of oxygen saturation

This section demonstrates the theoretical background for the measurement of light
absorbance in pulse oximetry as a basis for estimating the arterial oxygen saturation.

3.4.1 Light absorbance in pulse oximetry

Hemoglobin is a respiratory pigment contained within red blood cells. One oxygenated
hemoglobin molecule can carry four molecules of oxygen. Hemoglobin changes color when
oxygenated. A deoxygenated hemoglobin molecule is dull red; hence, it absorbs most of
any red light passing through it. An oxygenated hemoglobin molecule is bright red, as
shown by Figure 3-6. It absorbs less amount of red light and transmits most of it. Pulse

oximetry uses this color change to measure hemoglobin oxygen saturation [Cla97].
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3.4 Light absorbance in pulse oximetry and estimation of oxygen saturation

Figure 3-6: Color difference between oxygenated and deoxygenated hemoglobin [Alt11]

Figure 3-7a shows the extinction coefficients of the reduced hemoglobin (RHb or Hb) and
oxyhemoglobin O,Hb at wavelengths in the range of 650 nm and 1000 nm and Figure 3-7b
demonstrates the interesting wavelength regions of the red light and the infrared light by
pulse oximetry. The absorbing characteristics of hemoglobin change with its chemical
binding and the wavelength of the incident light. The absorbance of light in the red region
of the spectrum is much higher for RHb than for O,Hb. In the infrared region, RHb is
slightly more transparent to light than O,Hb.
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Figure 3-7: Extinction coefficients of RHb and O,Hb (a) and the interesting wavelength regions of the
red light and the infrared light by pulse oximetry (b) [Web06] [Adv11].

Pulse oximetry utilizes two wavelengths to determine the arterial oxygen saturation. One of
them is in the red light region and the other in the infrared light region. The most common
choice for the two wavelengths is 660 nm and 940 nm. At these wavelengths, hemoglobin
is the main light absorber in human blood. There are different reasons that lead to this

choice. They can be described as follows:
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3.4 Light absorbance in pulse oximetry and estimation of oxygen saturation

e There is a large difference in the extinction coefficients of RHb and O,Hb at the
wavelength of 660 nm that changes light absorbance significantly, even when the
oxygen saturation changes slightly.

e The light emitting diodes (LEDs) are available at these wavelengths. That is
considered an important factor for cost reduction in commercial pulse oximeters.

e The flatness of the absorption spectra around the chosen wavelength, so that the
shifts in the peak wavelength of the LEDs, (due to the temperature or the
manufacture), do not result in large errors [Moy94]. The flatness of the absorption
spectra around the wavelength of 940 nm is more obvious than at the wavelength of
660 nm, as depicted in Figure 3-7.

3.4.2 Estimation of functional arterial oxygen saturation

Measuring at two wavelengths allows distinguishing the concentrations of only two
different absorbers (RHb and O,Hb), which are called the functional hemoglobins, as they
are able to bind reversibly with oxygen molecular, which is considered the main purpose of
the hemoglobin. Most of the hemoglobins in healthy individuals are functional
hemoglobins. The functional arterial oxygen saturation (functional S,0;) is measured
according to the values of the functional hemoglobins only, as shown by the following

equation.

Functional S,0, = _Com x100% (3.5

ry T Comp
where Co.np and Crpyp are the concentration of O,Hb and RHb, respectively.

According to Eq. (3.5), the concentrations of RHb and O,HDb can be expressed in terms of
the functional arterial oxygen saturation (S,0,) by equations (3.6) and (3.7).

Crin =(1=8,0,) X (Crp + Cop ) (3.6)
Comn =S.0y X (Crey + Cop ) (3.7)

By shining red or infrared light (I,) onto a fingertip and detecting the intensity of the
transmitted light (I) by a photodetector circuit, a photoplethysmography (PPG) signal will
be generated, as shown by Figure 3-8 (a). Light travelling through biological tissue, such as
the finger or earlobe, is absorbed by different absorbing substances. Bones, skin
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3.4 Light absorbance in pulse oximetry and estimation of oxygen saturation

pigmentation, and the arterial and venous blood are the primary absorbers of light in the

region of interest.
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Figure 3-8: A sketch of a finger pulse oximeter (a) and a generated PPG signal (b)

Pulse oximeters use the advantage of the arterial pulsation. The arteries contain more blood
during systole than during diastole, and therefore, their diameter increases due to the
increased pressure. This effect occurs only in the arteries but not in the veins. As illustrated
by Figure 3-9, which describes Lambert-Beer’s law in pulse oximetry, the amount of the
transmitted light correlates with the pulsation of arterial blood. The transmitted light
decreases during systole mainly because of the larger amount of absorbing substances
(hemoglobin) and has a low peak (/;), due to the fact that the optical path length d in the
arteries increases and can be expressed as d,.. . During diastole, the diameter of the arterial
vessels is minimal (d,,;,) and thus the absorbance due to arterial hemoglobin is minimal and
the amount of the transmitted light has a high peak (/y).
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Figure 3-9: Lambert-Beer’s law in pulse oximetry [Wie97] [Bol02].
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3.4 Light absorbance in pulse oximetry and estimation of oxygen saturation

According to Lambert-Beer’s law, the transmitted red light can be expressed during both
cases of the diastole and the systole by Eq. (3.8) and Eq. (3.9), respectively.

—a(AR)dRmin

Iyr=1,re (3.8)

_a(/lR)dR max

IL,R =1,r€ (3.9

By dividing the transmitted red light during diastole 7z by the transmitted red light during
systole /7, and applying natural logarithm (In) to both sides of Eq. (3.10), Eq. (3.11) will be
derived, which can also be written for the transmitted infrared light, as depicted in
Eq. (3.12).

Lup _ e aeXdmdams)
]L 2 e_a(/lR)dRmax (3' 10)
1
In( IH,R) = —( ) pimax — dpmin) = —A(A)Ad G.11)
LR
I
In( [H’IR) = —0(Ap)(ARmax — Agrin) = —A(Ag)Adpg (3.12)

L,IR
The ratio R of the absorbances at the red and the infrared wavelengths is derived by

dividing the last two equations. It may also be called the measuring variable.

(Liry
I LA
R=_ tur _ a(A)Ady (3.13)
ln( IH,IR ) a(ﬂ[R)Ad[R

L,IR

It is assumed that the optical path length of the red light is equal to the optical path length
of the infrared light. Thus, the ratio R became a ratio of the absorption coefficients at the
red and the infrared wavelengths, which depends only on the light absorbers that exhibit in
the arterial blood.

R= a(Ay) _ Srm (A)Cra + gosz(/IR)COZHb
a(Ag)  Erm(Ar)Crup + E0,Hp MIR)COZHb

(3.14)

Substitute Cryp, and Co.np by their functions of the functional arterial oxygen saturation by
using Eq. (3.6) and Eq. (3.7) to derive R as a function of the functional S,0,.

om0+ [ 0.1 (A) = Epiy(Ap )1S,0,
- [gRHb (Ain )] + [SOsz (Ar) = Erm (A )]Sa02 (3.15)
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3.4 Light absorbance in pulse oximetry and estimation of oxygen saturation

Eq. (3.15) can be rewritten in a form where the functional S0, is a function of the
calculated ratio R and the extinction coefficients of the RHb and O,Hb, as follows;

S.0, = Erin(Ar) = Ern ()R
Ermn(Ar) — Eo,m(A) + [‘C"OZHb(/llR) — Epn (A )]R

x100% (3.16)

Therefore, the theoretical arterial functional oxygen saturation can be estimated by
calculating the ratio R of two normalized PPG signals at red and infrared wavelengths, as

described by Eq.(3.13) and by using Eq. (3.16). The relationship is plotted as the
theoretical curve in Figure 3-10.

Lambert-Beer’s law is based on the approximation concept that the sum of the transmitted
and the absorbed light is equal to the incident light; however, incident light passing through
human tissue is not only split into absorbed light and transmitted light. Some parts of the
light are reflected and the others are scattered. Lambert-Beer’s law does not take these
physical concepts into account [Wie97].
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Figure 3-10: Typical calibration curves for pulse oximeters [Wie97].

Under normal circumstances, pulse oximeters can still read the functional arterial oxygen
saturation accurately enough for clinical use, although light scattering highly increases the
absorbance of the incident light. This is because most of the commercial pulse oximeters

use a calibration curve based on empirical data (in vitro data). Figure 3-10 shows an
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3.5 Pulse oximetry limitation

example for the difference between the theoretical data that is calculated using the ratio R
and the empirical data. A large set of data obtained in clinical studies is collected
containing information about the ratio R that is calculated by the pulse oximeter and the
actual arterial oxygen saturation that is measured by an accurate invasive method “gold
standard device” such as the CO-oximeter. Then, lookup tables or equations are used to

find the relationship of these two variables for a pulse oximeter reading (S,0,) [Hor00].

3.5 Pulse oximetry limitations

Pulse Oximetry (SpO,) is a standard monitoring device in intensive care units (ICUs). It is
currently used to guide therapeutic interventions [VanOl]; however, it has a number of
limitations which may lead to inaccurate readings. To achieve optimum performance and
precision, the following points that affect the calculation of SpO, should be considered
[kam02] [Sev92] [Jub06] [Joh93] [Mar92] [Jub9].

3.5.1 Physiological limitations

Oxyhemoglobin dissociation curve

100

Percent saturation (sO,. %)

0 26.8 40 80 120
Oxygen partial pressure (pO,. mmHg)

Figure 3-11: Oxyhemoglobin dissociation curve, i.e., the relationship between arterial oxygen saturation
and arterial partial pressure [Wik11].
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Pulse oximeters measure SaO,, which is physiologically related to arterial oxygen tension
(Pa0;) according to the oxyhemoglobin dissociation curve, as depicted in Figure 3-11.
Because the dissociation curve has a sigmoid shape, at high oxygen saturations, small
changes in saturation are associated with relatively large changes in PaO,. Therefore, pulse
oximeters have a limited ability to distinguish high but safe levels of arterial oxygen from
excess oxygenation, which may be harmful, as in premature newborns, or patients with
severe chronic obstructive pulmonary disease (COPD) who need the hypoxic drive to
breathe [McG96] [Kam02].

3.5.2 Interference from substances

Dyshemoglobins

Pulse oximetry employs only two wavelengths of light and thus can distinguish only the
two substances, (O,Hb and RHb) to measure the functional arterial oxygen saturation. But
in humans more species of hemoglobin, such as carboxyhemoglobin and methemoglobin
(dyshemoglobins or dysfunctional hemoglobins) are present. These other hemoglobins
absorb light as the functional hemoglobins do and hence influence the measurements.
Accordingly, if the concentrations of dysfunctional hemoglobins are high, this will lead to
inaccurate pulse oximetry (SpO;) readings.

Figure 3-12 and Figure 3-13 describe the effect of carboxyhemoglobin and methemoglobin

on the measured oxygen saturation by pulse oximetry (SpO,), respectively.
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Figure 3-12: SpO, and O,Hb versus carboxyhemoglobin (COHDb). SpO2 consistently overestimates

saturation in the presence of COHb. At COHB= 70%, SpO; is still roughly 90%, while O,Hb has
fallen to 30% [Bar87-].
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Figure 3-13: Nellcor SpO, readings (circles) and invasive Sa0, (squares) versus MetHb%. Line shown
is Sa0,=100-MetHb% [Bar89].

In such cases, the fractional arterial oxygen saturation should be determined which is
measured according to the concentration of the total hemoglobin concentration (tHb), so
that it takes the dyshemoglobins into account. Fractional SaO, is calculated as demonstrated
by the following equation.

Fractional S,0, = Com =x100% (3.17)

tHb

where Co.np and Cyyp are the concentration of O,Hb and tHb, respectively.
This point of pulse oximetry’s limitation was one of the motivations of the thesis to avoid
such error by measuring the fractional oxygen saturation non-invasively instead of the

functional oxygen saturation.

Intravenous dyes

The use of intravenous dyes such as methylene blue (used in surgery or to treat

methemoglobinaemia), indocyanine green, and indigo carmine can cause falsely low SpO2
readings [Jub06].
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Lipids and Bilirubin

High blood lipid concentrations, hyperalimentation, and hyperbilirubinemia can interfere
with pulse oximeter readings. Increased concentrations of bilirubin tend to overestimate the
measured oxygen saturation [Mar92].

Skin pigmentation and other pigments

Skin pigmentation and other surface light absorbers such as nail varnish might make the
detected light too small to be reliably processed. Therefore, in pigmented patients,
inaccurate pulse oximetry readings have been observed [Bic05] [Fei07]. In critically ill
patients, a bias of more than 4% has been observed to occur more frequently in black (27%)
than in white patients (11%). Acrylic nails do not interfere with readings. Nail varnish, if
blue, green, or black, causes inaccurate SpO2 readings; however, mounting the oximeter
probe sideways alleviates the problem with nail varnish [Jub06]. It is better to remove nail

varnish prior to measurement.

3.5.3 Limitation in the signal processing

Motion artifact

Motion artifacts contribute a significant error to readings of pulse oximetry [Nag05]. Any
transient motion of the sensor relative to the skin may cause a large artifact in the
transmitted light and disturb the optical measurements. An innovative technological
approach, termed Masimo signal extraction technology, was introduced to extract the true
signal from artifact due to noise and low perfusion. When tested in 50 postoperative
patients, the pulse oximeter’s alarm frequency was decreased twofold with the new system
vs. a conventional oximeter. When tested under conditions of low perfusion and motion, the
ability to track changes in SpO2 and reduce nuisance alarms was improved with this
technology [Gol00] [Jub06].

Low perfusion

Pulse oximetry depends on satisfactory arterial perfusion of the skin, and thus poor
peripheral blood circulation that may be caused by low cardiac output, vasoconstriction, or
hypothermia can make it difficult for the sensor to extract the clean photoplethysmography
signal from background noise. As mentioned above, Masimo signal extraction technology
has succeeded in overcoming this problem. This kind of pulse oximetry limitation will be
revisited in section 4.3, as the thesis introduces a signal processing module that can extract

the PPG signal under low perfusion conditions.
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Delayed detection of hypoxic events

While the response time of the pulse oximeter is generally fast, there may be a significant
delay between a change in alveolar oxygen tension and a change in the oximeter reading. It
is possible for arterial oxygen to reach dangerous levels before the pulse oximeter alarm is
activated [Bar87]

Delay in response is related to sensor location. Desaturation is detected earlier when the
sensor is placed more centrally. Lag time will be increased with poor perfusion and a
decrease in blood flow to the site monitored [Mar92].

Venous Pulsations

Arteriovenous anastamoses and glomuses are unusual features of the cutaneous circulation,
particularly in the fingers and toes. Arterial blood is shunted into a vein, which also

becomes pulsatile, causing falsely low readings [Mar92].).

Loss of accuracy at low values

Oxygen saturation values below 70% obtained by pulse oximetry are unreliable. Numerous
studies have addressed the accuracy of pulse oximeters, primarily over the range of
70% to 100% saturation. Excellent correlation has been found between pulse oximetry
and the “gold standard” in vitro CO-oximetry measurements [Sev92] [Tit97]. Anytime
hypoxia is suspected, but not confirmed with pulse oximetry, arterial blood gases (ABGs)
should be performed [Kam02].

Tolerance of the light emitting diodes

One of the most significant sources of the pulse oximetry readings’ errors is the tolerance in
the central wavelength of the light emitting diodes. A defect through the production stages
may lead to a tolerance. LEDs also have limited temperature tolerance and falling
efficiency as component temperature rises. The central wavelength of the conventional
LEDs has a tolerance of +/- 15 nm. Particularly at the wavelength of 660 nm, as the
absorption spectra around it is not flat enough (see Figure 3-5), any shift of the value of the
wavelength will lead to changing of the extinction coefficients values and a shift in the
calibration curve. This effect can be minimized by appropriate selection for the LEDs
[Blo02].
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Erratic performance with irregular rhythms

Irregular heart rhythms can cause erratic performance. During aortic balloon pulsation, the
augmentation of diastolic pressure exceeds that of systolic pressure. This leads to a double
or triple packed arterial pressure waveform that confuses the pulse oximeter, so that it may
not provide a reading. Pulse oximetry is notoriously unreliable in the presence of rapid
arterial fibrillation [Kam02].

Pressure on the Sensor

Pressure on the sensor may result in inaccurate SpO2 readings without affecting pulse rate

determination.

Ambient light and optical shunting

Bright ambient light or optical shunting (light emitting diodes’ light reaching to photodiode
without passing through the tissue) can cause error in pulse oximetry readings. Wrapping
the probe with an opaque shield can minimize this effect. Although pulse oximeters correct
for ambient light, falsely low SpO2 readings have been reported with fluorescent and xenon

arc surgical lamps [Jub06].

3.5.4 Physical factors

Many physical factors should be considered when using the pulse oximeter. The following
are common-sense precautions. The clinician should avoid using the grounding pad of the
electrocautery near the pulse oximeter sensor. The blood pressure cuff should not be placed
on the arm that is being used for the sensor. Arterial lines or sticks should not be placed or
performed on extremities used for oximetry. The pulse oximeter should not be plugged into
the same power source as the electrocautery unit. Finally, it must be made sure that the
light-emitting diode is facing the nail bed and the photodiode is securely positioned on the
opposite side of the digit [Mar92].
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3.6 Current state of the art

3.6.1 The previous work towards the non-invasive determination of the fractional
oxygen saturation and the total hemoglobin concentration

There are many published scientific articles and patents which present various methods for
non-invasive determination of the total hemoglobin concentration and the fractional oxygen
saturation. But so far these methods did not use the artificial intelligence (AI). In the

following, some of them are introduced.

Selim et al. investigated to determine which digital photography could be used to calculate
hemoglobin. Hemoglobin concentration in blood was determined by a cell counter.
Software was developed to predict the hemoglobin value based on a formula derived using
the images and known hemoglobin values from a derivation set of patients. Finally, they
reported that it is possible to derive an objective method that correlates conjunctiva color
with measured hemoglobin and, when applied prospectively, is able to predict hemoglobin

concentration in Emergency Department (ED) patients [Sel07].

A new calculation formula including DC components of optical density was proposed by
Takashi’s research group. They developed an instrument to measure oxygen saturation
(Sp0O2), tHb, COHb, and MetHb non-invasively using multi-wavelength LEDs and used a
Waseda mock circulatory system, which can simulate blood circulation in tissues and

generate a pulse wave mechanically, to estimate the instrument’s performance [Hir06].

Gehring’s research group developed a photoplethysmography measurement device
developed for the German Space Agency DLR. They used a non-invasive multi-spectral
method based on the radiation of monochromatic light, emitted by laser diodes in the range
600—-1400 nm, through an area of skin on the finger. After interaction with the tissue the
transmitted light is detected non-invasively by photodiodes. The method makes use of the
intensity fluctuations caused by the pulse wave. The ratio between the peak to peak pulse
amplitudes measured at different wavelengths and its dependence on the optical
absorbability characteristics of human blood yields information on the blood composition.
Deferrals between the proportions of hemoglobin and water in the intravasal volume should
be detected photoelectrically by signal-analytic evaluation of the signals. The computed
coefficients are used for the measurement and calculation of the arterial oxygenic saturation

(Sa02) and the relative hemoglobin concentration change [Kra05].

The design and testing of a finger probe used in that optical hemoglobin monitor is
presented by Yoon et al. [Yoo05]. That finger probe can have different values or settings

for design parameters such as the internal color, detector area, the emission area of a light
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source and the distance between the light source and detector. Design of experiment (DOE)
was introduced to select the best combination of design parameters that were robust to
external conditions such as finger alignment and ambient light.

In [Gan05], they developed a method that fits the non-invasive blood component
concentration measurement: the dynamic spectrum (DS) method. By using this method, it
was possible to eliminate the main interference of the individual discrepancy and extract

some kinds of the blood component concentration by the analytic method.

Bercht et al. studied the influence of blood vessel diameter and lateral displacement of the
optoacoustic probe on accuracy of total hemoglobin concentration and reported that the
optoacoustic technique may provide accurate and real time non-invasive measurements of

total hemoglobin concentration [Bre04].

Jeon et al. proposed a model based on the difference in optical density induced by the
pulsation of the heart beat, which is developed by taking an approximation of Twersky’s
theory on the assumption that the variation of blood vessel size is small during arterial
pulsing. A device is constructed with a five wavelength light emitting diode array as the
light source. The ratio of the variations of optical density between systole and diastole at
two different wavelengths is used as a variable. The research group selected several such
variables that show high reproducibility among all variables. Multiple linear regression
analysis is made in order to predict total hemoglobin concentration. It can be reported that
they are the first group who demonstrate successfully the possibility of non-invasive

hemoglobin measurement, particularly, using the wavelengths below 1000 nm [Kye02].

Timm et al. introduced a newly developed sensor system, which is able to measure the
total hemoglobin concentration with just two wavelengths. Initial results for non-
invasive in-vitro, and invasive in-vivo, measurement of the tHb concentration indicate

the plausibility of accurately determining tHb concentration using their method [Tim10].

So far, there are no Al applications in the area of measuring the total hemoglobin
concentration non-invasively according to searching Al applications in the published
articles and patents of this research area [Unb09] [Wip09][Esp08].

3.6.2 Artificial intelligent applications for PPG signal

In this section, the artificial intelligent applications for the PPG signal, which have been
already published in scientific articles or patents, are introduced. Some of these applications

are related to the pulse oximetry area and the others are not. One of the major problems
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related to the monitoring systems in general and especially for the PPG signal extraction is
the motion artifact problems. The combinations of time and frequency domain analysis and
fuzzy logic were developed by (Nellcor, Pleasonton, CA). These methods have been shown
to have varying success on the basis of the measurement type and situations [Tak06]. In
[BelO1] and [Bel02], they observed that the systolic upstroke time, the diastolic time and
heart rate (HR) extracted from the PPG signal constitute features, which can be used for
detecting normal and distorted PPG signal. Therefore, they developed a knowledge-based
system using fuzzy logic for classifying plethysmogram pulses into two categories: valid
and artifact. Alternative approaches have been suggested using artificial neural networks
(ANNSs) gradient methods and genetic algorithms (GAs).

The aim of the work of Siegfried Kastle, 1999 [Kds99], was to apply modern signal
processing techniques such as fuzzy logic and time-frequency method to develop an
algorithm, for greater security and reliability of measurement under difficult conditions of
noise to process the signal of the pulse oximeter (PPG). Also, using the Al such as the
fuzzy logic and the neural networks for motion artifact estimation was depicted in some of

patents, such as [Mar05].

Stetson (Advanced Development Group Nellcor/Tyco Healthcare) has developed a two
layer fuzzy logic system to determine the heart rate from the pulse oximeter signals
subjected to strong motion artifact [Ste03]. The system finds the heart rate quickly due to
its low reliance on past data. On healthy subjects, errors relative to a noise-free reference
were small or negligible 77% of the time, and the average initial response time was over 7
times faster than an analogous adaptive filtering method. Also, Nellcor as a company has
many patents, which reported that they use the intelligent algorithms in their inventions,
which are related to pulse oximetry. But the claims of these patents have no adjusted
statements including these Al or how they will use Al. Only they reported in their patents
detailed description that they will use the application of programming methods techniques
such as, for example, adaptive programming, fuzzy logic and genetic algorithms [Esp08]
[Fre08] [Lyn07] [Lyn06].

Current monitoring systems produce frequent false alarms, but they fail to alert clinicians to
significant adverse trends that might predict worsening diseases or complications.
Presenting staff with continuously updated trend data is helpful in the early identification of
significant physiological change and has been shown to improve the standard of care.
Improvements in sensors, leads, signal extraction and artifact detection can improve the
reliability of monitored data, leading to a great reduction in the number of alarms caused by
artifact. Even if artifact could be excluded, monitoring information is still displayed in a
raw form, with very little intelligent data integration or processing. Fuzzy logic deals with
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the problem of uncertainty. Alarm settings are currently based on the principle of defining
acceptable limits. A value is either normal or abnormal, and an abnormal value triggers an
alarm. Fuzzy logic chips are able to deal with degrees of abnormality. When combined with
neural networks, which are able to undertake complex modelling and learning, it is possible
to create systems that can assimilate data from numerous sources over time and use this

information to determine whether an alarm should be triggered [Bel02] [Nic04].

Photoplethysmography has been recently studied as a non-invasive indicator of circulatory
and respiratory function. In [JohO3], the reflection mode photoplethysmographic (PPG)
signal was studied with the aim of determining respiratory rate. The PPG signal includes
respiratory synchronous components, seen as frequency modulation of the heart rate
(respiratory sinus arrhythmia), amplitude modulation of the cardiac pulse and respiratory
induced intensity variations (RIIVs) in the PPG baseline. PPG signals were recorded from
the foreheads of 15 healthy subjects. From these signals, the systolic waveform, diastolic
waveform, respiratory sinus arrhythmia, pulse amplitude and RIIVs were extracted. Using
basic algorithms, the rates of false positive and false negative detection of breaths were
calculated separately for each of the five components. Furthermore, a neural network was
assessed in a combined pattern recognition approach. The error rates (sum of false positive
and false negative breath detections) for the basic algorithms ranged from 9.7% (pulse
amplitude) to 14.5% (systolic waveform). The corresponding values for the neural network
analysis were 9.5-9.6%. These results suggest the use of a combined PPG system for
simultaneous monitoring of respiratory rate and arterial oxygen saturation (pulse oximetry)
[ALO7].

Many researchers used the artificial neural networks with the PPG signal as a classifier
[Mas02] [Sol04] [Kno06] [kno08]. Where the artificial neural network is one such artificial
intelligence method that is inspired by the way biological nervous systems, such as the
brain, process information, and comprises a set of interconnected processing nodes that
simulate neurons. In [Sol04], they present Artificial Neural Network (ANN) approaches
that classify a PPG signal into two distinct classes. Multistage based on time-series data
mining frame work for building classification models in the presence temporal high
dimensional data, was suggested. First, they reduce the dimensionality by smoothing the
input signal and we assume that the smoothing accuracy serve features by exploring the
highly parallelised nature of multilayer feed-forward networks (MFFN). The classification
results showed that multilayer perceptron neural network employing back propagation-
training algorithm was effective to distinct between the two classes, based on the good
selection of the training data set samples. The correct classification rate was 100% for the
training data sets and 94.7% for testing data sets. The research group used for testing the
algorithm 170 samples, in which 56 samples are pathologies and 114 are healthier.
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The research group of Bethany Knorr-Chung recorded the photoplethysmographic (PPG)
data from patients under the influence of anesthesia, but not intubated [Kno06]. Both time
and frequency domain features were extracted from the PPG and used as inputs to a neural
network classifier. This classifier considers inter-subject variability so that it generalizes
well to a large population. This classifier provided 86.1% accuracy to classify segments as
being times of ‘obstructed’ vs. ‘normal’ airways status. The same group have already
improved the previous work and reported that the accuracy showed promise for use in real

time monitoring situations [ Kno0S§].

According to this review, it can be reported that the applications of the artificial intelligence
for the PPG signal in general and especially for the pulse oximetry area are for Motion
artifact minimization (for adaptive noise cancellations), alarms and PPG signal

classifications.

3.6.3 Non-invasive tHb concentration devices in the market

Although, so far, the standard method of measuring total hemoglobin concentration is
invasive, there are non-invasive measuring devices for tHb concentration in the market.

Approximately, there are two devices one belongs to MPR Optical Company and the other
belongs to MASIMO Company.

The device of MBR company is haemospect®. It measures tHb concentration and
oxyhemoglobin and desoxyhemoglobin. The principles of operation are projecting a white
light into the underlying tissue via a waveguide. Another waveguide transmits the light
reflected as a result of the physical conditions back to the device. A spectrometer breaks the
light down into its separate wavelengths and an electronic evaluation unit connected to the
system analyses it [MBR11]. There is no available information about the accuracy of this

device.

Pronto-7is the device of MASIMO with Rainbow-4D technology for easy-to-use
spot-check testing of hemoglobin (SpHb®), SpO2, pulse rate, and perfusion index. It uses
multi-wavelengths light emitting diodes sensor. This device is evaluated by testing its
accuracy and compared to the accuracy of Hemocue 201" as published in the technical
bulletins of MASIMO [TbM11]. Also, it should be noted that hemocue 201" measures the
tHb concentration using only 10 pL of capillary, venous, or arterial blood. The company
reported its accuracy by £1.5% when compared to the international reference method for
hemoglobin (the ICSH method) [Hem11].
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3.6 Current state of the art

According to the current state of the art, there is no a available device can measure tHb and
the four hemoglobin components ratios as well. Also, using the fuzzy logic expert systems
to measure these physiological variables is a new trend.
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4. Optoelectronic System Set-Up for Non-Invasive Measuring

4.1 Preliminaries

The proposed algorithms of the non-invasive measuring for the total hemoglobin
concentration and the ratios of the four hemoglobin components are based on the principles
of the pulse oximetry that utilizes the photoplethysmography technology to measure the
functional arterial oxygen saturation. Therefore, it is very necessary to set-up an
optoelectronic system that can extract the photoplethysmography (PPG) signals for further
processing and calculations.

This chapter presents the developed optoelectronic system including the developed printed
circuit that extracts seven PPG signals with different wavelengths, a proposed signal
processing module for the cases of the low amplitude PPG signals, and collecting the seven

PPG signals to be separated online in LabVIEW environment.

4.2  PPG signals extraction

The PPG signals are extracted by a developed optoelectronic circuit that is described by
Figure 4-1. It is based on a Microcontroller ARM7-ADUC7020 that performs some control

and interfacing functions, which are summarized as follows:

e The Microcontroller provides a synchronized illuminating for six light emitting
diodes (LEDs) with different wavelengths using its timer interrupt routines and
three (General Purpose Input/Output) (GPIO) to drive the three input selection

pins of an eight channel Multiplexer.



4.2 PPG signals extraction

The illuminating of the 7th LED that has a wavelength of 1200 nm is controlled
by the Microcontroller via digital to analog converter number two (DAC2), which
is employed as an on/off control signal for the transistor circuit number two taking

into account the illuminating time of the other six LEDs.

A transimpedance amplifier circuit is used to detect the light intensity that is
transmitted through the finger. This signal is received by the Microcontroller on
analog to digital converter number zero (ADCO) to control it in order to be in the
suitable range (1.5 volt-2.4 volt) and avoid the saturated signals via digital to
analog converter number zero (DACO) that controls the LEDs light intensity by

controlling the transistor circuit number 1.

ADC2 and DACI of the microcontrollers are used to develop a signal processing
module in the cases of low amplitude signals. This will be demonstrated in detail

in section 4.3.

The functional block diagram of ARM7-ADUC7020 of Analog Devices is depicted in

Figure 4-2. Detailed information about the features of this microcontroller, such as analog

I/O, clocking options, available memory and on chip-peripherals are described in its data
sheet [Dat08].
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Figure 4-1: Block diagram of the developed optoelectronic circuit.
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Figure 4-2: The functional block diagram of ADUC7020 (Analog Devices) [Dat08].

4.2.1 Transimpedance amplifier circuit

A simple transimpedance amplifier circuit is employed to detect the variation of the
photodiode’s current according to the variations of the received light intensity and convert
it to voltage after amplifying it. Figure 4-3 shows the schematic diagram of the

transimpedance amplifier circuit.
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Figure 4-3: Schematic diagram of the utilized transimpedance amplifier circuit.
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4.2 PPG signals extraction

The transfer function of this electronic circuit can be expressed as:

I/out(S) — R
I(s) 1+ RCS 1)

According to Eq. (4.1) the used transimpedance amplifier electronic circuit reacts as a first
order system with a gain (R) and a time constant of (RC). As the capacitance value will be
small the output response will be faster and reach the steady state value faster. That means,
at the steady state, as (s) equals zero, the output will be simply equal to the input (/)
multiplied by the gain (R). But by decreasing the capacitance value, the signal overshoot
will appear. Therefore, the value of the capacitance was chosen according to a simulation
experiment by the linear technology spice software (LTspice).

Figure 4-4 shows the output response of the circuit without a capacitance component. The
simulated input current is a pulse with an on duration of 625 puSec for every 5 mSec. The
output response is affected by high overshoot. By adding a capacitor with a capacitance of
1 pF as a negative feedback and parallel to the resistor, the overshoot is cancelled as

depicted in Figure 4-5.

V[n002) 1)

1.0pA

- 0.9pA

- 0.6

R1 L 0.7pA

2Me - 0.6pA

Phtodiode
1.8V 3 V - 0.5pA

. +
1.5V GOH_ Ny L Uom - 0.4pa
el C1T 1 OPA365 -

0.9V~

- 0.2ph

0.6V F 0.1pA

0.3V et 0.0p4

a0V 0.1p

0¥ T T T T T T T T T
0.0ms 0.6ms 1.2ms 1.8ms 2.4ms 3.0ms 3.6ms 4.2ms 4.8ms 5.4ms 6.0ms

Figure 4-4: Simulation of the transimpedance amplifier circuit output before adding a negative
feedback capacitor [Zab08].
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Figure 4-5: Simulation of the transimpedance amplifier circuit output after adding a negative feedback
capacitor [Zab08]..

4.2.2 LEDs drive circuit and control

The patients have different fingers in terms of color or dimensions and hence the absorbed
light by the patient’s fingers is variable, sometimes high and sometimes low according to
the characteristics of the patient’s finger. Thus, it is very important to control the light
intensity of the light emitting diodes to prevent the transimpedance amplifier signal being
saturated. If the light intensity of the LEDs is not adapted, the PPG signal can sometimes
not be extracted as the AC component of the PPG signal is eliminated because of the

saturation.

The functional block diagram of the LEDs drive circuit and control is depicted in
Figure 4-6. Three (general purpose Input/Output) (GPIO) (P0.5, P0.6, and P0.7) are
responsible for selecting a LED to be illuminated for 625uSec according to a timer interrupt
routine. The number of the Multiplexer channels are eight, hence every LED is illuminated

for 625uSec every SmSec.

The 7th and 8th channels of the multiplexer are not connected to any LED. At the time
interval that is related to the 7th channel, the ambient light will be detected by the
transimpedance amplifier circuit to be used for further calculations. At the time interval of
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4.2 PPG signals extraction

the 8th channel, the LED of the wavelength of 1200 nm will be illuminated but only for
325uSec not 625uSec according to the signal of DAC2. The timing diagram of all light
emitting diodes is illustrated by Figure 4-7.

6150m  BS0um T60nm  080om  O60nm  S4Spp  ambeerleh N

Vdd

LED

S? :;\Cz 1200nm

r

BC817-40
npn

Figure 4-6: Functional block diagrams of the LEDs drive circuit and control

The LED of 1200 nm is driven by the transistor circuit number 2 because its pulse forward
current is 1000 mA (as demonstrated in data sheet of (LED 1200-03) ROITHNER
LASERTECHNIK) but the other LEDs have pulse forward current of approximately

120 mA, so that, it needs a special transistor and a special drive circuit, as shown in

Figure 4-6.
625nm 880nm 760nm 620nm 660nm 565nm
‘ LED1 | LED2 | LED3 | LED4 | LEDS | LEDa | Ambient light | NC ‘
- 0 1 0 1 0 1 0 1
006 0 o | 1 1 | o o [ 1 1|
po.7 0 0 0 o [ 1 1 1 1|
625us
5ms
DAC2 0 1
Drive for LED of —
1200nm 325ps

Figure 4-7: Timing diagram of the LEDs synchronized illumination.
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4.3 Proposed signal processing low perfusion module

DAC?2 signal is 0 or 3V to switch off or on the npn transistor (BC817-40) of the transistor
circuit number 2. DACO signal range is from 0 to 3V to control the collector current of the
transistor (BC849C) of the transistor circuit number 1. If DACO is increased the base
current will be increased, the collector current will be increased, and the light intensity of
the LEDs will be increased and vice versa. Therefore, to control the light intensity of each
LED, the signal of the transimpedance amplifier, which detects the transmitted light
intensity, is transferred to ADCO0. ADCO value is read for each LED and compared to a
specific range (Vmin=1.5 Volt and Vmax=2.4). If ADCO value is larger than Vmax, the
DACO value will be decreased to be in the suitable range. If the ADCO value is smaller than
Vmin, the DACO value will be increased. Figure 4-8 shows the flowchart of this light

intensity control criteria.
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Figure 4-8: Flowchart of the LEDs intensity control loop.

4.3  Proposed low perfusion signal processing module

The PPG signal quality is very important to ensure accurate measurements. This section
explores a signal processing module to improve its quality, particularly for the cases of the
low signal amplitude and relatively poor signal-to-noise ratio (SNR). The proposed module

consists of two stages: a differential amplifier that retains high common-mode rejection

60



4.3 Proposed signal processing low perfusion module

ratio (CMRR) and a programmable gain amplifier (PGA) that utilizes a programmable

potentiometer. The two stages are controlled by an ARM7 microcontroller.

A photoplethysmography signal consists of two components: DC and AC. The amplitude of
the AC component may be lower than 0.1% of the DC amplitude, in cases of low perfusion.
The extracted PPG signal is corrupted by noises, which are induced by ambient light
changes, respiration, motion and electromagnetic disturbances. All undesired components

have to be eliminated with different signal processing methods [Pil07].

When the peripheral perfusion is poor, as in states of hypothermia, vasoconstriction and
low cardiac output, the amplitude of the AC component will be very low. In these
circumstances, the PPG sensors fail because they are usually placed on the most peripheral
parts of the body, where pulsatile flow is most affected by low perfusion [Vil99]
[Him04][Web04] [Ger02].

The conventional signal processing methods overcome this problem by amplifying the PPG
signal by using analog/digital amplifiers to an optimum level so that physiological
parameters can be calculated. The main disadvantage of this method is that the noise, which
corrupts the PPG signal, will also be amplified and lead to wrong calculations where the

signal quality is relatively poor [Med11].

The proposed signal processing module limits that disadvantage by using an adaptive
analog differential amplifier stage, (which has a high common mode rejection ratio
(CMRR)), before the amplification stage. As each PPG signal has to be reduced by 80% of
its value leading to a decrease of the DC component and the noise effect and keeping the
AC component that will be amplified. The amplification stage is also adaptable using a

programmable gain amplifier.

4.3.1 Functional block diagram of the proposed signal processing module

Figure 4-9 shows the functional block diagram of the proposed signal processing module. It
is based on the same ARM7 microcontroller, ADUC7020, which receives the PPG signal
from the sensor on the analog to digital converter number zero (ADCO) to be processed in
order to calculate 80% of its value and transfer it by the digital to analog converter number
one (DAC1) to the analog differential amplifier stage. Therefore, the original PPG signal
and its ratio, which are corrupted approximately with the same noises, are the two inputs of
the differential stage that was designed with unity gain. Figure 4-10 shows the circuit
diagram of the differential amplifier. It is based on an operational amplifier (one channel of
OPA2365, Texas Instruments).
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4.3 Proposed signal processing low perfusion module

According to the high CMRR advantage of the differential amplifiers that is based on the
operational amplifiers, this stage output, which represents approximately 20% of the

original PPG signal, is affected by less noise than the original PPG signal.

Programmable
Gain Amplifier

Rpoti=((Overall Gain -1)*R)- (Rpoy)initial

V

Programmable Potentiometer wiper
DC2 position= (Rpeti/one step resistance)

Amplified PPG
signals E
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Figure 4-9: The functional block diagram of the proposed signal processing module.
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Figure 4-10: The analog differential amplifier circuit diagram.
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4.3 Proposed signal processing low perfusion module

The programmable gain amplifier is designed as a typical non-inverting amplifier circuit, as
depicted in Figure 4-11. The overall gain is expressed as;

Overall gain= (Rp0i/Ri)+1 4.2)

Rpoii 1s the actual resistance of a programmable potentiometer (AD5231, Analog Devices)
and R; 1s the fixed mput resistance. To define the overall gain, the R,oi. should be chosen

for each PPG signal and R, initial value should be taken into account.

—_—
Output of the

differential amplifier
stage

Figure 4-11: Non-inverting amplifier circuit diagram

The microcontroller performs the inverse operation by defining the desired overall gain
firstly and then calculating the value of Rpoti, taking into account its initial value as
depicted in the block diagram. The overall gain is estimated by dividing the maximum
value limit of the amplified PPG signal by the 20% from the original signal. According to
(Rpoti.) value, the wiper position of the programmable potentiometer is estimated by
dividing the value of the R,q. by the value of the resistance that represents one step of the
wiper position and so the required number of the wiper position steps is transferred to the
programmable potentiometer via the Serial Peripheral Interface (SPI).

The output of this stage is the amplified PPG signals that will be received by the analog to
digital converter number two (ADC2) to be transferred via the serial interface port UART
to the LabVIEW environment. Also, the original PPG signal (ADCO) can be transferred via
UART. The eliminated portion of the DC component as well as the overall gain values are

stored by the ARM7 microcontroller for further calculations.
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4.3 Proposed signal processing low perfusion module

The overall schematic diagram is shown by Figure 4-12. The layout of the developed
printed circuit and the layout of the transimpedance amplifier are attached to the thesis in

the appendix.
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4-12: Schematic diagram of the developed optoelectronic printed circuit for the PPG signals
extraction.
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4.3 Proposed signal processing low perfusion module

4.3.2 The proposed signal processing module evaluation

To evaluate the signal processing module, both the original and the amplified PPG signals
are collected without using any kind of filters and are tested by calculating the signal-to-
noise ratio (SNR) that was considered an index to examine the PPG signal quality [Gan06]
[Sha06]. This was accomplished using the fast Fourier transform (FFT). SNR characterizes
the ratio of the fundamental signal to the noise spectrum as depicted in the following
equation [Str10]:

SNR =20 log ([Fundamental] / SQRT(SUM (SQR(Noise)))) (4.3)

Figure 4-13 presents an example of a PPG signal of a wavelength 970 nm, where the
original and the amplified signals are shown. Their power spectrums, in different ranges of
frequencies, are also depicted to illustrate the DC components, the signal fundamental
harmonic and the noises harmonics. The dominant frequency of the signal is 1.29 Hz. By
calculating the SNR for the two cases, the original signal has SNR of 35 dB and the
amplified signal has SNR of 54 db, which means that the signal quality is relatively good
even after amplification and the proposed signal processing module could overcome the
disadvantage of the conventional ones, which leads to a poor signal quality by amplifying
the signals, particularly in the cases of the low signal amplitude.

The involved frequencies in the power spectrum of the collected PPG signal which include
the (Traube-Hering-Mayer) THM frequencies and result from the autonomic nervous
system and range from 0.07 to 0.5Hz can easily be isolated by using enough resolution
[Rus96].
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4.4 Flow chart of the software processing outline

4.4  Flow chart of the software processing outline

To summarize, the overall flow chart that shows the outline of the software processing is
depicted in Figure 4-14. The main steps can be demonstrated as follows;
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Figure 4-14: Flowchart of the software processing outline
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4.5 Overview on the optoelectronic system output

e The main loop starts by selecting the LED number and is repeated every 625 us
according to the timer interrupt routine.

e [f the LED number is seven that means this is the time interval for the LED of
1200 nm, so that, the DAC2 signal will be generated, but only after 325us from the
beginning of the interval for 325pus.

e ADCO is read to be controlled by the signal of DACO as explained in section 3.2.2.

e The overall gain of the programmable gain amplifier stage is identified by
calculating the value of the digital programmable potentiometer resistor and then
sending it to the programmable gain amplifier stage via SPI.

e The output signals (7 PPG signals) transferred, as a one signal, via UART into the
LabVIEW environment.

The software programs of this overall flowchart are written in CrossWorks for ARM 1.7.

4.5  Overview of the optoelectronic system output

Figure 4-15 presents a top view of the printed circuit of the optoelectronic system. It is a
four-layer printed circuit and its dimensions are 40 mmx30 mm. The PPG signals are
transferred via UART, (as a one signal), into LabVIEW environment. This signal is
recorded in LabVIEW for 30 sec and then separated into seven photoplethysmography
signals using a LabVIEW developed SubVl, as depicted in Figure 4-16. After this stage, the
extracted seven PPG signals are ready to be processed for the demands of the calculation
algorithms, which is explained in chapter five.
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Figure 4-15: The printed circuit of the optoelectronic system.
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Figure 4-16: PPG signals separation in LabVIEW.
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5. Proposed Estimation Approaches for Non-Invasive Measuring

5.1 Preliminaries

Non-invasive determination of total hemoglobin (tHb) concentration, oxyhemoglobin
(O,HDb) ratio, reduced hemoglobin (RHb) ratio, carboxyhemoglobin (COHb) ratio and
methemoglobin (MetHb) ratio is the main objective of this thesis. Two estimation
approaches are proposed in this chapter. Photoplethysmography (PPG) technology is
considered the cornerstone of applying these estimation approaches, as seven PPG signals
are processed and analyzed within the calculations. The most important task before
applying the estimation approaches should be extracting the main features of the PPG
signal, which are the values and the locations of its peaks and valleys. A robust peaks and
valleys detection algorithm, which is developed in LabVIEW, is introduced in the next

section of this chapter.

The first estimation approach is based on modified Lambert-Beer’s law. This approach can
estimate the pre-mentioned physiological variables by two methods. Each method employs
a different equation, which is derived according to the principles of the modified

Lambert-Beer law and pulse oximetry, as presented in section 5.3.

As a new trend, the artificial intelligent algorithms are employed in the second estimation
approach to estimate those physiological variables. As demonstrated in section 5.4, a fuzzy
expert system is developed to describe the operation of the measurements according to a
generated fuzzy rule base and also the basis of pulse oximetry.

5.2 PPGs main distinctive features extracting

In time domain, the main distinctive features of the PPG signals are the diastolic values
(peaks) and the systolic values (valleys) and their locations that are considered the

cornerstone of any computerized pulse diagnosis and calculating various physiological



5.2 PPGs main distinctive features extracting

parameters. A lot of valuable previous research has been done to detect the peaks and
valleys of the PPG signals [Sik09] [Xu08] [Cha05] [Nij07].

The further signal processing and the implementation of the estimation approaches, to
measure the interesting physiological variables, are executed using LabVIEW software.
Therefore, detecting of these features is required in the same software environment.
Peaks/Valleys-Virtual Instrument (VI) in LabVIEW software cannot be used to detect the
peaks and valleys of the PPG signal because it detects all the peaks and valleys of the
signals not only the desired ones (systolic valleys and diastolic peaks), as shown in
Figure 5-1. This section introduces a fast detection algorithm in LabVIEW to detect only
the desired peaks and valleys reliably.

Undesired Peak Diastolic Peak

Undesired Valley Systolic Valley

Figure 5-1: Peaks and valleys Detection by Peaks/Valleys detection VI.

The block diagram of the developed peaks and valleys detection algorithm is depicted in
Figure 5-2. The steps of this algorithm can be explained as follows;

The first step is to identify the dominant frequency of the signal by means of Tone
Measurements VI “LabVIEW Virtual Instrument” then the signal is filtered by a low pass
filter that has a cut off frequency lower than its dominant frequency. At the right of
Figure 5-2, the PPG signal and the filtered one are depicted. The filtered signal has a
number of peaks that are exactly equal to the number of the desired peaks but with little
shift to the right direction.
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5.2 PPGs main distinctive features extracting

Hence, the second step is to extract all peaks of the filtered signal using Peaks VI. Then, the
original signal is cut at the location of every peak, which belongs to the filtered signal, and
so the Peaks VI is applied on this part with a threshold equal to the filtered peak value. The

desired peak of the original PPG signal is chosen as the peak that has a maximum location.

PPG Signal ] L i i E
[ = A LA A

A v MR

== Lla

Find Dominant
Frequency

1
|
|
|
I
|
|
|
1
.

i %: /rvﬂ\_,/\/ NS

Low Pass filter
Cut-off F<dominantF.

|

[ Peaks VI.

== ata

Locations of the desired peaks of the
filtered PPG signal

Locations

Choose the peak that
has max.Location

Locations
P. values

[ Valleys VI. ]

L

Choose thevalley that
has mmimum Location

V. values

Locations

Figure 5-2: Block diagram of the developed peaks and valleys detection algorithm in LabVIEW.
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The third step is to detect the corresponding valley of each extracted desired peak. At the
location of each desired peak, the original signal is cut and Valleys VI is applied. Then the
valley that has the minimum location next to the desired peak will be chosen as the desired

valley of the original PPG signal.

As demonstrated in Figure 5-3, the explored peaks and valleys detection algorithm could
extract the desired ones effectively unlike the Peaks/Valleys VI, which detects all the
available peaks and valleys. The developed algorithm is fast and reliable, as it was tested
using more than 1000 PPG signals.

Diastolic Peak (Iy)

' Systolic Valley (Ir)

] (VH
=)
I (A)L

\ 4

Recorded Signal

peaks loc. in Samples Ratios Filter

) f<

a 0 | 9 0
524,249

| 1261,5
 1551,66

1910,29

PeVeLew .

Figure 5-3: Desired peaks and valleys detection by the improved algorithm the ratios filter.
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5.3 Proposed algorithm based on modified Lambert- Beer law

The highly noised pulses of PPG signals should be neglected. The ratios of (Ig) by (I.) are
measured for every pulse of the recorded PPG signal and then calculating the standard
deviation of these ratios in order to delete the ratios that has a large deviation than the mean
value. Therefore, the highly corrupted pulses of the PPG signals will not be taken into
account during the calculations. As shown in Figure 5-3, the filter detected that the first two
pulses of the recorded signal should be neglected for any further calculations, as the
standred deviation of these two ratios are large.

5.3  Proposed algorithm based on modified Lambert-Beer law

The proposed estimation approach of tHb concentration, the ratios of O,Hb, RHb, COHbD,

and MetHb using the principles of Lambert-Beer law is introduced in the following.

5.3.1 Modified Lambert-Beer law

The simple Lambert-Beer’s law derivation of pulse oximetry does not take some physical
concepts such as light scattering into account [Wie97]. It assumes that the optical path
length of the two employed wavelengths, which pass through the tissue, is equal and can be
cancelled out by each other (see Eq. (3.13)).

Visible and near IR light, however, are strongly scattered by human tissue; the detected
light is more accurately described as an ensemble of independent photon paths. Some of the
detected photons travel shorter routes without migrating far from the direct line between the
emitter (light source such as LED) and detector (photodetector), and some scatter farther
from this line without being absorbed or lost at a boundary (photons that are absorbed or
lost cannot contribute to the photocurrent). Therefore, scattering effects may cause
elongation of the optical path length. Paul D. Mannheimer illustrates this graphically using
the results of a random walk model for photons scattering through a simulated homogenous
tissue, as depicted in Figure 5-4 [Man(07]. Regions travelled most commonly by the
migrating photons that reach the detector are shown as dark blue, progressing through
green, tan, and gray, each indicating decreasing visitation. Photons that are absorbed or
reach the top or bottom surface other than at the detector are considered to be lost (not

detected); their routes accordingly do not contribute.
Although the calculations will be complicated, it is very important to employ the modified

Lambert-Beer law that considers the effect of the photon scattering that is dependent on the

wavelength as described in the following equation.
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5.3 Proposed algorithm based on modified Lambert- Beer law

1 = [y (@Wddn+G (5.1)

a(A) = e(A)c (5.2)
where,

1,: intensity of irradiated light.

I: intensity of transmitted light.

o:: absorption coefficient.

C: the concentration of the probe.

&: molar extinction coefficient.

d: thickness of the irradiated probe.

A,: Multiplication factor to consider the optical path length elongation of the photons due to
scattering of the medium (It depends on the wavelength.).

G, a factor considering the geometry of the probe and the loss of photons due to scattering.

a {} Emitter
Scattering Only High
Visitation
~— .
Visitation

' Detector

b

Scattering + Absorption

]

Figure 5-4: Relative visitation probabilities based on a Monte-Carlo random walk of photons are shown
for red light transmitted through a simulated homogeneous tissue in (a) the absence of absorption
and (b) with absorption consistent with human tissues [Man07].

[

5.3.2 Modified Lambert-Beer law revisited for PPG signals
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5.3 Proposed algorithm based on modified Lambert- Beer law

In the following, the modified Lambert-Beer’s law, which is demonstrated by Eq. (5.1), is
employed according to the principles of pulse oximetry technology, as explained in
section 3.4.2.

For a significant wavelength A, Eq. (5.1) can be rewritten in the cases of the systole and the
diastole of the arterial to express the transmitted light, which is detected by the
photodetector and presented by the PPG signal, as shown in Figure 5-5.

In the case of systole, the optical path length is increased by Ad as the arterial diameter is

mcreased.
—(a(A XAd+d G
(]sys)ﬂ, = (IO)A e (@(A Xad+d) Az )+Ga (53)

In the case of diastole, the optical path length is considered d.

—(x(A )dAr )+Ga

(]dia)/l = (Io)/l e (5-4)

By dividing Eq. (5.3) by Eq. (5.4), some terms of the numerator are cancelled by the
equalled terms of the denominator to get Eq. (5.6).

(—a(A Xd+Ad)Ar )+Gr )

(]sys)/1 _— (—a(A Yd4, +G) (5.5)

] dia e

1 _
( Sys )ﬂ —e a(A )AdAx (5.6)
dia
The natural logarithm (In) 1s applied to both sides of Eq. (5.6) to derive Eq. (5.8).
m(%)ﬂ — —a(A)AdA; (5.7)
dia

In(£4), = a(2)AdA; (5.8)

Sys

t

L

Y
[

Figure 5-5: PPG signal (transmitted light).
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5.3 Proposed algorithm based on modified Lambert- Beer law

According to Figure 5-5, I, 1s substituted by /; and 7z, 1is substituted by Iy to get
Eq. (5.9) from Eq. (5.8) as follows;

m(ll—fz 2 = Adda(A) (5.9)

Pulse oximetry considers the approximation concept of the arterial blood containing only
the functional hemoglobin components (O,Hb and RHb) to measure the functional arterial
oxygen saturation, as it uses only two wavelengths to distinguish between O,Hb and RHb.
To estimate the tHb concentration, all the hemoglobin components or at least the four
hemoglobin components (O,Hb, RHb, COHb, MetHb) should be taken into consideration,
as the tHb concentration is the summation of the concentrations of these four hemoglobin
components. Therefore, in this case, the absorption coefficient is expressed as the
summation of the concentrations of the four hemoglobin components multiplied by their

extinction coefficients, as described in the following equation;
a(A) = [ecorm, COHKC) + &car, O-H(C) + Ertertin, MetHb(c) + &re, RHB(C)] (5.10)

Substitute from Eq. (5.10) into Eq. (5.9) to get Eq. (5.11). It is one of the two equations,
which will be used in the further calculations to estimate the interesting physiological

parameters.
hl([I—H 2 =AdA, [Ecoybl COHb(C) + EcaHB;, Osz(C) + EMertin; MetHb(c) + Erup, RHb(C)] (5 1 1)
L

In the following, this section introduces a derivation of the second equation that is also
special for the PPG signal and is according to modified Lambert-Beer law and pulse
oximetry principles.

By differentiating Eq. (5.1) in the discrete time between t; and t, (see Figure 5-6) to get
Eq. (5.12).

ol —add+G od
o _g _aqd%d
o " ( o j (5:12)
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5.3 Proposed algorithm based on modified Lambert- Beer law

Figure 5-6: AC component and DC component of PPG signal (transmitted light).

Partial / by partial ¢ and partial d by partial 7 are calculated by Eq. (5.13) and Eq. (5.14),
respectively. The AC component and the DC component are shown in Figure 5-6, as the

AC component is the difference between the diastolic peak and the systolic valley.

ﬂ — I(tz)_](tl) — ]L —]H — _Accomponent
ot h—h h—h h—h

(5.13)

od dt,)-d(t,) d, -d, Ad
— = = = (514)

Substitute of Partial / by partial # and partial d by partial ¢ by their equations (Eq. (5.13) and
Eq. (5.14)) into Eq. (5.12) and divide the result by I (consider I at t3, which is equal to the
DC component) to derive Eq. (5.18).

Q _ —ACcomponenl:]()e—aAd+G(_aA Ad j

= 5.15
af bHh—t h—4 ( )
M:(_QAA@ (5.16)
Accomponent — (O.’AAd) (5 17)
13
g%vmponent — (MAd) — AdA[SCOHbm COHb(C) + Ec2HB OZHb(C) + EMetHbn MetHb(C) + ERHb/uRHb(C)]
component

(5.18)
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5.3 Proposed algorithm based on modified Lambert- Beer law

Eq. (5.18) is the second equation, which is used to estimate the interesting physiological

variables.

Six photoplethysmography signals with different wavelengths are employed to find a
solution for the concentrations of the four hemoglobin components, as the summation of
their concentrations is considered the tHb concentration. Five PPG signals with different
wavelengths (625 nm, 880 nm, 760 nm, 680 nm, 660 nm, 1200 nm) are used to build a
system of equations that is according to the two derived equations (Eq. (5.11) and
Eq. (5.18)). The sixth wavelength (1200 nm) is used to indicate the change of the arterial
diameter during the systole. All the unknown parameters of Eq. (5.11) and Eq. (5.18)
should be calculated to solve a system of equations for the concentrations of COHb, O,Hb,
MetHb and RHb concentrations.

In the following, the unknown parameters are calculated. These parameters are the

extinction coefficients of the four hemoglobin components, 4, and Ad.

5.3.3 Extinction coefficients of the four hemoglobin components

The determination of the extinction coefficients of COHb, O,Hb, MetHb and RHb is
performed by the help of the published biochemistry valuable papers and books [Kue94]
[Z1j00] and also the graph, which is depicted in Figure 5-7.
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Figure 5-7: The extinction coefficients of the four hemoglobin components [Web98].
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5.3 Proposed algorithm based on modified Lambert- Beer law

After the comparison between the mentioned published biochemistry, the extinction
coefficients of the four hemoglobin components could be determined and considered as
demonstrated in Table 5-1.

Table 5-1: Extinction coefficients of the four hemoglobin components at the employed wavelengths.

Wavelength(nm) &coup  €o2Hp  €MetHb  E€RHD L/(mmol*cm)
625 0.2495 0.172  3.7805 1.1445

880 0.005 0.284 0.611 0.2

760 0.012 0.145 0.27 0.38

680 0.033 0.085 0.258 0.61

660 0.061 0.08 0819 0.814

5.3.4 Proposed indication for Ad applying

The PPG signal could not be extracted at the wavelength of 1650 nm where the water
absorption coefficient is equal to the hemoglobin absorption coefficients because the
absorption coefficient, at this wavelength, is quite large.

Therefore, by searching for the same conditions but with a low absorption coefficient, the
PPG signal could be extracted at the wavelength of 1200 nm.
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Figure 5-8: Absorption coefficients of the hemoglobin versus water.

80



5.3 Proposed algorithm based on modified Lambert- Beer law

Eq. (5.11) and Eq. (5.18) is rewritten for the wavelength of 1200 nm, as demonstrated in
Eq. (5.19) and Eq. (5.21), respectively.

At this wavelength, the absorption coefficient aj200nm consists of the absorption coefficient
of hemoglobin and the absorption coefficient of water. The two absorption coefficients are
approximately equal (see Figure 5-8). Thus, it cannot in anyway indicate hemoglobin
concentration, as the increase of water concentration or hemoglobin concentration will
affect the whole absorption coefficients a.j209 in the same manner. Therefore, otj200nm can be
assumed as a parameter that is related only to the wavelength 1200 nm and can be

combined with the parameter Aj200nm to be one parameter that is named K;200nm.

Thus, according to Eq. (5.19) and Eq. (5.21), Ad can be represented by Eq. (5.20) and
Eq. (5.22), respectively.

(4S) s (5.19)
DC J1200im
()
Ad = DCJ1200m :Klzomm[ﬂj (5.20)
A12000mC02000m DC 1200
m(f—H) — dAd (5.21)
]L 1200em
0
Ad = Mt voom _ g m(l_Hj (5.22)
A200:m00 2000m L /12000m

Substitute for Ad from Eq. (5.20) and Eq. (5.22) into Eq. (5.11) and Eq. (5.18), respectively.

hl(l—Hj :alAiKmO(hmln(l_H)
s 11 J12000m

= A1 Ki2000m 111(1—”) [ECOHhCCOHb + E0:mCo2ti + EnmtertivChterriy + SRHbCRHbL (5.23)
L /1200mm
AC AC
— | =4, 4,K 00, 7
DC), DC )\ 200m
= AAKmomm(£) [ecormCeorm + g020wCoti + EntetisCoterto + ErimCrans |, (5.24)
1200m
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5.3 Proposed algorithm based on modified Lambert- Beer law

In order to combine the two factors ( 4;) and ( Ki200.m ), substitute for ( 4:Ki200.,) by (K1)
into the two above equations to derive Eq. (5.25) and Eq. (5.26).

]11(1_”) =K, ln(]—H) [ecomCeom + 026mCont + ErterrCirsertiv + ErenCrim |, (5.25)
1L/, L /1200mm
(g_g’) ., =K (gg)lzwm[gCOHbCCOHb + £02iContp + EntertiCotertiv + ErenCres |, (5.26)

To check the balance of units for Eq. (5.25) and Eq. (5.26):

1. ln(l H ) and (A—C) are unitless.
I/, CJ;
2. ln(I—H) and (ﬁj are unitless.
1L )1200im 12000m
3 e L.mmol”.cm™
4, Coroeeeeeeeeeen, mmol/L or g/dl (1 g/dl = 0.6206 mmol/L [Uncl1]))
5. Koo, cm

The multiplication of € , C and K; is unitless. Therefore, both sides of the equations are
balanced. It should be noted that, if the concentration is considered by the units of g/dl, K

will involve the factor (0.6206) of the two units conversions.

5.3.5 Recommended strategy of estimation based on modified Lambert-Beer law

Some strategies of using modified Lambert-Beer law were tested to estimate tHb and the
ratios of COHb, O,Hb, MetHb and RHb through the research stage. In the following, the
recommended strategy is introduced. The estimation process will be performed twice, in
exactly the same manner, the first one being based on Eq. (5.25) and the second on
Eq. (5.26).

According to Eq. (5.26), the steps of the method are explained below in detail.

1. A system of equations is built, as an equation for a significant wavelength.

( )/11
Kiecomy Kugormy Kauémeny KaErmpy, Ccomn
(_ A :( AC ) y Ki.ccomy, Kuncorms, Kinémern, Kin&rmpn, y Cosmp (5.27)
( )/13 DCJr200m K/13800Hb,13 K13802Hb13 K/IngetHb)@ thRHbu Cherr .
KZAECOHM K/ué‘osz,u K&gMelejA Ko &rn Cran
(R A
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5.3 Proposed algorithm based on modified Lambert- Beer law

Solve for the vector of the four hemoglobin components concentration;

Kuccomy Ku&orimmy KunEmeriny KuErmp,

Ccomn

Com | 1 5 Kiécomz,
Chterri o (AC) K/138C0Hb13
Crap DCr200mm K.ecomy,

KﬂngZHbﬂ,z K,lzé‘MetHb/b K, &rmns,
K/13802Hb/13 K/thetHbj,g K/lsé‘RHm

Kugormvy KuEmerrny, KuErmp

AC),
pc’”
AC

(_ Al
DC

(ﬂ N
DC

A<y,
DC

(5.28)

Using the PPG signals, which are extracted by the developed electronic system (see

Figure 5-9), (g—g)z can be calculated for each PPG and also for the PPG of the wavelength

of 1200 nm. The extinction coefficients of the four hemoglobin components at each

wavelength are demonstrated in Table 5-1. So far, K; for each wavelength is the only

unknown variable. It should be calculated to find a solution for the four hemoglobin

components using Eq. (5.28).

2. Some invasive measurements are required to solve the inverse problem for K,. Ten

invasive measurements are performed and at the same time, the developed

optoelectronic system collects the PPG signals. The range of tHb is 12.6 g/dl to

16.5 g/dl, as de

picted in Table 5-2.
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Figure 5-9: Seven extracted PPG signals using the developed optoelectronic system.
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5.3 Proposed algorithm based on modified Lambert- Beer law

3.

84

Table 5-2: Reference laboratory invasive measurements.

tHb(g/dl) COHb(g/dl) O,Hb(g/dl) MetHb(g/dl) RHb(g/dl)

13.9 0.278 13.4382 0.0473 0.135

14.4 0.144 13.804 0.0245 0.426

13.1 0.131 12.427 0.024 0.517

12.9 0.077 12.388 0.050 0.383

14.8 0.444 14.016 0.052 0.286

Develop a cubic Hermite interpolation for K, in the all range of tHb invasive

measurements (from 12.5 g/dl to 16.5 g/dl) and not only for the ten discrete invasive

measurements [Nat11]. Therefore, the value of K; can be read for any case.

So far, the system of equations (Eq. (5.28)) has no unknown variables and can be solved

for the four hemoglobin components to calculate the tHb concentration, as described in

the functional block diagram of Figure 5-10.

Cubic

Interpolation

Solving a

Linear
? System of di]
(D_ equations

Figure 5-10: Functional block diagram of estimating tHb concentration process.



5.3 Proposed algorithm based on modified Lambert- Beer law

5. Eq. (5.25) and Eq. (5.26) can be rewritten considering the ratios of four hemoglobin

components as follows;

m(%) = K (ratio) ]11(1—”’) [8cpoCOH b% + £0206O2 HbY0 + Enterris MetHb% + £rr RH b%]a
L/ L /12000m

(5.29)

(%) =K, (ratio)(%) [£comCOHBYo + £026mOHbY% + Ertertiy MetHbYo + rin RHDY0) (5.30)
2 12007

As the unit of K (ratio) (briefly Kz ) is cm divided by the unit of the tHb, Eq. (5.29) and
Eq. (5.30) are balanced. In this case, the system of equation can be rewritten for Eq. (5.30)

as given below;

AC
(_ A
o DC
COHb% Kirnécomy, Kir&ormwy Kir&Emenny KirErpy AC
O-Hb% __ 1 8 Korecoms, KirEormny, KirEmerini, KirErtbs y (D_C “ (5.31)
MetHb% ( AC ) Korseconny, Kirs€ormny, KirsEmenrny, KirsErtinz (ﬁ "
RHbH% DC/r200m Kiriecomy, KiriEormny, KiriEmerny, KiriErtb DcC
AC),
DC

In the same manner, a cubic Hermite interpolation is performed for Kz using the invasive
measurements that are depicted in Table 5-2 and the AC/DC components are calculated
using the extracted PPG signals which are shown by Figure 5-9. Thus, the system of
equations (Eq. (5.30)) has no unknown variables and could be used to find a solution for
(COHb%, O,Hb%, MetHb%, and RHb%), as described in the functional block diagram in
Figure (5-11).

An advantage of using this equation of the hemoglobin components ratios is that the
summation of the four ratios is already known exactly as 100%, so that this will cancel any
ill-posed problem in solving the system of the equations for the ratios.

If Eq. (5.25) and Eq. (5.29) are employed to find the solution for the tHb concentration and
the ratios of COHb, MetHb, O2Hb, and RHb, the method is named by Method-1-partl. And
If Eq. (5.26) and Eq. (5.30) are employed; the method is named by Method-1-part2, as
depicted in chapter 7.
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5.3 Proposed algorithm based on modified Lambert- Beer law

Table 5-3: Reference laboratory invasive measurements (four Hb components ratios)

tHb(g/dl) COHb% O;Hb% MetHb% RHb%

13.9 2 96.68 0.34 0.97

14.4 1 95.86 0.17 2.96

13.1 1 94.86 0.18 3.95

12.9 0.6 96.03 0.39 2.97

14.8 3 94.7 0.35 1.93

Cubic

Interpolation

Solving Linear

System of quations

Figure 5-11: Functional block diagram of estimation the four hemoglobin ratios process.
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5.4 Proposed algorithm based on fuzzy logic systems

5.4  Proposed algorithm based on fuzzy logic systems
5.4.1 Introduction to fuzzy logic

Fuzzy logic systems, neural networks, evolutionary computing, and probabilistic models
are the main constituents of the soft computing (Artificial Intelligent (Al)) discipline that
combines these technologies to solve the complex problems in many technical areas. This is

because they can deal with difficulties arising from uncertainty and complexity.

Fuzzy logic was introduced by Zadeh in the 1960s, as a method in which the objects of
computation are words and propositions drawn from the natural language. Fuzzy logic
systems have the ability to deal with system uncertainty using their logically oriented
reasoning techniques. The fuzzy inference system is a popular computing framework based
on the concepts of fuzzy set theory, fuzzy if-then rules and fuzzy reasoning. It has been
successfully applied in fields such as automatic control, data classification, decision

analysis, and expert systems.

Nowadays, fuzzy logic plays an important role in medicine, where fuzzy set theory is a
suitable formalism to deal with the imprecision intrinsic to many biomedical and
bioinformatics complex problems. It is a method to render precise what is imprecise in the
world of medicine [Tor06] [PhuO1].

5.4.3.1 Architecture of fuzzy logic systems

The fuzzy expert system is an expert system that incorporated fuzzy logic into its reasoning
process and knowledge representation scheme. Figure 5-12 describes the basic

configuration of a fuzzy system which is depicted as the follows [Har(02];

The fuzzifier:
Fuzzification can be defined as the operation that maps a crisp object to a fuzzy set, i.e., to a
membership function. That is:

y =Fuzz(x) (5.32)
where x is a crisp input value, y is a fuzzy set and Fuzz(.) stands for a fuzzy operator. The
fuzzification interface generally performs the following functions:

e Scaling the range of the input and output data into corresponding universes of
discourse,

e Fuzzifying the scaled data.
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5.4 Proposed algorithm based on fuzzy logic systems

A knowledge base:
It contains definitions of fuzzy sets and the fuzzy operators. The database includes three
operations namely quantization of universes of discourse, fuzzy partitioning and

definition of fuzzy sets.

Crisp Inputs

[ Fuzzifier

/ \ Fuzzy

Inputs

Fuzzy Rule Base -

Fuzzy Inference
Engine

Fuzzy Sets \
& Fuzzy

\ Operators / Output

[ Deffuzifier

Crisp Ouputs

Figure 5-12: Basic components of a fuzzy logic system

The quantization process is for discretising continuous universes. Partitioning of a
universe of discourse is carried out to determine the initial number of fuzzy subsets
required to represent that universe. Fuzzy sets are usually selected to cover the
whole universe of discourse. These fuzzy sets can either be represented as a vector
of numbers or in function forms such as triangle-shaped, bell-shaped and
trapezoidal-shaped membership functions. There is no systematic method to decide
either the shape and/or number of the fuzzy sets or their degree of overlap. These

parameters strongly depend upon the designer’s experience.

Defining the fuzzy rule base includes the choice of the input and the output variables
of the controlled process and a set of fuzzy rules that describe the control policy in

the domain of expertise. Fuzzy rules normally describe process behaviour in a fuzzy
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5.4 Proposed algorithm based on fuzzy logic systems

logic system. Derivation methods for these fuzzy rules are the cornerstone in a fuzzy

logic system.

Fuzzy inference engine:

It is a method for inferring a fuzzy output based on employing a fuzzy inference (fuzzy
reasoning) scheme. There are many employed fuzzy inference schemes, such as
Takagi-Sugeno model and Mamdani model. For example, the reasoning algorithm based on

the Takagi-Sugeno model can be described, as defined in Eq. (5.33) [Tak85].

R, :TFx,is ... and x, is ... and x; is ... THENy =f,(x,,X,,X;) (5.33)

where f.(.) is a linear function of the process state variablesX,,X, and X,, which are

defined in the input subspace and y, is a variable of the consequent whose value is inferred.

Mamdani inferring model will be described in the following in detail, as it is employed for

the developed fuzzy expert system.

The defuzzifier:
A defuzzification function basically maps fuzzy inference results from the fuzzy domain

into crisp outputs in a crisp domain. These crisp outputs should represent the output of the

modeled operation. A defuzzifier for this mapping can be expressed as:

z = Defuzz(Y) (5.34)

where z is the crisp operation output, Y is the fuzzy set that represents the distribution of
the operation output and Defuzz(.) stands for the defuzzification operator. There are many

defuzzification methods. The center of area method is employed as will be described below.

5.4.2 Reasons behind using fuzzy logic system

There are two major imperatives for computing with words. First, computing with words is
a necessity when the available information is too imprecise to justify the use of numbers;
and second, when there is a tolerance for imprecision which can be exploited to achieve

tractability, robustness, low solution cost and better rapport with reality [Zad02].

As described in section 5.3, by applying the modified Lambert-Beer law, the parameters of
e, A, and Ad have to be defined accurately in order to find a solution for the tHb
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5.4 Proposed algorithm based on fuzzy logic systems

concentration and the ratios of COHb, O,Hb, MetHb, and RHb. That is the most difficult
task of this calculation method, which depends on a conventional optical equation, as these
parameters will still have imprecise values. Fuzzy logic systems provide a simple way to
draw definite conclusions from imprecise information. Also, reasoning with fuzzy logic is
possible without the need for much data because the backbone of that logic is expressed as
if-then rules. Therefore, this thesis employs fuzzy logic to solve the problem of estimating
the pre-mentioned vital physiological variable optically regardless of solving any complex
optical equations, as a new trend. Where, fuzzy logic expert systems can deal with the

imprecise information.

5.4.3 Building the fuzzy logic expert system
5.4.3.1 Defining the crisp inputs and outputs of the fuzzy system

It 1s clear that the outputs of the fuzzy expert system should be the tHb concentration and
the ratios of COHb, O,Hb, RHb, and MetHb, as it is built to find a solution for these
physiological variables. The most difficult task is to define the crisp inputs of this fuzzy
expert system. The problem is how to find the inputs which will not be changed as the
outputs are not changed. The information about the available inputs is accomplished by the
features of the extracted photoplethysmography PPG signals, which are extracted by the

developed non-invasive optoelectronic system.

In order to define the inputs of this expert system, many experiments are conducted. The
PPG signals (with different wavelengths) are extracted from the same case (person) many
times by the optoelectronic system, then some features are calculated, such as the ratio of Iy
and I, the natural logarithm of the ratio of Iy and Iy, and the ratio of the AC component and

the DC component. Empirically, the inputs are chosen as follows: R1, R2, R3, and R4

(Aca,m,,) (Acwmp.j
DCcomp. 1=6251m :Rl , DCU(’mp' A=660nm :sz
AC(!()mp_ j ACC()mp. j
DC’omp. A1=880nm DC'omp. A=880mm
[ ACCOmp, j ( ACcompA j
DCeomp. ) ;50 =R3, and DCeomp. ) 760m =RA4.
Aca,mp,j [Acwm,,.j
Dccomp. 1=880nm DC""’"P' A=880mm
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5.4 Proposed algorithm based on fuzzy logic systems

The employed wavelengths for this purpose are: 880 nm, 625 nm, 660 nm, 680 nm, and
760 nm. According to the extinction coefficients of the four hemoglobin components that
are shown by Figure 5-7, the largest extinction coefficient of the oxyhemoglobin, which is
considered the largest component of hemoglobin, is at the wavelength of 880 nm, that is the
largest wavelength amongst the employed wavelengths. Therefore, it is chosen to be the

reference value for all the other employed wavelengths.

The input values combination will be changed as the concentration of the tHb and its four
components changes. Therefore, these values can indicate the pre-mentioned interesting

physiological variables.

5.4.3.2 Employing the fuzzy inference scheme

Mamdani’s fuzzy inference scheme was applied to infer the fuzzy output as it was
graphically illustrated for a multi inputs (four inputs) single output system, for an example,
by Figure 5-13, The fuzzy output can be inferred by applying the intersection compositional
operator to the input fuzzy sets (from A; to D; and from A; to D,) and the union operator to
the output fuzzy sets (M; and M;). That will be illustrated in detail in as follows:

Max

Fuzzy
Output

(@)

Crisp
Output

Figure 5-13: Mamdani’s fuzzy inference scheme graphical interpretation for multi-inputs single-output
system, as an example.
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5.4 Proposed algorithm based on fuzzy logic systems

The system in question has four inputs and five outputs that represent the vital interesting
physiological parameters. Therefore, the kth fuzzy rules can be expressed based on
Mandani’s model as follows:
IF i; is Ax and 1, is Bk and 1; is Cy and 14 is Dy THEN o; is My and o, is Px and o3 is Qx and
0418 Ry and o5 1S Sk
where, ij, i, i3, i4, 01, 02, 03, 04, and 0s are the linguistic variables that represent the multi
inputs multi outputs model. Ay, By, Cx, Dx, My, Pk, Qk, Rx and Si are the fuzzy sets of those

variables in the universes of discourse /;, I, 13, 14, O1, O, O3, O4, and Os, respectively.

Based on the compositional operators, the fuzzy output of each vital physiological

parameter can be inferred as the result of the following steps.

Step 1: Normalize the crisp inputs and then fuzzify them to calculate the value of the
membership function of each input’s fuzzy set, pFuzzy/set. The membership function is a
curve that defines the distribution of the truth variables around values which vary in the
interval [0, 1] by agreement. Eleven membership functions were defined as overlapped

triangular functions.

Step 2: Based on the compositional operator, the intersection operator (M) is used, which

means to get the minimum; the kth fuzzy rule can be inferred as follows:

R e N o e peere N e

Step 3: Repeat the second step to infer the other fuzzy rules in the rule base.

Step 4: Using the union operator (U), means getting the maximum. The fuzzy output will
be:

Oruy=U R, k=1,2,...... , n) (5.35)
where n is the total number of the fuzzy rules.

Center of area (COA) criteria was applied for the defuzzification stage to extract the crisp
output (Ocrisp) from the fuzzy output (Ofuzzy). COA generates the centre of gravity Ocrisp
of the possibility distribution of the expected outputs as demonstrated by the following

equation:

m#( )*
O :; W W, (5.36)
Crisp m

D> uly)
k=1
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5.4 Proposed algorithm based on fuzzy logic systems

where m 1s the number of quantization levels of the universe O and Wk is the point in the
kth quantization level in the universe O at which p achieves its maximum value p(wk). The
crisp outputs are considered the final results of the fuzzy system after the denormalization
stage.

In the denormalization stage, the crisp outputs are converted from the normalized range

[0,1] into its normal range.

5.4.3.3 Fuzzy rule base generation

The fuzzy rules have been generated based on Wang-Mendel method, which has been
widely used to produce relatively small rule bases with good classification rates and no
conflicting or redundant rules [Wan03] [Cin08]. To apply this method, real input-output
data pairs should be measured. The outputs are the values of the total hemoglobin
concentration and the ratios of the four hemoglobin components (RHb%, COHb%, O2Hb%
and MetHb%), which are measured invasively by the aid of a reference laboratory, as
depicted in Table 5-3. The inputs are R1, R2, R3, and R4 of the corresponding PPG signals,
which are extracted by the non-invasive optoelectronic system at the same time of

conducting the invasive measurements

The method can be conducted easily by five steps, which can be introduced briefly as
follows [Wan92]:

Step 1: Divide the input and output spaces of the given numerical data into a number of
fuzzy sets.

Step 2: Generate fuzzy rules from the given data. First, determine the degrees of the given
data in different fuzzy sets. Second, assign it to the set with a maximum degree. Finally,
obtain one rule from one pair of the input-output data pairs.

Step 3: Assign a degree for each generated rule for the purpose of resolving conflicts among
the generated rules, if there are conflicting rules.

Step 4: Eliminate conflicting rules. If two or more rules of the remaining set have equal
antecedents, discard the rule with the smallest importance degree.

Step 5: Compose the final rule base using the remaining rules.
Therefore, the number of the fuzzy rules can be increased by increasing the number of the

input-output data pairs that means, the expert system will take more possible cases into its
consideration, and so, a large fuzzy rule base can be built.
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5.4 Proposed algorithm based on fuzzy logic systems

5.4.3.4 Data flow of the proposed fuzzy expert system

Figure 5-14 describes the data flow through the developed fuzzy expert system. As, the
developed non-invasive electronic system extract the seven PPG signals. Five of them that
have the wavelengths of (880 nm, 625 nm, 660 nm, 680 nm, 760 nm) are employed in order
to calculate the four ratios R1, R2, R3, and R4, as demonstrated in section 5.4.3.1. These
ratios are the crisp inputs of the expert system, which are normalized into the range [0,1], as
the first step. The normalized values are fuzzified into eleven fuzzy sets. Then the fuzzy
rule based will be fired in order to infer the fuzzy output. Then, the fuzzy outputs are
defuzzified by the center of area method to get the crisp outputs after the denormalization
stage. The crisp outputs are the tHb concentration and the ratios of RHb, COHb, O2Hb and

MetHb.
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R2

R3

R4
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Figure 5-14: Data flow block diagram of the developed fuzzy expert system.






6. Proposed Estimation Algorithm for Invasive Measuring

6.1 Preliminaries

The conventional laboratory invasive methods to determine the total hemoglobin
concentration (tHb) and the four hemoglobin components ratios (carboxyhemoglobin
(COHb%), oxyhemoglobin (O,Hb%), reduced hemoglobin (RHb%), and methemoglobin
(MetHb%)) dissipate time and blood. Using a few drops of blood, a compact hemoglobin
components analyzer can measure these physiological variables fast. Developing new
calculation algorithms for these kinds of hemoglobin analyzer is one of the thesis
objectives. This chapter introduces a fast robust estimation approach, which considered the
essential ingredient of the analyzer. It does not depend directly on the optical equations
such as Lambert Beer's law. Because using these optical equations includes defining some
of unknown parameters that is considered the most difficult task. As a new trend and
according to the general concept of the optical equations without defining any of their
unknown parameters, the proposed approach is based on a unification of two fuzzy expert
systems. One provides high interpretability and the other provides high accuracy. The
principles of the fuzzy expert system are explained in detail in section 5.4. Therefore, this

chapter describes briefly the building of this fuzzy experts system and its own features.

6.2  Building the fuzzy expert system
6.2.1 Defining the crisp inputs and outputs of the fuzzy expert system

The hemoglobin analyzer works according to the spectrophotometry principles. It employed
six light emitting diodes with different wavelengths between 600 nm and 950 nm. The
outputs of the fuzzy expert system are defined as the tHb concentration and the ratios of
COHDb, O2Hb, MetHb, and RHb.



6.2 Building the fuzzy expert system

According to the general concept of the optical equations, the measured light intensity is
related to the absorption coefficient for the transmitted light and the scattering coefficient of
radiation transfer at a certain wavelength [Fen90] [Mig02]. The absorption coefficient
depends on the extinction coefficient and the concentration of the medium substance.
Where the scattering coefficient describes a medium containing many scattering particles at
a concentration described as a volume density and so the scattering coefficient is essentially

the cross-sectional area per unit volume of the medium.

If the medium substance is a few drops of blood in a very small size cuvette, the geometry
of the medium will be fixed. And, if a number of light sources with different wavelengths
are used, the extinction coefficients of the blood components and also the scattering
coefficient will be changed according to each wavelength. Figure 6-1 presents the relation
between the wavelength of the light source and the related extinction coefficients for the
four hemoglobin derivatives. At a certain wavelength, different components of hemoglobin

are absorbed to a larger or lesser extent, as illustrated in the figure below.
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Figure 6-1: Extinction coefficients: €O,Hb, eERHb, eCOHb, and éMet-Hb at wavelengths between
600 nm and 1000 nm [Web98].

Therefore, the concentration of the blood hemoglobin components mainly depends on a
combination of a number of measured light intensities with different wavelengths. Six
different wavelengths are chosen between 600nm and 950nm. At these wavelengths,
different extinction coefficients combinations of the four hemoglobin components can be
detected in order to distinguish their ratios and also to estimate the total hemoglobin

concentration.

Thus, that system can be modelled where its inputs and outputs are known and the reactions
inside the system can be described regardless of solving any complex optical equation. The

inputs are a number of light intensity with different wavelengths. And the outputs are the
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6.2 Building the fuzzy expert system

total hemoglobin concentration and the ratios of the four hemoglobin components (RHb%,
COHb%, O,Hb% and MetHb%).

6.2.2 Employing the fuzzy inference scheme

The fuzzy expert system has six inputs and five outputs that represent the vital
physiological parameters. Therefore, the kth fuzzy rules can be expressed based on
Mandani’s model as follows;

IF 1; 1s Ax and 1 1s Bx and 13 is Ci and 14 1s Dy and 15 is Ex and i i1s Fx THEN O; is My and o>

1s Py and 03 1s Qx and o4 1s Rg and o5 is Sk

where i), i, i3, iy, i5, is, 01, 02, 03, 04, and 0s are the linguistic variables that represent the
multi inputs multi outputs model. Ay, By, Ck, Dk, Ex, Fx, My, Pk, Qk, Ry and S are the fuzzy
sets of those variables in the universes of discourse I, I,, I3, 1, Is, 15, O1, Os, O3, O4, and

Os, respectively.

Based on the compositional operators, the fuzzy output of each vital physiological

parameter can be inferred as the result of some steps, as explained in section 5.4.3.2.

6.2.3 Fuzzy rule base generation

The fuzzy rule base is generated by applying Wang-Mendel method. This method requires
real input-output data pairs. The inputs are six values of the light intensity with different
wavelengths that were measured by the optical stage of the hemoglobin compact analyzer.
And the outputs are the values of the total hemoglobin concentration and the ratios of the
four hemoglobin components (RHb%, COHb%, O,Hb% and MetHb%), which were
measured with the aid of a reference laboratory. The real input-output data patches are
measured by OPTI Medical Company research team. This rule generation method is
conducted easily by five steps, which were introduced before in section 5.4.3.3.

6.3  The whole fuzzy expert system

Any fuzzy model faces two challenges to assess its quality [Cas03]:

e Interpretability; it refers to the capability of the fuzzy model to express the
behaviour of the system in an understandable way. This is a subjective property that
depends on several factors, mainly the model structure, the number of input
variables, the number of linguistic terms, the number of fuzzy rules and the shape of
the fuzzy sets.
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6.3 The whole fuzzv expert system

e Accuracy; it refers to the capability of the fuzzy model to faithfully represent the
modelled system. It is regards as closeness, we understand the similarity between
the response of the real system and the fuzzy model.

To gain the two advantages of the interpretability and the accuracy, two fuzzy models were
designed for the whole fuzzy expert system. One provides high interpretability and the

other provides high accuracy.

The fuzzy model, which has high accuracy, uses twenty two fuzzy sets to fuzzify all the
input variables and eleven fuzzy sets to fuzzify all the outputs. It applies Wang & Mendel
(W&M) method to generate the fuzzy rule base.

On the other hand, to increase the interpretability, the other fuzzy model uses 11 fuzzy sets
only to fuzzify all the inputs and all the outputs. It applies a new proposed modified version
of (W&M) method to generate the fuzzy rule base. This modified one is the same as the
original one with the exception of the second step. The second step can be demonstrated as
follows:

Step 2: Generate fuzzy rules from the given data. First, determine the degrees of the given
data in the different fuzzy sets. Second, obtain two rules from one pair of the input-output

data pairs.

The combination of the two models is conducted as follows:
The inputs (six light intensities) are always given firstly to the fuzzy model which has high
accuracy,
e If the physiological variables are already calculated, the program will be ended and
its results will be considered as the final result of the whole fuzzy expert system.
e If the physiological variables could not be calculated, the program will forward the
inputs (six light intensities) to the other fuzzy model which has high interpretability.
Therefore, its results will be considered as the final result of the whole fuzzy expert

system.
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7. Results and Discussion

7.1 Preliminaries

Non-invasive measuring of total hemoglobin (tHb) concentration and the ratios of
oxyhemoglobin (O,Hb), reduced hemoglobin (RHb), carboxyhemoglobin (COHb), and
methemoglobin (MetHb) is the main objective of this thesis. Thus, an optoelectronic
measuring system is developed to measure these physiological variables. Two proposed
methods are applied for the estimation. The results of the two methods are demonstrated in

section 7.2.

Using a few drops of blood, invasive measuring of the same physiological variables is also
one of the thesis objectives. A new calculation method is developed which is based on two
fuzzy expert systems and according to the general concept of the optical equations for a
compact hemoglobin components analyzer. The results are very promising, as depicted in

section 7.3.

The final part of this chapter introduces a discussion of the invasive and the non-invasive

results.

7.2 Results: non-invasive measuring

The non-invasive measuring system consists of two parts. The first part is the developed
optoelectronic  printed circuit, which is responsible for extracting the
photoplethysmography signals and transferring them as one signal into LabVIEW
environment. The second part is responsible for separating the seven PPG signals,
processing the signals and extracting their main features, and applying the estimation

methods. Two estimation methods are explored for calculating the tHb concentration and



7.2 Results: non-invasive measuring

the ratios of COHb, O,Hb, RHb, and MetHb, as explained in detail in chapter 5. The
second part is implemented in LabVIEW in order to calculate these physiological variables

online.

The steps of performing an online measurement using the developed non-invasive

optoelectronic measuring system are described as follows:

e The finger is put inside the fingertip probe which has seven light emitting diodes
(LEDs) with different wavelengths. Seven synchronized photoplethysmography
(PPG) signals are generated and transferred into LabVIEW environment via
UART of ARM7-ADUC7020 Microcontroller as one signal containing seven
PPG signals.

e That transferred signal is recorded for 30 sec. Then, it is separated into the
detecting signal of the ambient light and 7 PPG signals with the following
wavelengths: 1200 nm, 625 nm, 880 nm, 760 nm, 680 nm, 660 nm, and 565 nm,
as shown in the front panel of the LabVIEW online program of the measuring

system.

e The effect of the ambient light on the measurements is limited, as its detected
signal is taken into account before calculating the terms of AC component, the
DC components, I(High) and I(Low), which are extracted by processing the
separated PPG signals.

e Then, the two calculation methods are applied, as their inputs are already
extracted from the separated PPG signals. The method that is based on the
modified Lambert-Beer law is applied using two different equations. One
considers the ratio of the AC component and the DC component and the other
considers the natural logarithm (In) of the ratio of I(High) and I(Low). Therefore,
the developed non-invasive measuring system calculates tHb concentration and
the ratios of COHb, O,Hb, RHb, and MetHb three times and generates three

estimation values for each physiological variable.

e FEach online measurement is executed in approximately 50 seconds: 30 seconds
for recording the transferred signal and 20 seconds for the separation, signal

processing, applying the developed algorithms and generating the results.
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7.2 Results: non-invasive measuring

The LabVIEW front panel of the program of the non-invasive measuring system is shown

by Figure 7-1. The recorded signal that contains the seven PPG signals, marked in red lies

to the left of the figure. The separated seven PPG signals are shown on the right side of the
same figure. (Result (1)) and (Result (2)) are related to the calculation method that is based
on Lambert-Beer law and Fuzzy Test is the results of the method that depends on fuzzy

expert systems.
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Figure 7-1: The LabVIEW front panel of the non-invasive measuring system.

7.2.1 Results of the method that is based on modified Lambert-Beer law

i U AE o0

In chapter 5, two equations are derived according to the modified Lambert-Beer law and the

principles of the pulse oximetry. These equations are Eq. (5.25) and Eq. (5.26) and are

rewritten considering the ratios of the four hemoglobin components in Eq. (5.29) and

Eq. (5.30), respectively.
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104

111(1—”) =K ln(l—Hj [ecomCeorn + 02 Contm + EntertisCoterti + ErmCrin |,
A 1200im

(5.25)



7.2 Results: non-invasive measuring

(g—gj/1 = Kz(g—g)] Zomm[gCOHhCCOHb + £021t5Co0 10 + Entertis Crserriv + EreCre ] [ (5-26)
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Applying Method-1-partl:

By solving two systems of equations using Eq. (5.25) and Eq. (5.29), the tHb concentration
and the ratios of COHb, O,Hb, RHb, and MetHb are calculated after performing cubic
Hermite interpolation for K, and K;(ratio). The interpolation of these parameters is
executed with the aid of ten invasive measurements and the extracted PPG signals by the

optoelectronic system, as explained in detail in section 5.3.5.

Applying Method-1-part2:

By solving two systems of equations using Eq. (5.26) and Eq. (5.30), the tHb concentration
and the ratios of COHb, O,Hb, RHb, and MetHb are calculated after performing cubic
Hermite interpolation for K; and K;(ratio), as described in Figure 5-10 and Figure 5-11.

Table 7-1 shows the root mean square errors (RMS) of the results during the offline training
stage of applying the Method-1-partl and the Method-1-part2. At the training stage, the
PPG signals that are extracted at the same time of performing the invasive measurements at
the reference laboratory (in the range of 12.6 g/dl to 16.5 g/dl) are employed in order to find
a solution for the interesting pre-mentioned physiological variables.

Table 7-1: Root Mean Square error (RMS) of the results of the offline training stage (Method-1).

COHb% O;Hb% MetHb% RHb% tHb g/dl

Method Applied [RMS] [RMS] [RMS] [RMS] [RMS]

Equations

Method-1-part]  Eq. (5.25) and
Eq. (5.29)

0.83 0.898 0.062 0.133 0.31

Method-1-part2  Eq. (5.26) and
Eq. (5.30)

0.637 0.645 0.067 0.157 0.23
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Table 7-2 presents the root mean square errors (RMS) of the results during the online test
stage of applying the Method-1-part]l and the Method-1-part2. At the online test stage, the
online measurements were conducted two weeks after the offline training stage, in the same
range of the training stage (12.6 g/dl to 16.5 g/dl) and most of the volunteers of the invasive

measurements.

Table 7-2: Root Mean Square error (RMS) of the online test results (Method-1).

COHb% O;Hb% MetHb% RHb% tHb g/dl

Method Applied [RMS] [RMS] [RMS] [RMS]| [RMS]

Equations

Method-1-part]  Eq. (5.25) and
Eq. (5.29)

0.569 1.371 0.181 0.961 0.75

Method-1-part2  Eq. (5.26) and
Eq. (5.30)

0.611 0.499 0.239 0.954 0.63

According to Method-1-partl, Tables 7-3, 7-4, 7-5, 7-6, and 7-7 demonstrate the values of
the reference laboratory and their online test non-invasive estimated values for COHb%,
0O,Hb%, MetHb%, RHb%, and tHb (g/dl) respectively.

Table 7-3: Reference laboratory COHb% and its non-invasive value (Method-1-part1).
RL COHb% Estimated COHb%

0.6 1.339
0.6 0.495
1 0.600
1 1.628
2 3.236
0.6 0.600
1 0.557
2 2.283
1 0.995

Table 7-4: Reference laboratory O2Hb% and its non-invasive value (Method-1-partl).
RL OHb% Estimated O;Hb%

97.010 95.744
96.040 97.057
97.584 99.138
94.867 95.178
96.683 94.484
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96.873 97.889
95.865 97.910
96.654 95.361
97.099 96.854

Table 7-5: Reference laboratory MetHb% and its non-invasive value (Method-1-part1).
RL MetHb% Estimated MetHb%

0.41 0.049
0.39 0.521
0.43 0.507
0.18 0.132
0.34 0.347
0.55 0.464
0.17 0.368
0.37 0.299
0.92 0.623

Table 7-6: Reference laboratory RHb% and its non-invasive value (Method-1-part1).
RL RHb% Estimated RHb%

1.980 2.867
2.970 1.926
0.986 0.866
3.953 3.062
0.977 1.933
1.977 1.897
2.965 1.166
0.976 2.056
0.981 1.528

Table 7-7: Reference laboratory tHb (g/dl) and its non-invasive value (Method-1-part1).
RL tHb Estimated tHb [g/dl]

12.6 14.001
12.9 13.104
13 13.339
13.1 13.369
13.9 14.118
14.3 13.12
14.4 13.929
14.6 14.235
16.5 15.55
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According to Method-1-partl, Figure 7-2 shows the plot of the reference laboratory

measurements of tHb concentration versus the estimated online non-invasive

measurements.
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Figure 7-2: Plot of tHb (g/dl) estimated vs. reference laboratory (RL) tHb (g/dl) measurements
(Method-1-partl).

According to Method-1-part2, Tables 7-8, 7-9, 7-10, 7-11, and 7-12 demonstrate the values
of the reference laboratory and their online non-invasive estimated values for COHb%,
0,Hb%, MetHb%, RHb%, and tHb (g/dl) respectively.

Table 7-8: Reference laboratory COHb% and its non-invasive value (Method-1-part2).
RL COHb% Estimated COHb%

0.6 0.582
0.6 1.027
1 0.871
1 1.956
2 2.282
0.6 0.192
1 1.967
2 1.680
1 1.982

Table 7-9: Reference laboratory O,Hb% and its non-invasive value (Method-1-part2).
RL O,Hb% Estimated O,Hb%

97.010 96.985
96.040 96.359
97.584 97.841
94.867 95.000
96.683 96.077
96.873 97.257
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95.865 96.521
96.654 95.814
97.099 96.461

Table 7-9: Reference laboratory MetHb% and its non-invasive value (Method-1-part2).
RL MetHb% Estimated MetHb%

0.41 0.235
0.39 0.538
0.43 0.363
0.18 0.170
0.34 0.209
0.55 0.459
0.17 0.817
0.37 0.297
0.92 0.834

Table 7-10: Reference laboratory RHb% and its non-invasive value (Method-1-part2).
RL RHb% Estimated RHb%

1.980 2.198
2.970 2.076
0.986 0.925
3.953 3.328
0.977 1.432
1.977 2.092
2.965 0.694
0.976 2.209
0.981 0.724

Table 7-11: Reference laboratory tHb (g/dl) and its non-invasive value (Method-1-part2).
RL tHb [g/dl] Estimated tHb [g/dl]

12.6 13.395
12.9 13.491
13 13.634
13.1 13.361
13.9 14.189
14.3 13.527
14.4 14.384
14.6 15.271
16.5 15.5
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According to Method-1-part2, Figure 7-3 shows the plot of the reference laboratory
measurements of tHb concentration versus the estimated online non-invasive
measurements.
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Figure 7-3: Plot of tHb (g/dl) estimated vs. reference laboratory (RL) tHb (g/dl) measurements
(Method-1-part2).

Reproducibility test of Method-1:

The reproducibility of the proposed non-invasive measuring system was tested using the
calculation method of Method-1-part2. According to the reference laboratory measurement,
the tHb concentration of the volunteer is 13 g/dl. Five online non-invasive measurements
were executed by the developed optoelectronic measuring system for the same volunteer
and by employing different hand-fingers. The non-invasive measuring trials are depicted in
Table 7-12. The mean-value of the non-invasive measurements trials is 13.267 g/dl, the
variance is 0.305 g/dl, and the standard deviation is 0.552 g/dl.

Table 7-12: Reproducibility test of (Method-1).

Trial No.  Estimated tHb [g/dl]

1 12.57

2 12.9

3 13.6

4 13.3
5 13.965
Mean-value 13.267
St. Dev. 0.552
Variance 0.305
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7.2 Results: non-invasive measuring

7.2.2 Results of fuzzy expert system algorithm

As explained in detail in section 5.4, a fuzzy expert system is developed to measure the tHb
concentration and COHb%, O,Hb%, RHb%, MetHb%. The fuzzy rule base is generated
based on ten invasive measurements of a reference laboratory (see Table 5-3) according to
Wang-Mendel method. At the same time of the invasive measurements, the corresponding
PPG signals are extracted using the developed optoelectronic system. The extracted
features of these PPG signals are used to build the fuzzy rule base as well as the reference
laboratory invasive measurements through the offline training stage. Table 7-13 shows the
RMS error between the reference laboratory invasive measurements and the results of the

offline training stage.

Table 7-13: Root mean square error (RMS) of the results of the offline training stage (method-2).

RMS error
tHb 0.056 g/dl
MetHb% 0.0095%
0,Hb% 0.035%
COHb% 0.055%
RHb% 0.043%

Table 7-14 demonstrates the RMS of the results during the online test stage of applying
Method-2. At the online test stage, the online measurements were conducted two weeks
after the offline training stage, in the same range of the training stage (12.6 g/dl to

16.5 g/dl) and for most of the volunteers of the invasive measurements.

Table 7-14: Correlation (R) and root mean square (RMS) error of the online test results (Method-2).

RMS error R
tHb 0.103 g/dl, 0.996
MetHb % 0.015%, 0.997
O,Hb% 0.075%, 0.995
COHb% 0.055%, 0.995
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7.2 Results: non-invasive measuring

RHb% 0.15%, 0.991

According to Method-2, Tables 7-15, 7-16, 7-17, 7-18, and 7-19 demonstrate the values of
the reference laboratory and their online test non-invasive estimated values for COHb%,
0,Hb%, MetHb%, RHb%, and tHb (g/dl) respectively.

Table 7-15: Reference laboratory COHb% and its non-invasive value (Method-2).

RL COHb% Estimated COHb%

0.6 0.640
0.6 0.624
1 0.962
1 0.96
2 2.04
0.6 0.655
1 0.965
2 1.878
1 0.96

Table 7-16: Reference laboratory O2Hb% and its non-invasive value (Method-2).

RL O;Hb% Estimated O,Hb%

97.01 97.011
96.04 96.007
97.58 97.55
94.87 94.860
96.68 96.724
96.87 96.867
95.87 95.864
96.65 96.445
97.01 97.154

Table 7-17: Reference laboratory MetHb% and its non-invasive value (Method-2).

RL MetHb% Estimated MetHb%

0.41 0.395
0.39 0.395
0.43 0.433
0.18 0.185
0.34 0.358
0.55 0.545
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7.2 Results: non-invasive measuring

0.17 0.178
0.37 0.332
0.92 0.913

Table 7-18: Reference laboratory RHb% and its non-invasive value (Method-2).

RL RHb% Estimated RHb%

1.98 2.018
2.97 2911
0.986 1.012
3.953 3.892
0.977 1.021
1.977 2.018
2.965 2911
0.976 1.433
0.981 1.005

Table 7-19: Reference laboratory tHb (g/dl) and its non-invasive value (Method-2).

According to Method-2, Figure 7-4

measurements of tHb concentration versus the estimated online

measurements.

RL tHb Estimated tHb [g/dl]

12.6 12.665
12.9 12.99

13 12.99
13.1 13.185
13.9 13.965
14.3 14.355
14.4 14.355
14.6 14.345
16.5 16.462
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7.2 Results: non-invasive measuring

Figure 7-4: Plot of tHb (g/dl) estimated vs. reference laboratory (RL) tHb (g/dl) measurements
(Method-2).
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Reproducibility test of (Method-2):

The reproducibility of the proposed non-invasive measuring system was tested using the
calculation method of Method-2. According to the reference laboratory measurement, the
tHb concentration of the volunteer is 12.9 g/dl. Five online non-invasive measurements are
executed by the developed optoelectronic measuring system for the same volunteer. The
non-invasive measuring trials are depicted in Table 7-22. The mean-value of the non-
invasive measurements trials is 12.912 g/dl, the variance is 0.024 g/dl and the standard
deviation 1s 0.155 g/dL

Table 7-20: Reproducibility test of (Method-2).

Trial No.  Estimated tHb [g/dl]

1 12.99

2 12.64

3 13.01

4 12.93

5 12.99
Mean-value 12.912
St. Dev. 0.155
Variance 0.024

7.3 Results: invasive measuring

The optoelectronic invasive measuring system of the compact hemoglobin analyzer belongs
to OPTI Medical Company and all the data patches are extracted by the company research
team. It uses a few drops of blood in a small tube and six LEDs with different wavelengths.
Six light intensity ratios are the inputs of the whole fuzzy expert system, which consists of
two combined fuzzy expert systems, as explained in detail in chapter 6. The outputs of the
whole expert system are tHb concentration and the ratios of COHb, O,Hb, MetHb, and
RHD and the inputs are the six light intensity ratios.

The first data patch (D-Patch-1):

The first data patch is 300 measurements. Each measurement comprises six light intensity
ratios and the invasive measuring values of a reference laboratory of tHb concentration and
the ratios of COHb, O,Hb, MetHb, and RHb. These measurements are used to build the
fuzzy rule base according to Wang-Mendel method as well as the proposed modified
Wang-Mendel method.
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7.4 Discussion of the results

After building the whole fuzzy expert system, it is tested by hundred and sixty different
cases, in the same range of the training data. The accuracy of the proposed approach was
tested by means of root mean square error (RMS) and correlation (R) values, as depicted in

Table 7-21.

Table 7-21: Correlation and Root Mean Square error (RMS) of (D-Patch-1).

tHb(g/dl)

MetHb%

O,Hb%
COHb%
RHb%

RMS error

R

All over the range =0.82 g/dl,
below than 14 g/dl= 0.79
g/dl, higher than 14 g/dl=

0.87 g/dl.

All over the range=3.37%,
below than 50%= 2.75%,
higher than 50%= 5.8%.

2.99%, All over the range.
2.58%, All over the range.
1.85%, All over the range.

0.98

0.99

0.99
0.99
0.98

Scatter plots of the estimated tHb concentrations, RHb%, O,Hb%, COHb%, and MetHb%
versus the corresponding measurements of the reference laboratory are shown by
Figures 7-5, 7-6, 7-7, 7-8, and 7-9 respectively.
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Figure 7-5: Plot of tHb (g/dl) estimated vs. Reference laboratory (RL) tHb (g/dl) measurements
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Figure 7-6: Plot of RHb% estimated vs. Reference laboratory (RL) RHb% measurements (D-Patch-1).
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Figure 7-7: Plot of O,Hb% estimated vs. Reference laboratory (RL) O,Hb% measurements

(D-Patch-1).
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Figure 7-9: Plot of MetHb% estimated vs. Reference laboratory (RL) MetHb% measurements
(D-Patch-1).

The second data patch (D-Patch-2):

The OPTI Medical performed some technical changes to its optoelectronic measuring
system. Therefore, the algorithms should be redeveloped according to these changes. The
second data patch is extracted for 373 measurements. Each measurement comprises six
light intensity ratios and the invasive measuring values of a reference laboratory of tHb
concentration and the ratios of COHb, O,Hb, MetHb, and RHb. These measurements are
used to build the fuzzy rule base of the two developed fuzzy expert systems according to
Wang-Mendel method as well as the proposed modified Wang-Mendel method.

The accuracy of the proposed approach is tested by means of Root Mean Square error

(RMS) and Correlation (R) values for the results of the training stage (372 measurements),
as depicted in Table 7-21.

Table 7-22: Correlation and Root Mean Square error values of the training stage (D-Patch-2).

RMS error R

tHb(g/dl) 0.36 g/dl 0.98
MetHb% 0.8% 0.99
O2Hb% 1.26% 0.99
COHb% 1.23% 0.99
RHb% 1.28% 0.98

118



7.3 Results: invasive measuring

Scatter plots of the estimated tHb concentrations, O,Hb%, RHb%, COHb%, and MetHb%

of the results of the training stage versus the corresponding measurements of the reference

laboratory are shown by Figures 7-10, 7-11, 7-12, 7-13, and 7-14 respectively.
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Figure 7-10: Plot of tHb (g/dl) estimated vs. reference laboratory (RL) tHb (g/dl) measurements of the

training stage (D-Patch-2).
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Figure 7-11: Plot of O2Hb% estimated vs. reference laboratory (RL) O2Hb% measurements of the

training stage (D-Patch-2).
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Figure 7-13: Plot of COHb% estimated vs. reference laboratory (RL) COHb% measurements of the
training stage (D-Patch-2).
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Figure 7-14: Plot of MetHb% estimated vs. reference laboratory (RL) MetHb% measurements of the
training stage (D-Patch-2).

The test stage of the second data patch algorithm (Test-D-Patch-2):

This test is performed by OPTI Medical research team after building the algorithm of the
whole fuzzy expert system according to the second data patch. For instance, the algorithm
is tested by tHb concentration measurements that are not involved absolutely in the second
data patch in order to test the ability, effectiveness and reliability of the developed
algorithm. As an example, in the second data patch, tHb concentrations steps are (8, 11, 15,
18, 22) g/dl. The tested steps of tHb concentration are (10, 13, 17, 20) g/dl.

Scatter plots of the estimated tHb concentrations of the test stage versus the corresponding
measurements of the reference laboratory are shown by Figure 7-15. The accuracy is tested
by means of root mean square (RMS) error and the correlation (R), as RMS value is equal
to 1.79 g/dl and R is equal to 0.92.
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Figure 7-15: Plot of tHb (g/dl) estimated vs. reference laboratory (RL) tHb (g/dl) measurements
(Test-D-Patch-2).

7.4 Discussion of the results
7.4.1 Non-invasive measuring results

Method-1:

Method-1 includes two parts, Method-1-partl and Method-1-part2. Each part employs
different equations which are derived according to the principles of pulse oximetry and the
modified Lambert-Beer law.

Table 7-1 shows the root mean square (RMS) error between the reference laboratory
invasive measurements and the estimated values by Method-1-partl and Method-1-part2
through the training stage for tHb concentration and the ratios of COHb, O,Hb, MetHb, and
RHb. The RMS error of the applied Method-1-part2 is smaller than the RMS error of
applying Method-1-part1 for all the concerned physiological variables except for MetHb%.
The difference between the RMS error of Method-1-part]l and the RMS of Method-1-part2

is not large and is acceptable. For instance, it is 0.07 g/dl for the tHb concentration.

Table 7-2 introduces the RMS error between the online test measurements of the developed
non-invasive optoelectronic measuring system and the corresponding reference laboratory
measurements for the same physiological variables of interest. In this stage, the RMS error
of applying Method-1-part2 is also smaller than the RMS error of applying Method-1-part1
for tHb concentration, COHb%, O,Hb%, and RHb%. For MetHb%, the RMS error of
applying Method-1-partl is smaller than the RMS error of applying Method-1-part2, as in
the training stage. The difference between the RMS error of Method-1-partl and the RMS
of Method-1-part2 is acceptable. For the case of O,Hb%, it is 0.87% and is 0.12 g/dl for the

case of tHb concentration. The correlation value (R) is calculated for the results of tHb
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concentration by applying Method-1-partl and Method-1-part2. The non-invasive
measurements by applying Method-1-part2 are more correlated to the reference laboratory
invasive measurements than the non-invasive measurements by applying Method-1-partl,
as R is equal to 0.87 and 0.78 in the case of Method-1-part2 and Method-1-partl

respectively.

In any case, the accuracy of the offline training measurements is higher than the accuracy of

the online measurements either for Method-1-part]l or Method-1-part2.

The developed non-invasive optoelectronic measuring system could calculate the tHb
concentration within the range of 12.6 g/dl to 16.5 g/dl using Method-1. If the extracted
PPG signals could not be processed because of the motion artifact, for example, the
developed alarm system will indicate that there are no results. In order to increase the range
of the measured tHb concentration, further invasive measurements with the aid of a
reference laboratory should be conducted and the algorithms should be redeveloped.

Table 7-2 demonstrates the reproducibility of Method-1 by applying Method-1-part2 that
has better results than Method-1-partl. The reference laboratory measurement is 13 g/dL
Five non-invasive online measurements are performed by the developed non-invasive
optoelectronic measuring system for the same case. The measuring system is reproducible,
as the mean-value of the five trial measurements is 13.267 g/dl and the variance and the

standard deviation values are acceptable.

Method-2:

This method is based on a fuzzy expert system, which has four inputs and five outputs. The
inputs are extracted features of five PPG signals with different wavelengths and the outputs
are tHb concentration and the ratios of COHb, O,Hb, MetHb, and RHb.

Table 7-13 shows the root mean square (RMS) error between the reference laboratory
invasive measurements and the estimated values by Method-2 through the training stage for
tHb concentration and the ratios of COHb, O,Hb, MetHb, and RHb. The RMS error is

approximately zero.

The correlation values and RMS error between the online test measurements of the
developed non-invasive optoelectronic measuring system and the corresponding reference
laboratory measurements for the same interesting physiological variables is introduced by
Table 7-14. The estimated values are highly correlated to the reference laboratory

measurements, as R values are larger than 0.99. The RMS error values are promising when
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compared to the RMS error values of Method-1. Method-2 still needs a large number of
invasive reference laboratory measurements to increase the fuzzy rule base in order to build
a reliable fuzzy expert system that can interpret the measuring operation of tHb
concentration and the ratios of COHb, O,Hb, MetHb, and RHb with high accuracy.

The reproducibility of the non-invasive measuring system by applying Method-2 is tested
as demonstrated in Table 7-20. The reference laboratory measurement is 12.9 g/dl. Five
non-invasive online measurements are performed by the developed non-invasive
optoelectronic measuring system for the same case. The measuring system is reproducible,
as the mean-value of the five trial measurements is 12.912 g/dl. For this method, the
variance and the standard deviation values are smaller than their corresponding values for
Method-2.

7.4.2 Invasive measuring results

The first data patch (D-Patch-1):

The range of the tHb concentration of this data patch is from 7.2 g/dl to 25.4 g/dl. The
fuzzy expert system is built with the aid of three hundred invasive measurements and takes
the accuracy and the interpretability into account. The RMS error and the correlation R
values are depicted in Table 7-21. The estimated values by the expert system are highly
correlated to the reference laboratory measurements, as R values are larger than 0.9. The

root mean square error for the tHb concentration is 0.82 g/dl for all over the range.

So far, the OPTI Medical company research team has reported that this new idea (as a new

trend) is promising and that the feasibility study has been completed successfully.

The second data patch (D-Patch-2):

After some technical changes for the optoelectronic system, a new data patch is extracted.
The range of the tHb concentration is from 7.7 g/dl to 23.4 g/dl. The results of the training
stage are promising, as demonstrated in Table 7-22. The root mean square error of the tHb
concentration is 0.36 g/dl. The estimated physiological variables are highly correlated to the

reference laboratory measurements, as the R values are larger than 0.9.

The test stage of the second data patch algorithm (Test-D-Patch-2):

The algorithm is tested by 300 measurements. The estimated tHb concentration values by

the developed algorithm are highly correlated to the reference laboratory, as the correlation

123



7.4 Discussion of the results

value is larger than 0.9. The root mean square error is 1.79 g/dl. It is considered large for an
invasive method even when it uses a few drops of blood. Therefore, the improvement is
already being continued, till the time this thesis was being written. The test results are
promising and the cause of this large RMS value is being analyzed. It may be because of

technical defects or because the algorithm needs some sort of membership function tuning.
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8. Conclusions and Future Work

8.1 Preliminaries

In general, the invasive measuring of the physiological variables has many disadvantages,
such as blood loss, time consumption, lack of continuous measurements, risk of infection
and suffering from pain for some patients. The main objective of this work was to measure
tHb concentration and the ratios of COHb, O,Hb, MetHb, and RHb non-invasively. By
measuring tHb concentration and the concentration of O,Hb, the fractional oxygen

saturation can be calculated according to Eq. (3.17).

Also, developing new algorithms for a compact hemoglobin analyzer in order to measure
the same physiological variables, using a few drops of blood, was one of the thesis
objectives. This chapter summarises the conclusions of the work and proposes topics for

future work.

8.2 Contributions and conclusions
8.2.1 Non-invasive measuring

The developed optoelectronic non-invasive measuring system:

The present thesis introduces an optoelectronic non-invasive system, which is based on
ARM7-Microcontroller ADUC7020, in order to measure the pre-mentioned physiological
variables. It could control the light intensity of seven light emitting diodes in order to
overcome the saturated signals. This system extracts seven photoplethysmography (PPG)
signals with different wavelengths successfully and transfers them as one signal into
LabVIEW environment to be separated and processed. It also gives an indication for the

ambient light in order to take it into account during the calculation process.



8.2 Contributions and conclusions

The signal processing for the extracted PPG signals:

A signal processing module for the case of low-amplitude PPG signals was explored which
is based on a unity gain difference amplifier stage and a programmable amplification stage.
The quality of PPG signals, which are extracted after the programmable amplification
stage, is tested by calculating the signal-to-noise ratio (SNR) values. The PPG signals
exhibit good quality, as the SNR values are larger than 40 db.

Using LabVIEW software, a reliable algorithm was developed in order to detect the values
and the locations of the peaks and the valleys of the PPG signals. These main distinctive
features are considered the cornerstone of any further computations to calculate various
physiological variables.

The results of the developed non-invasive measuring system are sensitive to motion
artifacts, although the highly corrupted pulses of the PPG signals are neglected for further
calculations during the PPG signal processing.

From a more practical standpoint, it should be noted that placing the finger improperly
inside the sensor leads to incorrect results, as the results are very sensitive to the position of
the finger.

The proposed calculation methods for the non-invasive measuring:

The concentration of tHb and the ratios of COHb, O,Hb, MetHb, and RHb could be
estimated by two proposed methods non-invasively. Therefore, the fractional arterial
oxygen saturation can be measured according to Eq. (3.17), as the tHb concentration and
the concentration of O,Hb are calculated by employing Eq. (5.25) or Eq. (2.26). Also, the
ratio of the O2Hb that are measured by employing Eq. (5.29) and Eq. (5.30) is considered
fractional arterial oxygen saturation, as the COHD ratio and the MetHb ratio are taken into
account during the calculations. However, it should be noted that the invasive
measurements have a normal range for COHb%, RHb% and MetHb%. The maximum
values of the COHb%, RHb%, and MetHb% were 3%, 3.95%, and 0.95% respectively.

Method-1:

Modified Lambert-Beer law was employed to compensate for the light scattering effect on
the optical path length elongation. Two main equations are derived according to modified
Lambert-Beer law and the principles of the pulse oximetry. These equations are Eq. (5.25)
and Eq. (5.26). As to Eq. (5.26), it is introduced for the first time in order to measure the

pre-mentioned physiological variables.
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8.2 Contributions and conclusions

The use of light emitting diode having a wavelength of 1200 nm to indicate Ad was

effective and reliable.

Method-1-partl and Method-1-part2 are employed. The difference between the RMS errors
of results of the two parts is not significant, but the estimated results by applying
Method-1-part2 are correlated, in a better manner, to the reference laboratory

measurements.

Method-2:

As a new trend, fuzzy expert systems were used to measure the pre-mentioned
physiological variables in order to overcome defining some parameters (e.g. Ad) which are
necessary to be calculated by applying the conventional methods, which are based on

various optical equations.

Table 8-1 shows the results of the two proposed methods for the non-invasive measuring
for the tHb concentration and the ratios of COHb, O,Hb, MetHb, and RHb. The results of
Method-2 that is based on a fuzzy expert system looks promising when compared to the
other conventional method either partl or part2. However, it needs more reference
laboratory invasive measurements with a large range in order to build an accurate fuzzy rule

base.

Table 8-1: Root Mean Square error (RMS) of the online test results for the proposed non-invasive
methods

RMS errors
tHb g/dl | COHb% | O,Hb% | MetHb% | RHb%

Method

Method-1-partl | 0.75 0.569 1.371 0.181 0.961

Method-1-partl | 0.63 0.611 0.499 0.239 0.954

Method-2 0.103 0.055 0.075 0.015 0.15

8.2.2 Invasive measuring

The present thesis developed a new algorithm in order to estimate the pre-mentioned
physiological variables invasively using a few drops of blood.

This new trend of using the fuzzy expert systems to calculate the tHb concentration and the

ratios of its four components according to the spectrophotometry principles has succeeded
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8.3 Future work

according to the feasibility study, which is conducted by the OPTI Medical Company

research team after testing the developed new algorithms. In this respect, fuzzy techniques

are a powerful general technology for information processing. The research is still

continued in order to increase the accuracy of the measurements.

8.3
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Future work

Develop a reliable motion artifact filter without using any further sensors in order to
overcome the motion artifact effect and increase the PPG signals quality.

Design a new fingertip probe that reduces the sensitivity of the results to the finger
position.

Each online measurement using the developed optoelectronic measuring system
needs 50 sec. to be conducted, as 30 sec. for recording the PPG signals and 20 sec.
for the signals processing and the calculations. This duration can be reduced by
reducing the time of the recorded signals to 10 sec instead of 30 sec. Therefore, each
online measurement will need only 30 sec to calculate the physiological variables of
interest and the patient will have to put his finger inside the fingertip probe for only
10 sec.

Conduct new invasive measurements that have a large range and different cases to
increase the measuring range of tHb concentration for methodl and also to build an
accurate fuzzy rule base in order to develop a more reliable algorithm. This will
give the expert system the power to make the decision in an accurate manner.
Rewrite the algorithms in C language to be implemented in a Microcontroller
instead of the LabVIEW environment in order to compact the non-invasive
optoelectronic measuring system.

The accuracy of the new developed algorithms of the invasive measuring can be
improved by some modifications, which are based on the genetic algorithms which
can accurately parameterize the fuzzy membership functions.



Appendix : The printed circuit layouts

1- Layout of the developed optoelectronic printed Circuit for PPG signals
extraction
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APPENDIX

2- Layout of the developed transimpedance amplifier printed Circuit
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